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FOREWORD

A review of past Industrial Energy Technology
Conference (IETC) attendees demonstrates that
this is a conference for energy users. For this
reason, the IETC is of major interest to every
provider of a product or service to the
industrial and commercial energy consumer.
The IETC is a vehicle for upper-level energy
managers, plant engineers, utility
representatives, suppliers, and industrial
consultants to present and discuss novel and
innovative ideas on how to reduce costs
effectively and improve utilization of resources.
It is hoped that these proceedings may be used
as a reference in the near- and long-term
implementation of industrial energy
management projects.

We at the Energy Systems Laboratory in the
Department of Mechanical Engineering at

Texas A&M University express our appreci-
ation to everyone who helped make this
conference a success. These include our spon-
sors (the Texas Governor's Energy Office, the
Electric Power Research Institute, Houston
Lighting & Power, BASF Corporation, Destec
Energy, Inc., Dow Chemical U.S.A., Linde-
Union Carbide Industrial Gases, U.S.
Department of Energy, and the Center tor
Energy and Mineral Resources at Texas A&M
University), the IETC Advisory Committee
members who took time from their busy
schedules to provide guidance and suggestions,
the exhibitors who displayed the latest and most
advanced equipment and related services, and
all the authors, session chairs, and keynote
speakers who shared their knowledge and
experience.

Papers that arc printed here arc just as they were provided to the editor. Questions or comments shoujd be directed to the authorfs).
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MEASURING AND UNDERSTANDING ENERGY EFFICIENCY CHANGES IN MANUFACTURING

Dwight K. French and Lynda T. Carlson
Energy Information Administration

Christy A. Hall
Middle Tennessee State University '

ABSTRACT

Over much of the past twenty years the manufacturing
industries have led the United States economy in seeking and
implementing energy efficiency improvements within the overall
goal of improved cost efficiency. Since the mid-1980's, however,
energy efficiency improvement in certain sectors of the
economy, and in manufacturing in particular, has slowed for a
variety of reasons. Any slowdown commands the attention of
the Department which is looking to future technological
advances and continuing diligence among energy users as one
method of constraining future energy demand.

This paper discusses energy efficiency trends in
manufacturing in the context of the overall economy. The
paper also addresses the potential for future efficiency
improvement, and the barriers to s'ich improvement, using
information from a scries of industrial roundtablc discussions
conducted by Energy Information Administration (EIA). In
addition, anticipated future data related to efficiency, technology
penetration, and implementation of demand-side management
activities are discussed.

INTRODUCTION

During the years immediately following the 1973 oil
embargo, the United States economy placed extreme importance
on improving energy efficiency. After a hiatus during the early
to mid-l'JiSO's, the concept of energy efficiency has rc-emcrged
as an important issue in the Nation's energy vocabulary, this
lime driven by forces olher than Ihc energy crisis issues of
supply disruptions, price spikes and interminable gasoline lines.
The Department of Energy's effort during the past two years to
develop a long-term National Energy Strategy (NES),
concurrent with the intensifying environmental concerns and
legislation, have focused attention on the potential need to
constrain energy use, even in a time of generally adequate to
ample supplies and relatively low prices.

There arc two basic ways to constrain energy use: either by
constraining the number and mix of services for which energy is
used; or by using less energy to provide a given level of service,
that is, by becoming more energy efficient. Constraining
services runs counter to U.S. economic tradition and our
philosophy of improving living standards; improving efficiency
of any kind is considered a laudable goal that has always been a
cornerstone of the U.S. formula for responsible economic
growth. Thus it is no surprise lhat during NES public hearings
and during the DOE's subsequent NES development, the call
for energy efficiency improvement was virtually unanimous.

Improving energy efficiency is an arduous process lhat takes
place one step at a time. It can be achieved through diligent
attention to energy efficiency in routine operations such as
maintenance, retrofits of equipment or materials, or careful
monitoring of energy-using systems. It can also be achieved
through technological breakthroughs that improve the efficiency
of the production process, including its energy efficiency - once
those breakthroughs penetrate the marketplace.

EIA, the analytical and statistical arm of the
Department of Energy (DOE), is in the forefront of energy
efficiency assessment, using both its own data and data
compiled from other sources. Within the EIA, the most,
detailed data sources for comprehensive national efficiency
analysis come from its end-use consumption surveys, which
cover energy use and population characteristics for
households, residential vehicles, commercial buildings, and
manufacturing establishments. The Manufacturing Energy
Consumption Survey (MECS) is the survey vehicle
specifically designed for the manufacturing industries.
MECS data have been used to assess energy efficiency in
manufacturing, and further analysis of this ;ssuc is
forthcoming. The purposes of this paper are to review
efficiency trends in the recent past, focusing on
manufacturing efficiency changes; 10 discuss major
motivations for, and barriers to, future energy efficiency
improvement in manufacturing; and to describe new
initiatives in the MECS lhat will provide additional
information related to energy efficiency and technology
penetration in manufacturing.

HISTORICAL EFFICIENCY TRENDS

Energy efficiency in the recent past has increased as
evidenced by analysis of end use consumption and related
data compiled by the EIA. Between the years of 1979 to
19S8, residential households, residential vehicles,
commercial buildings and manufacturing establishments
have all, on the average, increased their energy efficiency.
Overall, analysis shows lhat the residential housing sector
has increased in energy efficiency at a rate of 1.8% a year;
residential transportation by 3.7% yearly; manufacturing
industries at a rate of 3.8% a year; and, the commercial
building sector has increased by 3.4% a year. However,
efficiency improvement was not consistent throughout the
period; instead, sub-periods wiihin ihc decade demonstrate
differing rates of increasing and occasionally decreasing
percentage growth in energy efficiency.

'This paper has been prepared for presentation at the fourteenth National Industrial Energy Technology
Conference, Houston, Texas, April 22-23,1992. The opinions expressed herein are solely those of the authors
and should not be construed as representing the opinions or policy of any agency of the United Slates
Government.



Each sector covered by the energy consumption surveys
is examined in turn. Discussion of each sector focuses on
energy consumption per individualized unit of measure, as
an indicator of energy efficiency, and average percent
change in energy efficiency for the intervening periods.

RESIDENTIAL HOUSEHOLDS

Energy efficiency in residential households is measured
by consumption per square foot, as shown in Table 1. The
broad category of "housing" is broken down into housing
structure and for each the average consumption per square
foot is given. The consumption per square foot for the
total of all housing structures can be found at the bottom
of the table.

From these data, the average annual percentage change in
energy efficiency for the intervening lime periods can be
calculated. The estimates of average annual percent change arc
shown in Table 2. For all percent tables in this paper, positive
entries indicate decreases in consumption rales, i.e., efficiency
improvements; negative entries indicate increases in
consumption rates, i.e., efficiency declines. The estimates
indicate that overall efficiency change was not constant. The
largest efficiency increases occurred during the early 1980's. In
more recent years, attention to efficiency may have diminished
along with other energy concerns.

Tuble 1. Consumption Per Square Foot In Residential
Households (Thousand Ittu)

Household Structure

Single/Family Detached
Single/Family Attached
Building Of 2-4 Units
Building Of 5 + Units
Mobile Home
Total

1980

58.53
64.23
101.38
93.15
103.52
71.08

1982

54.47
61.70
87.08
88.67
84.85
65.07

1984

57.20
58.07
S3.69
87.41
86.68
66.81

1987

53.20
52.17
80.51
80.54
88.82
62.69

Source: Energy Information Administration, Residential Energy
Consumption Survey

Tuhle 2. Average Annual Percent Decrease In Residential
Household Energy Consumption Per Square Foot

Household Structure

Single/Family Detached
Single/Family Attached
Building Of 2-4 Units
Building Of 5 + Unils
Mobile Home

Total

1980-
1982

3.5
2.0
7.3
2.4
9.5
4.3

1982-
1984

-2.5
3.0
2.0
0.7

• 1 . 1
-1.3

1984-
1987

2.4
3.5
1.3
2.7
-0.8
2.1

Source: Energy Information Administraiion, Residential Energy
Consumption Survey

RESIDENTIAL VEHICLES

Fuel efficiency of residential vehicles is measured in
miles driven per gallon of fuel consumed. Fuel efficiency for
the entire licet and for several vehicle lype categories can be
found in Table 3.

Once again by considering consecutive years of
compiled data, average annual percent change in efficiency can
be computed for intervening time periods (Table 4). [In 1983,
data were not available for vans or jeep-like vehicles; Ihereforc,
for these vehicle types percent change in fuel efficiency is not
available for (he 1983-1985 period.]

Although sustained and increasing growth in fuel
efficiency is suggested, the small range of years for which data
were available, the differing level of detail by vehicle type, and
other methodological changes in survey procedures limit the
conclusions that can be drawn regarding growth in efficiency.

Table 3. Average On-Roud Miles Per Gallon For The
Residential Vehicle Stock

Type Of Vehicle 1988

Passenger Car
Van
Jeep-Like Vehicle
Pick-Up Truck

Fleet Total

16.0
N/A
N/A
13.3
15.5

17.2
13.2
12.7
13.5
16.1

19.7
15.1
15.4
15.3
18.6

N/A: Not Available.
Source: Energy Information Administration, Residential Energy

Consumption Survey.

Table 4. Average Annual Percent Chance In On-Road
Miles Per Gallon For The Residential Vehicle
Stock

Type Vehicle 1983-1985 1985-1988

Passenger Car
Van

Jeep-Like Vehicle'
Pick-Up Truck

Fleet Total

3.6
N/A
N/A
0.7
1.9

4.6
4.6
6.6
4.3
4.9

Source: Energy Information Administration, Residential Energy
Consumption Survey

COMMERCIAL BUILDINGS

Energy efficiency in commercial buildings is measured
as Biu consumed per square foot by principal building activity
(Table 5). The estimate of average annual percent change in
efficiency over all building types is slighlly larger in 1979-1983
than in 1983-19S6 (Table 6). However, sampling variability and
changes in survey methodology may have been the causes.



Table 5. Consumption Per Square Foot In Commercial
Buildings (Thousand Btu)

Principal Building Activity

Assembly
Education
Food Sales/Services
Health Care
Lodging
Mercantile/Services
Office
Warehouse
Other
Vacant

Total

1979

80.5
85.6

190.1
239.0
134.2
102.8
123.2
106.8
111.0
65.3

111.9

1983

67.2
79.5

205.6
207.6
162.2
81.0

122.5
70.0
76.4
52.6
96.2

1986

54.9
87.1

205.6
216.9
106.0
78.4

106.0
54.5

109.3
44.0
87.9

Source: Energy Information Administration, Commercial Buildings
Energy Consumption Survey.

Table 6. Average Annual Permit Den ease In
Commercial Ituildin^ iLiieriy Consumption Per
Square Font

Principal Huilding Activity

Assembly
Education
Food Sale/Services
Health Care
Lodging
Merca n t i Ic/Sc rviccs
Office
Warehouse
Other
Vacant

Total

1979-1983

4.4
1.8

-2.0
3.5

-4.9
5.8
0.1

10.0
8.9
5.3
3.7

1983-1986

6.5
-3.1
0.0

-1.5
13.2
1.1
4.7
8.0

-12.7
3.0
3.0

Source: Energy Information Administration, Commercial Buildings
Energy Consumption Survey.

MANUl'ACTUklNG USTAIIMSIIMGNTS

Energy efficiency in manufacturing is measured in ten.is
of holh total and purchased energy consumption for heat and
power per real dollar value of shipments (Table 7). All
manufacturing industries are categorized by industry group,
according by their 2-digit SIC code.

Manufacturing underwent an extremely high rate of
average annual percent improvement in efficiency during the

first half of the 19S0's. After 1985, howcver.overall average
annual improvement slowed from 5.18% per year to 1.53% per
year, and several industry groups showed declines (Table S).

The falloff in the rate of improvement may imply that
although energy efficiency is still a goal of manufacturers,
improvements are becoming increasingly difficult to make, and
economic circumstances arc less conducive to efficiency
improvement.

Table 7. Mniiul'actiirin}; Energy Consumption Per Ke:il Dollar Vali

SIC Code/Industry

e nr Shipments (Thousand Hlti)

Purchased
Consumption

1980 1985 1988

Total Consumption

1985 19KK

20 Food and Kindred Products
21 Tobacco Products
22 Textile Mill Products
23 Apparel /Other Textile Mill Products
24 Lumber And Wood Products
25 Furniture and Fixtures
26 Paper And Allied Products
27 Printing And Publishing
2S Chemicals And Allied Products
29 Petroleum And Coal Products
30 Rubber And Misc. Plastic Products
31 Leather And Leather Products
32 Stone, Clay, And Glass Products
33 Primary Metal Products
34 Fabricated Mt ia l s
35 Machinery, Except Electrical
36 Electric And Electronic Equip.
37 Transportation Equipment
38 Instruments/Related Products
39 Misc. Manufaclurini; Industries

Total

3.52
N/A
5.69
N/A
N/A

1.7
15.92
N/A
14.91
5.32
4.29
N/A

21.53
16.30
2.74
1.66
1.67
1.51
1.60
1.71
5.78

2.72
N/A
4.80
N/A
N/A
1.55
13.96
N/A
12.40
4.87
3.10
N.A
1'..74
14.64
2.33
.95

1.25
1.15
1.19
1.36
4.43

2.98
N/A
4.85
N/A
N/A
1.72
12.86
N/A
11.34
5.67
3.22
N/A
16.74
14.37
2.42

.77
1.18
1.06
1.16
1.35
4.23

2.94
N/A
4.82
N/A
N/A
1.81

22.90
N/A
13.75
13.97
3.11
N/A
17.08
22.77
2.34
.94
1.25
1.13
1.17
1.41
6.22

3.14
N/A
4.S3
N/A
N/A
2.01
21.42
N/A
12.64
16.54
3.23
N/A
17.46
21.25
2.42
.76
1.18
J.06
1.17
1.38
5.93

N/A: Not available

Sources: Energy Information Administration, Manufacturing Energy Consumption Survey L'. S. Bureau of the Census, Annual
Survey of Manufactures



Table 8. Average Annuul l'crccnt Decren.se

SIC Code/Industry

In MiimifiH'tiirini; Energy Consumption 1'ti KenI Dollur Value

Purchased
Consumption

1980-1985 1985-1988

Or Shipments

Tolnl
Consumption

1985-198K

21) Food And Kindred Products
21 Tobacco Products
22 Textile Mill Products
23 Apparel/Other Textile Mill

Products
24 Lumber And Wood Products
25 Furniture And Fixtures
26 Paper And Allied Producls
27 Printing And Publishing
28 Chemicals And Allied Producls
29 Petroleum And Coal Products
30 Rubber And Misc. Plastic Products
31 Leather And Leather Products
32 Stone, Clay, And Glass Products
33 Primary Mclal Products
34 Fabricated Metal Producls
35 Machinery, Except Electrical
36 Electric And Electronic Equip.
37 Transportation Equipment
3S Instruments And Relate Products
39 Misc. Manufacturing Industries

Total

5.03
N/A
3.34

N/A
N/A
3.68
2.59
N/A
3.62
1.75
6.29
N/A
4.91
2.13
3.19
10.41
5.63
5.30
5.75
4.48
5.18

-3.09
N/A
-0.35

N/A
N/A
-3.53
2.70
N/A
2.93
-5.20
-1.27
N/A
0.(M)
0.62
-1.27
6.76
1.90
2.68
0.85
0.25
1.53

-2.22
N/A
0.01

N/A
N/A
-3.56
2.20
N/A
2.77
-5.79
-1.27
N/A
(1.07
2.2S
-1.13
6.84
1.90
2.11
0.00
0.07
1.58

N/A: Not available

Sources: Energy Information Administration, Manufacturing Energy Consumption Survey, and U. S. Bureau of the Census,
Annual Survey of Manufactures

EXAMINING THE FUTURE OF INDUSTRIAL
ENERGY EFFICIENCY

Given the general agreement that efficiency needs to
play a major role in any comprehensive national energy
policy, E1A decided that the issue deserved greater statistical
attention than it has been getting, in the economy in general
and in industry in particular. One natural place to start was in
Hie design, data collection, analysis and publication of the
MECS. Therefore, during the development process for the 1991
MECS, EIA concentrated on discussing efficiency in its user
needs and industry coordination meetings. In addition, EIA
convened a series of roundlable discussions with representatives
of 7 major energy-consuming industries: fertilizers, pulp and
paper, sleelmaking, petroleum refining, motor vehicle
production, chlor-alkali, and olefins. These meetings focused on
the ways in which industry keeps track of energy for its own
accounting and evaluation purposes; the ways in which industry
has improved its energy efficiency in the past; and the potential
sources of future efficiency improvement. Summaries of these
meetings are heing published as part of a methodological report
on ihe development of the 1991 MECS.

As is always the case with industry meetings, the
discussions were frank and extremely informative. Participants
described many different levels of energy accounting, from
esiahlishment-level totals down to detailed monitoring of
individual process stages or even major pieces of equipment.
They described a myriad of efficiency initiatives that have been
undertaken in the past 10-20 years, from simple housekeeping
items to the most complex retrofits and state-of-the-art
production and support technologies. Their outlook for the

future efficiency improvement could best be described as
cautiously optimistic. Participants did identify some potential
for efficiency gains from further low-level improvements, and
from a variety of major cost-effective technologies ranging from
major process innovations to additional opportunities for
cogencration. However, they clearly did not expect the same
degree of improvement as lias been observed in the recent pas'.,
for several reasons:

(1) Much of the easy, inexpensive savings from
housekeeping improvements have been achieved. Some
limited future gains are possible; however, just as
important is maintaining past improvements by
continuing maintenance and monitoring. These
activities are easy to overlook when energy is not a
crisis issue.

(2) Big-ticket capital investment projects that improve
efficiency must compete with other projects that do not.
Total cost benefit and speed of payback are ordinarily
the deciding criteria. Because energy costs represent a
small to medium share of operating expense in most
industries, energy concerns are not ordinarily the
determining factor in establishing a project's priority: a
project that improves energy efficiency ordinarily has to
have other benefits to be justified.

(3) The current uncertain lending market makes it difficult
lor many companies to acquire capital for major
projects that arc justified and would be implemented
under more favorable economic conditions.



(4) Even when major capital projects are implemented,
cost pressures cause tne company to cut corners to
complete the project as inexpensively as possible.
Energy savings are sometimes such a corner.

(5) Staff that have to do with energy use, whether
planners, manners, engineering designers, or
maintenance, z< being cut back or eliminated as
part of the pro< .ss of making industry leaner and
more competitive. Many companies simply do not
have the time or people to design, install, maintain,
and operate a new system for optimum energy
performance.

(6) Many process changes arc undertaken because of
legal requirements, such as the Clean Air Act,
which supersede cost considerations. Some such
projects, such as waste heat recovery and combustor
retrofits, bring accompanying energy savings; others,
such as the reformulation of gasoline, increase
energy use.

Comprehensive data as well as understanding is needed to
assess costs and energy benefits if DOE is to develop a
reasoned approach for encouraging and supporting
continued improvement in energy efficiency under these
conditions. Accordingly, the EIA designed ihc 1991 MECS
to collect additional data on components of manufacturing
energy use, penetration of slaic-of-thc-art technologies, and
involvement in demand-side management programs.
Examples of the questionnaire sections addressing these
issues arc given at the end of the paper.

To deal with the components of energy use, EIA is
asking MECS rcspondenis to estimate the proportion of the
consumption of major energy sources devoted lo major end
use categories. The category lisl is obviously a compromise
among the many versions of energy brcol:Jowns described
by industry. Data from this inquiry will provide bounds on
the potential effects of classes of efficiency improvements.

Also, EIA is asking MECS respondents to identify
if certain major state-of-the-art technologies, cither generic
or specific to their particular industry', were in place during
1991. Further questions could be asked regarding percent

penetration within an establishment, or if there arc
practical reasons why seemingly applicable technologies arc
not being used, but this level of questioning quickly
becomes onerously burdensome to rcspondenis and difficult
to analyze usefully.

Finally, EIA is asking rcspondcnis to identify
participation in demand-side management, to assess the
penetration of these types of programs. These data will
also be useful for an upcoming EIA project to develop and
publish a periodic, comprehensive report on energy
efficiency in the U.S. economy. The primary goals of the
overall project arc:

(1) lo d:vclop a single consistent concept of energy
efficiency across all major energy-consuming
sectors;

(2) to separate the effects of structural and behavioral
changes in the consuming sectors from effects due
to changes in efficiency as defined above;

(3) to produce benchmark measures of efficiency
change by sector, and perhaps a single global
efficiency change measure for the entire economy.
If a meaningful overall measure could be
developed, it would serve as a benchmark index of
the nation's progress in using energy in the most
responsible manner possible.

SUMMARY

American industry has historically beer, in the
forefront of the country's efforts to use energy as
responsibly as possible. With limited additional efficiency
improvements available from routine maintenance activity,
technology will play an ever-increasing role in industry's
future efforts to squeeze as much possible benefit from each
unit of energy consumption. It is important that when new
technology is developed, marketed and implemented, it is
with energy efficiency as cither a primary objective or an
accompanying benefit, if at all possible. The provider, the
user, and the U.S. economy can all be long-term winners
under such a strategy.



p Section IV - ESTIMATED PERCENT CONSUMPTION BY END USE

Reasonable Approximations are Acceptable - See Instructions

Energy sources can be consumed either directly, i
through conversion lo steam and hot water in a be
represented by the single percent entry for bi
energy Thus, the percentages entered for boiler ft.

End uses

(11

1 . Copy Section 1 line 12 coluiTin 12)
quantity for electricity to column
(21. Copv Section II column (9)
quantities for the energy sources
in columns 131 through (7)

Ft

lotel
Electricity

Consumption

ici] (21

1.000 kWh

i equipment such as motors, furnaces, kilns, etc , or indirectly
i er. All indirect use of energy eources listed below are
liler fuel. The remaining categories are to split out direct use of
el and all direct uses should sum to 100 percent.

Total Coal
Excluding
Coat Cnko

and Bretve

46] (31

Short Tons

Total Natural
Gas

30] HI

1.000 cu ft

Total
Distillate Fuel

Oil and
Diesel Fuel

«] (51
Barrels

Total LPG
andNGL

5*1 (61

Gallons

Hes>rJua!
Fuel O.i

3Ti (7)

Barrels

2. For the columns with nonzero entries in ;UII» 1, r»port the approximate percentlgt of each energy source used for the following purposes.
{Complete one column before staninp another./

A. IOILERS

1. Boiler fuel F,

B. DIRECT PROCESS USES

1. Process heating (e.g. kilns.
lurnaces ovens '?

2. Process cooling and refrigeration \T~

3. Machine drive ic g . motors,
pumps, etc associated wtth
manufacturing procuss
equipment! |7

4 . ElfClro-chemira: processes ^E

5. Other IPIease specify' any other
uses of energy in the 'Remarks'
portion of the Questionnaire i (76

C. DIRECT NON-PROCESS USES

1. Facility hea; i p ventilation, and
air conditronrntj .77

2. Facility lighting yjs

3. Facility support other than Cl
and C2 above le g . cooking,
water heating office equipment) [79

4. Onsite transportation [BO

5. Conventional electricity
gene'at'on ja i

G Ohe- 'Please specify any other
uips of energy m the 'Remarks' t
portion of the Questionnaire I p.s

TOTAL •'.• an p-.irpo'.f*

Total
Electricity

Consumption

%

%

%

• /o

%

%

%

%

V.

%

%

100%

Total Coal
Excluding
Coal Coke

and Breeze

%

%

%

%

%

%

»/o

%

%

100%

Total Natural
Gas

%

%

%

%

%

%

V,

%

•/o

%

100%

Total
Distillate Fuel

Oil and
Diesel Fuel

%

%

%

%

%

%

V,

%

%

•/.

100%

Total LPG
and NGL

%

%

%

%

%

%

%

V.

%

%

100%

Residua!
Fuel Oil

%

%

%

%

%

%

%

%

%

100%



> Section V - ESTABLISHMENT CHECKLIST - Continued
AH establishments should comptata Part C. Mark tX> the box next to each technology that was in place at your establishment
during 1991. Mark (X) all technologies that apply. If your establishment has a two-digit SIC code other than 26. 28, or 33, proceed
to Section Vt - Remarks. Establishments in SIC 26 should complete Part 0 - Technology Checklist for Paper and Allied Products,
establishments in SIC 28 should complete Part E - Technology Checklist for Chemicals and Allied Products, and establishments in
SIC 33 should complete Part F - Technology Checklist for Primary Metal Industries before proceeding to Section VI.

Part C. - General Technologies

1 0 Computer control of building environmtnt li.g., space heating or cooling equipment, lights)
1 D Computer control of processes or major energy-using equipment (e.g.. boilers, furnaces, conveyers) used in the manufacturing process
i G Wane h t i t r*cov«ry
1 0 Adjustable-speed motes

Part D. - SIC 26 Paper and Alli.d Products

t G Continuous digesters
l O Displacement bleaching process

1O Top-wire (hybrid) paper forming
i G Extended nip press
1G Higher nip pressures

i 3 Extended Deliquefacfion
displacement heating processes

f H4? 1 t G Multi-effect falling-film evaporators for
black liquor evaporation and concentration

I G Vapor recompression evaporation of black liquor
i G Waste-heat recovery technologies in lime kilns
i O jmproved filtration techniques allowing flexibility

in the selection of fuel other than natural gar. and
distillate fuel oil for lime calcination

Part E. - SIC 28 Chamicali and Allied Product*

masel molding process with a gas-fired central
r.a! fluid system

food wastes) used

j Biop'ocessmg nf petroleum, naiura! gai> to
fossil based feedstocks

Innovative processing and separations that; (1) Substitute use of fossil-based feedstocks with biomasi
(2) Increase overall process efficiency, or (31 Reduce •nviromental impacts and waste processing, such

mati
•*:

trials.

1 i 8>opiu:essinc;

' ; Gasification ol biomasb feedstocks

i _J Fast pyrolysis of biomass feeCstocks

t n Immobilrjeo en?yme processes
— i .

' ! i Recycling ol materials

i ,_J Hydrolysis of biomasi: materials
i G Enhanced bioproccssmg wilh genetically e

feedstocks or organiims

3 Fermentation

i - I Fractionalion of biomass

1 [~1 Distillation process improvements
J 146? i G Hydrocarbon cra:k.ng enhancements

Part F. - SIC 33 Primary Metal Industrial

1 ̂ j Dry quenching during the coking process

i; ! Extema' desulfunzation of the cha'ge tor ironmaking

i L3 Hyd'OLsrt.on injfcction to maintain blast furnace

ron produced146-.

T45r'

i46i> •

TO : •
1 4 - 1 '

14?? ' 1

' i ~3 •

i i - t '

. J Direct rec
aii-tct'v '

.JCont.r

'""Ev-pr.
~ EiRCt'l

7". HM! cr:

_ Direct
. piasn

Dowclr

om"°onrS

j * castmci

.'in S>np cist

I f

o l

ooiin
Jif :ion i

' . • r n O .

mg requi

e>i sTielt
th pulwer

re

ng

,.

n r

.-•

eo

nt j

-tfur

.^pe1

no re

o< pa

?ed coai

- sponge

naces

ails

•ices

<* rectly f

eatmg

I.aKy red

; u?b 11 O Cold bonding (COBOt (>elleti/ing technique
I u76 • Q Prehea*mg comoustion air
I 14?? 11 H3 PrehCiVing raw material?

! 1*28 j l , ! Top gas pressure recovery Jrom
the blast furnace

i u^g^ ' Hi Slab heat recovery

UHO j O Continuous anne.'ilnui
• 14£1J ' D Continuous cold rollmp
I ]<p?J i L J Bottom tap vessels

14&3 J 1 G iniecUon steelmakmg
i ub< i 1 I Electrusiay femeltinti
! uf^J O Vacuuai arc remelnntj
j i486, ' —J Oxygen injection to blast iur-iace

! isyi " ,1] Coa! inectto" IQ blast tumace

( 14BH 11 HJ Stee' ladie metaNmgy with reheat fn'nart1

Part D. - SIC 20 Food Industrial: Specific Tschnologias

Q Infrared healing

; D Microwave drying

1 G Closed-cycle heat pun.c system used tp recover h ta t
1 G Open cycle heat pun-o system used to produce steam

1409

14

14

14

10

11

12

1G Gas-driven rotary engines and/or turbines

1G Membrane separation

i G Irradiation

i G Freeze concentration

Part E. - SIC 22 Tsxtila Industrial: Specific Technologies

ii_j i 3 Open end spinning

J _ " 2 1 J ' L J Wate-iar weaving

sj ' G Wet-on wet dyeing and finishing
' ' i H Indireci steam heating of dye

i G Dye bath reuse

iGFoam dyeing
t^J r-iatvi pr.ntinq
I Q Fcsm finishing
I G Low-add-on finishing

Part F. - SIC 32 Stone, Clay, and Glass Industries: Specific Technologies

Qlast related

J i G Oxygen enriched combustion air
J iGForehearth designed for mdependentfy applied heating

and cooling operations and minimal energy use

11 G ^urehearth designed to eliminate side to middle
rtn.perature gradients with improved temperature
siaLi. lit y

i G Batch prehea*1^
i G Cogeneralion sy-"fcm which uses waste heat rejected in

furnace ex haunt to generate steam in waste heat boilers

1 3 Advanced glass refiner

Cement related

1Q High-efficiency classifiers in closed-circuil grinding plants
7 D Improved grinding medi* and linings, wear resistant maienals

cuch as high chrome alloys, and classifying liners

i G Waste heat drying

i G Dry-suspension preheater kilns

i G Drv-precatciner kilns
i G Kiln combustion system improvement such as

semi-direct/indirect COHI firing, optimal oxygen levels and
advanced burners matched to the kiln/cooler design flame
control

i G Controlled particle size cement



Part B. Energy Management Activities

1. Was your establishment involved in any formal programs (company, utility, or third-party sponsored! at any time between
January 1, 1989 and December 31, 1991 that were specifically targeted and designed to improve energy efficiency, reduce
energy costs, or promote the use of a different energy source?

Piocecd to Question 2.

2. Did your electric or natural gas utility sponsor programs designed to lower/adjust your e .ergy consumption or costs,
timing, or promote the use of a different energy sejree lie., a Demand Side Management (DSM) programl at any time
between January 1, 1989 and December 31. 1991? (Mark (XI one.) if the answer to this question is "Yes', proceed to
Question 3. If the answer is no! 'Yes", proceed to the instructions before Question 4.

3 HI Establishment did not purcnase electricity or natural gas from a uMit
d ^ ; Don't Know

3. If you answered "Yes" to Question 2, did your establishment participate in a utility sponsored program ?. any time
between January 1, 1989 and December 31. 1991?

5~! lLJYcc. 2D lMo

I If \cu answered "Yes" to either Question 7 or Question 3, proceed to Question 4. If you answered "No" to hot':
I Queslior, 1 and Question 3. proceed to Part C - General Technologies Checklist, on page 8

A. In what typeis, of energy efficiency activity(tes) was your establishment involved between January 1, 1989 and
December 31 1991' (Mark (X> all that apply. Note that it is possible to have marks in both columns for any or ali of the
activities listed.'

Energy Efficiency Activities

m

a. Energy audits

Utility/Supplier
Sponsored Involvement

Involvement Through Own or
Other (3rd Partyl Sponsorship

(31

1LJ

b. Direct electricity load control

c. Special rate schedule (e.g., interruptible or time-of-usel
d. Equipment installation or retrofit for the primary purpose of

improving energy efficiency affecting:

(1) Steam production (e.g., boilers, nozzles)

(2) Direct/indirect process heating

(3) Direct process cooling, refrigeration

(4) Direct machine drive (e.g., adjustable speed drives,
motors, pumps)

(S) Facility heating, ventilation and air conditioning

(6) Facility lighting

. Equipment retrofit or installation for the primary purpose of
using a different energy source (e.g., electrification)
Exclude modifications made principally for energy efficiency

f. Standby generation program

Equipment rebates

Other (Specify) p

.D

1328 I >n

(..
12)

1330 |

I 133; ;

[ I39B |

1333

139S

CONTINUE WITH PART C, ON PAGE 8. Page 7



EPRI'S INDUSTRIAL ENERGY MANAGEMENT PROGRAM

ED MERGENS
MANAGER
EPRI'S CHEMICALS & PETROLEUM OFFICE
HOUSTON, TEXAS

LESLIE NIDAY
OPERATIONS MANAGER
EPRI'S AMP PROGRAM
COLUMBUS, OHIO

ABSTRACT

The loss of American industry jobs to foreign
competition is made worse by national concerns
over fuels combustion and other industrial
activity effects on our environment. Energy
efficiency programs and new electrical processes
can play a major role in restoring the environment
and in creating a stronger industrial sector in
the national economy. Since 1984 the Electric
Power Research Institute has been establishing
industry specific Centers and Offices nationwide
to assist electric utilities and their customers
in managing for a better use of energy. Hundreds
of joint industry/utility projects are funded at a
level in excess of $10 million annually. By
providing technical guidance and sponsoring
research and development projects, these Centers
and Offices are a key element in EPRI's role of
improving the value of electricity to consumers.
The specific contributions of this program and how
industry and utilities can jointly benefit from
its activities are discussed.

BACKGROUND

The rapid loss of competitiveness of American
industry in international markets is an extremely
serious problem with wide-ranging consequences for
the Nation's societal well-being, political
influence, and security. There is national
concern about the combustion of fossil fuels and
the potential effect on our environment.
Municipal planners and the public have become
increasingly aware of the potential inadequacy of
essential services such as water supply, sewage
treatment, waste disposal, resource recovery, and
recycling. New electric processes can play major
roles in the development of these essential
services thus supporting national objectives for a
clean environment and a strong economic future.

The Electric Power Research Institute (EPRI)
recognizes that the management of energy use and
the environmental impacts of industrial activity
are of national importance. To support EPRI
members and their industrial customers, the EPRI
Industrial Program seeks to develop and
demonstrate electric-based technologies that help
meet the challenges facing U.S. industry.

Specific goals are to provide an
infrastructure for collaborative research,
development, and technology transfer through
regional Centers and Offices; enhancing the
development of electrotechnology applications in
U.S. industry; and accelerating information
transfer. Utilities/industry can participate in
the hundreds of RSD projects funded by EPRI each
year; annual funding exceeds $10 r llion.

EPRI's industrial RSD focuses on three key
issues: productivity/efficiency, environmental
concerns, and product quality.

To address the diverse technology needs of
industry three sectors have been defined:

Materials Fabrication—machinery,
transportation and equipment fabrication
using plastics, ceramics, composites, metals,
and wood

Materials Production—metals, glass, and
mining/minerals processing

Process Industries—food and agriculture, pulp
and paper, textiles, chemicals, and petroleum

Efforts in each sector include research,
development, and commercialization projects. In
addition, the Program has identified a number of
nonmanufacturing challenges where significant
societal benefits can be achieved through
application of industrial electrotechnologies.
Under development are projects on municipal water
and sewage treatment and the safe disposal of
medical waste.

RSD APPLICATION CENTERS/OFFICES

EPRI R&D Applications Centers/Offices
facilitate interaction between member utilities
and industry; foster research, development, and
demonstration of coBt-effective
electrotechnologies; and offer educational
opportunities. Technical support, through
consulting and publication services, plays a
significant role in the transfer of technology
between the Centers, Offices, and utilities.

As well, the Centers and Offices leverage
resources through collaborative funding; enhance
impact through industrial participation; and
establish recognition and support from government
agencies, universities, and trade associations.
The Tailored Collaboration Program allows EPRI to
match additional funds generated by utilities and
customers to increase the size and scope of
proposed RSD projects.

The Environment and Energy Management
activities support the Centers/Offices by
advancing cross-cutting technology and through
coordination with other EPRI Programs/Divisions
having related technical objectives.

Center for Materials Fabrication (CMFI
Over 250,000 companies, mostly small and medium-
sized, comprise the materials fabrication sector.
These fabrication activities use ISO billion kwh
per year at an average rate of 5.7* per kWh and
generate over $8 billion in revenues. For those
companies, keeping abreast of developments and
opportunities is often difficult. Investing in
the research and development to apply process
developments and equipment modification is often
impossible.



In recognition of these challenges, the EPRI
Center for Materials Fabrication (CMF) was founded
in 1983 at Battelle Columbus to promote and
encourage the adoption of efficient
eleetrotechnologies in the fabrication sector.
CMF focuses on machinery, transportation, and
equipment fabrication technologies. Materials
under evaluation at CMF include plastics,
ceramics, composites, metals, and wood.
Activities include heating, drying, and curing
research and direct application such as those
using induction, infrared, microwave, and radio
frequency technologies. Especially significant
are environmental challenges being addressed
through new process development and end-of-the-
pipe technologies. Recently complete/on-going R&D
projects for CMF include: infrared-assisted
filament winding, microwave sintering of ceramics,
transverse flux induction heating, dry processing
of PC board, and the evaluation of
electrotechnology applications program.

Center for Materials Product ion(CMP)
The materials production sector consumes more than
193 billion kWh per year, representing over 24% of
all industrial electricity use. At an industry
average of 3.5C per kWh, this represents utility
revenue of about $6 billion per year.

EPRI's Center for Materials Production (CMP)
was established in 1984 at the Carnegie Mellon
Research Institute and focused on metals
production. In 1989, CMP's scope was expanded to
include glass and mining/minerals processing, with
additional emphasis on the foundry industry. In
1989, a foundry office was established in Chicago,
and a mining and minerals processing office opened
in Denver with a branch office in Reno, Nevada
dedicated to precious metals. Recently
completed/on-going R&D projects for CMP include:
investment casting-microwave dewaxing, foundry IR
sand reclamation, foundry plasma ladle refining,
plasma cupola commercialization, and EAF dust
treatment commercialization-

Process Industry Qffices(Proi
The United States food and agriculture, textiles,
chemicals, and petroleum industries consume 320
billion kWh per year, almost as much electricity
as the combined total of the materials production
and materials fabrication industries. At an
industry average of <K per kWh, the annual revenue
to utilities exceeds $10 billion.

Opportunities for new applications include
the use of motor drives in place of steam turbines
and other nonelectric drives; cost effective
applications of heat pumps; innovative processes
such as freeze concentration, infrared, radio
frequency, and microwave; high-efficiency motors;
and adjustable sr»=ed drives.

In 1990, Process Industry Offices (PIO) were
established to support key sectors of the
industry. The Textile Office is located at North
Carolina State University in Raleigh, pulp and
paper activities are handled from the Atlanta
Office at the Institute of Paper, Science &
Technology, Georgia Tech University, petroleum and
chemicals at the University of Houston, and food
and agriculture in Palo Alto. Recently
completed/on-going R&D projects for PIO include:
freeze concentration of dairy products,
application of ultrasound in textile processing,
advances in mechanical pulping, solvent recovery
by industrial heat pumps, and industrial process
integration/optimization case studies.

Environment and Energy Management
The efficient use of industrial

electrotechnologies extends beyond the
requirements for manufacturing processes. For
example, the public has become increasingly
concerned about the potential inadequacy of
essential services such as a clean water supply,
sewage treatment, waste disposal, and resource
recovery/recycling. Electric-based technologies
can play major roles in helping to find cost-
effective solutions to these problems. In the
Industrial Program, Environment and Energy
Management activities are directed toward the
following areas:

Waste and Water Treatment.Electrotechnologies
offer significant benefits in waste minimization
and treatment of waste. Particular opportunities
include municipal water and sewage treatment, the
process industries, and medical waste disposal.
The Pulp & Paper Office is managing a waste water
treatment project using ozone. Twenty industrial
customers of utilities are participating in
funding and project direction.

Demand-Side Management (DSM). Implementation
options include electrotechnologies, incentive
rates, automation/flexible manufacturing systems,
thermal energy storage, cogeneration, energy
management systems, adjustable speed drives, high-
efficiency motors, and use of off-peak power to
generate cooled storage in processes.

Buildings and Facilities.
Thirteen percent of the electricity used by
industry is for lighting, space conditioning, and
ventilation. A number of opportunities exist for
energy efficiency improvements in this area. The
U.S. Department of Environmental Protection has
initiated the cooperation of major corporations in
a program to install more efficient lighting
through a sponsored program called "Green Lights."

Analysis and Assessment.
Identification of target markets for
electrotechnology applications in support of
utility customer service and marketing staff,
could include scoping studies of specific
industries.

Recently completed/on-going RSD projects
include: evaluation of medical waste disposal
options, electrotechnologies in municipal water
and sewage treatment plants, field evaluation of
advanced reverse osmosis to recycle electroplating
waste water, and cross divisional analysis and
assessment of EPRI-developed technology for
industrial customer applications.

SUMMARY

As manufacturers in the United States strive
to remain competitive in the world marketplace,
electric utilities are placing new emphasis on
preserving and expanding their industrial load
base. Manufacturers are looking for technologies
that can increase productivity, lower costs, and
improve product quality. Coupled with the
creation of EPRI's industrial RSD Applications
Centers/Offices and their combined project total
of over $10 million annually, utilities are in a
better position to help customers identify
technology opportunities. Since many of these
technologies are electricity driven, their
application creates a win-win situation for the
utility, its customer, and EPRI. Industrial
applications of electrotechnologies can
significantly reduce overall energy consumption
and environmental concerns and improve
productivity thus enhancing the competitiveness of
U.S. manufacturing industries. EPRI's Industrial
Program provides the framework for that effort.
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THE ENERGY IMPACT OF INDUSTRIAL RECYCLING AND WASTE EXCHANGE

W. CURTIS PHILLIPS, SYSTEMS ENGINEER/INDUSTRIAL PROJECT MANAGER, N.C. ENERGY DIVISION, RALEIGH, NC

ABSTRACT

Recycling and waste exchange, particularly in
the industrial sector, has a substantial positive
energy impact and one that can often be accomplished
at little or no expense. Recycling saves energy
because the secondary materials being recycled are
"pre-processed", and this requires less
manufacturing operations than creating products from
virgin materials. Process energy reduction
possible by recycling is estimated to be as high is
952 for aluminum and 88% for plastics.

Industrial waste exchange is facilitated by
having an independent agency to publicize and
coordinate materials availability and exchange. The
North Carolina Energy Division is a co-sponsor of
one such agency, the Southeast Waste Exchange in
Charlotte, and has funded workshops on the
recycling-energy connection and waste minimization.

Although the paper, plastic and glass familiar
to residential recyclers are also exchanged at the
Industrial level, in addition, industrial waste
exchange deals extensively with solvents, oils,
acids and alkalis and other specialty substances.

INDUSTRY AND INDUSTRIAL WASTE

U.S. industry produces ovn.r 12 billion tons of
waste each year. According to the U.S. Office of
Technology Assessment, the cost to industry of
handling, cleaning and disposing of these wastes is
estimated at about $45 billion per year. Problems
in handling some industrial wastes has contaminated
drinking water, caused families to relocate, led to
liability suits, caused the loss of valuable land
resources, and deepened the public distrust of
industry and the regulatory process (1).

Energy Is an integral element in Industrial
wastes. Many companies that generate waste
materials are also wasting valuable energy. The
energy is accounted for in the embodied energy of
unused or poorly us^d raw materials, In the energy
content of the waste streams, and in the energy
required to clean up and dispose of wastes.
According to the U.S. DOE Office of Industrial
Technologies, it Is estimated that three to four
quadrillion Btu (quads) could be saved annually If
Industry were to reduce Its waste by 50 percent.
Thus, industrial waste reduction and control is
clearly linked to energy (and cost) savings.

WASTE CONTROL STRATEGIES

There are three primary strategies for handling
industrial wastes. First, waste generation may be
reduced by altering the feedstocks, products, and/or
processes within the industrial facility. Second,
wastes may be recycled or reused; either converted
to other useful products or used for energy
production, "his reuse may take place on-site at
the original point of generation or at another
location. Finally, wastes can be treated and

discarded to the environment. This last strategy
is commonly referred to as "end-of-the-pipe"
control of waste.

The "end-of-the-pipe" strategy has been the
most commonly pursued method of pollution control
used by industry to date.
This strategy seeks to convert waste to a more
environmentally benign form prior to disposal.
Usually the level and effectiveness of the
conversion is dictated by regulations from Federal
or State governments, which set standards and
procedures for waste disposal. This strategy is
the least cost-effective method of meeting
pollution control goals and fails to encourage
innovation in technology. In addition, this
approach encourages Industry to keep silent on
internal pollution practices since Indicating that
emissions might be reduced carries the risk of
triggering more stringent regulation.

Waste reduction or minimization encompasses
In-plant practices that reduce, avoid, or
eliminate the generation of Industrial wastes
during the design, manufacture, use and discard
phases of product flow. Actions takan away from
the waste recycling generating activity, Including
off-site waste recycling or treatment of wastes
after they are generated are not considered waste
reduction. Also, an action that merely
concentrates the waste to reduce the volume or
dilutes it to reduce the degree of hazard is not
considered waste reduction. This definition Is
meant to be consistent with the goal of preventing
the generation of waste at its source rather than
controlling, treating, or managing wastes after
its generation (2).

Of the various strategies, waste reduction is
widely considered the most effective and economic
control strategy since waste is not produced In
the first place, and therefore does not require
treatment or disposal. It ensures that more raw
material becomes product. More restrictive
environmental regulations, rising energy costs,
and the requirement for more economic waste
control underlie the importance of developing and
Investing in technologies to reduce significantly
the generation of industrial wastes (1).

The hundreds of U.S. companies that have
instituted waste reduction measures and have
achieved lowered production costs, Increased
profits and reduced energy use and environmental
impacts provide irrefutable evidence that waste
reduction pays. The energy-waste minimization
link of this strategy is emphasized by the fact
that many common energy conservation techniques,
such as Improved production monitoring and
control, preventive maintenance and optimization
of facility equipment operation often also results
in reduced waste and the indirect energy reduction
resulting therefrom.

The potential of waste minimization is
impressive. The Office of Technology Assessment
(OTA) estimates that industry can reduce its

11



generation of hazardous wastes by as much as 50
percent over five years (2). However, the fact that
this reduction has not been realized In the five
years since the OTA report highlights the fact that,
while technically and economically feasible
solutions exist, there are many barriers to achieving
waste reduction. These barriers

include the lack of understanding of waste management
practices, the lack of attention to waste reduction-
as a cost cutting (and energy saving) activity, the
lack of R&D on process redesign, the large variety
of production processes that require unique
solutions, and the risks to industry associated with
implementing process and product changes (1).

To provide assistance to overcome these
barriers, the U.S. Department of Energy has
initiated the Industrial Waste Reduction Program.
This program, outlined in the Industrial Waste
Reduction Program Plan (1) and Federal Legislative
and Regulatory Incentives and Disincentives For
Industrial Waste Reduction (3), build's upon several
existing activities to specifically focus on the
development of technologies that reduce waste
materials within the Industrial sector. This effort
notwithstanding, because of the number and severity
of the barriers to waste reduction, a substantial
impact in this area will take several years.

INDUSTRIAL RECYCLING AND WASTE EXCHANGE

A waste control strategy where an immediate
impact can be obtained Is industrial recycling and
waste exchange. While some technical analysis and
process modifications may be required for on-slte
recycling, In many cases another company that c m
use the exisltng waste materials can be found
quickly. Users for even hazardous and contaminated
materials can often be found, yielding a ruduciton
in disposal costs for the waste generator in<l
reduced energy and dollar costs for raw materials on
the part of the waste us-r,

Industrial waste exchange is facilitated by
having an independent agency to publicize and
coordinate materials availability and exchange. The
North Carolina Ener«y Division is a co-sponsor of
one such agency, the Southeast Waste Exchange .it the
University of North Carolina at Charlotte.

A waste exchange agency is an organization that
enables Industrial process wastes, by-products,
surpluses, or materials that do not meet
specifications to be transferred from one company to
another company where they are used as process
inputs. In addition, many waste exchange agencies
can provide assistance in waste minimizatlun
techniques and quite often conduct workshops on
waste exchange and waste minimization. Most waste
exchange agencies operate on a regional basis, with
the size of the region determined by balancing the
need to make the area small enough to minimize
transportation costs while covering a large enough
area to provide a variety of industries. Host of
these agencies use the term "waste exchange" .is a
noun in their name, as in the Southeast Waste
Exchange, and hereafter the t-.;rn "waste exchange"
will be used to describe agencies whose purpose Is
functions listed above.

TYPES OF WASTE EXCHANGE

Waste exchanges differ according to whether or
not they actually handle materials. The most
common type of waste exchange does not handle
materials, but is only an information
clearinghouse. Waste-gene rat Ing companies inform
the exchange about the quantity, composition, and
location of the wastes they generate and the
frequency with which the wastes are available for
exchange. Companies wishing to use wastes as
process inputs supply similar information about
their needs. The required information is usually
sent to the exchange on a standard form, an
example of which is shown in Figure 1. A nominal
listing fee is often required. The Inforra.it Ion on
wastes available and wanted is published In the
exchange's catalog, which typically appears
quarterly or bi-monthly and may be available free
or for a small charge. Waste-exchange catalogs
sometimes include a newsletter and advertisements
for consultants and firms offering waste-handling
services. To speed the flow of information,
several waste exchanges have set up computer
bulletin board systems (BBSes) to provide on-line
access via computers and modems to the latest data
on waste materials wanted or available. The
database is continually updated, eliminating th?
wait between catalog printings. The
Energy/Recycling BBS (704-547-:>3O7) of the
Southeast Waste Exchange provides such access to
subscribers to the Waste Watcher, the exchange's
bi-monthly publication.

To protect company proprietary Information =snd
to discourage possible government involvement,
catalog (and BBS) listings are often confidential.
A party interested in using available wastes or
supplying needed materials must MtMttj an inquiry
to the exchange, which forwards the letter to the
listing company. The function of the Information
clearinghouse generally ends there; It Is up to
the listing company lo conl-tct the inquiring jurty
and negotiate an exchange, which may involve a
one-time transfer, several transfers, or even the
continuous transfer of wastes. The companies .ire
generally under no obligation to inform i.he
clearinghouse of the results of the negotiation.
They may even prefer to "keep a good deal quiet"
from their competitors. Sometimes an Information
clearinghouse makes an active effort ;o find
possible users for available wastes, most of which
are not successfully exchanged simply by catalog
listings. (The California Waste "xchange., for
example, determines possible users and informs
them of appropriate materials available.) This
function requ.res more than the usual small
part-time staff (4).

The other type of waste exchange Is a
materials exchange thai, for a brokerage fee,
actually takes possession of the wastes and
participates in the negotiations. This type <>[
exchange often actively seeks buyers for wastes.
In some cases, the materials exchange performs
minimal processing on the waste to wake it a
suitable raw material for the buyer's use. Still
other companies, as their main line of business,
reprocess wastes Into valuable ;M-oi1i..-ts for
resale.
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SOUTHEAST WASTE EXCHANGE

Urban biilliula
UNCC, Charloll*. N.C. 28223

Tti.phon.: (704) 547-2307

1. Company Name: __

2. Mailing Address: .

3. Company Contact:

5. Signature:

MATERIALS LISTING FORM
SIC Code:

4. Titte:

6. Date: 7. Phone ( ) .

8. Check One Only: I ) MATERIAL AVAILABLE U MATERIAL WANTED

9. Classifications (review all first, then select one only that best describes your material):

I 1 ACIDS
I I ALKALIS
I I OTHER INORGANIC CHEMICALS

I.I SOLVENTS
I I OTHER ORGANIC CHEMICALS
I I OILS AND WAXES

I I PLASTICS ANO RUBBER
I 1 TEXTILES AND LEATHER
1 I WOOD AND PAPER

LI METALS AND
METAL SLUDGES

I ) MISCELLANEOUS

10. Material to be listed (main usable constituent, generic name):

11. The industrial process that generates this waste:

12. Main constituent (chemical formula):

13. Contaminants (highest to lowest, chemical formula): % %

14. Percentage by (check one): U VOLUME I I WET WEIGHT U DRY WEIGHT

15. Physical State:

16. Miscellaneous appropriate information (pH, toxicily, reactivity, color, particle size, flash point, total solids, purchase dale).

I SOL'N
I AGGREGATE

I I SLURRY
LI SOLID

; I SLUDGE
I I DUST

I I CAKE
IJ GAS

17. Potential or intended use:

18. Packaging: I I BULK [J DRUMS LJ PALLETS U BALES IJ OTHER

19. Present amount: 20. Frequency: U CONTINUOUS U VARIABLE a ONE TIME

21. Quantity thereafter: in I I lbs. LI tons U gal.
LI Litres LI Cubic Meters

per: I j Day LJ Week IJ Month

22. Restrictions on amounts: L.i none LTJ minimum I I r.iaximum

23. Available to Interested Parties: IJ sample IJ lab analysis

I1 C.yd.
LJ Other

LJ Quarter

Kg u Tonnes

independent analysis

24. For material wanted, acceptable geographic range (i.e., states, provinces, regions, countries):

25. For material available, if location of the material differs from the above mailing address, complete the following.

City State or Province Area Code

26. This listing Is: U CONFIDENTIAL CJ NON-CONFIDENTIAL (To expedite inquiries, the Exchange may give my name
and telephone number to inquirers.)

LISTING FEE:

$40 per company (unlimited listings) for six consecutive issues (published bimonthly).

Payment must be made in advance.

Please Include your check for $40 made payable to Southeast Waste Exchange.

FIGURE l. Typical Materials Listing Form Used by Waste Exchanges
3
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The second important characteristic of waste
exchanges is thetr status as public, nonprofit
operations orprofit-making businesses. This
characteristic i* not uncorrelated with thn first;
most information clearinghouses are operated ani!
subsidized by Jivi'.-immnt, chambers of commerce, or
trade associations, and most materials exchanges are
private enterprises. It Is clear that little money
is to be made by publishing a quarterly catalog, but
materials brokerage fees do offer potential profits
(4).

The third important characteristic of a waste
exchange is the types of material it handles.

TYPES OF MATERIALS HANDLED BY WASTE EXCHANGES

The word "waste" is interpreted in various ways
by the different waste exchanges. Some include
surplus materials — oversupplies of virgin
materials — in their listings, while others
specifically exclude them. One for-profit materials
exchange deals almost exclusively in surplus
textiles. Other exchanges restrict their operations
to materials for which no markets or extremely
limited markets now exist. Wastes with limited
markets are generally disposed of in landfills or
otherwise, at a cost to the generator. These are
the materials for which wast° exchange offers the
greatest potential for dollar and energy savings,
and therefore these are the ones discussed in this
report. A typical list of the categories of wastes
is shown in Table 1.

Another necessary distinction is that between
hazardous and non-hazardous wastes. Some exchanges
handle only :jne or the other. The distinction is
not strictly correlated with the categories in Table
1, but most hazardous materials are found in
categories 1 (acids and alkalis), 2 (organics and
solvents), 3 (metals and metal-containing sludges),
and 11 (inorganics). The operative definition of
"hazardous," for our purposes, is to be found in the
Resource Conservation and Recovery Act of 1976
(PL9A-58O, RCRA) and its associated regulations (for
example, AO CFR Parts 260-2655). Because of the
importance and complexity of these regulations, we
will summarize the relevant points in the following
section (4).

NOTK: Regulations perl.iin ing to 'vasle materials
are constantly being revised, so be sure to check

the latest rulings before embarking on a recycling
or waste exchange strategy. A clear understanding
of what materials the relevant governmental
entities consider "hazardous" and what activities
they consider "recycling" is mandatory to Hss-ir>
compliance with regulations. The following is a
general guideline ONLY and may not be applicable
in your area. A waste exchange is an excellent
source of information on this topic, and almost
always will keep communlc.itIons with interested
facilities confidential.

RCRA, HAZARDOUS WASTE, AND WASTE EXCHANGES

Although RCRA deals with .3 number of topics
related to resource recovery, the area of
hazardous waste has generated the bulk of
regulations and the roost interest. There is a
chain of regulation that extends Trom those who
generate hazardous waste to those who transport,
store, treat, and dispose of it. However,
facilities that recycle or reuse hazardous wastes
are excluded from these regulations for all
wastes except those containing the most hazardous
materials. This exemption should provide
considerable incentive for material recovery, but
because of the length (hundreds of pages) of the
hazardous-waste regulations and their complexity,
many people (including some waste-exchange
operators) are not aware of it. However,
transport and storage of the particularly
hazardous materials is still regulated. Again, a
review of pertinent regulations, particularly
"Part III, Environmental Protection Agency -
Hazardous Waste Management System: Identification
and Listing of Hazardous Wastes" as published in
the Federal Register, Volume 45, No. 98, for May
19, 1980, pages 33121-33127. Specifically note
Section 261.6 and check for any state and local
regulations which may impose more stringent
regulations.

Hazardous waste Is defined in RCRA to be; "a
solid waste, or combination of solid wastes, which
because of Its quantity, concentration, or
physical, chemical, or infectious characteristics
may:

Category Number Materials Included

1
2
3
A
5
6
7
8
9
10
11
12

Acids and Alkalis
Organic Chemicals and Solvents
Metals and Metal-containing Sludge
Minerals, Including Glass and Sand
Oils, Fats, and Waxes
Food Processing Wastes
Paper and Wood
Plastics and Rubber
Spent Catalysts
Textiles, Fur, and Lentivr
Inorganic Chemicals
Other

Table 1. Categories of Waste
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(A) cause, or significantly contribute to,
an increase in mortality or an increase
in serious irreversible, or
incapacitating reversible, illness; or

(fi) pose a substantial present or potential
hazard to human health or the
environment when improperly treated,
stored, transported, or disposed of, or
otherwise managed."

Subsequent regulations define criteria for
determining if a waste is hazardous and, in
addition, list particularly hazardous materials for
special consideration. These are ignitability,
corrosivity, reactivity, and EP toxicity (toxicity
determined by an extraction procedure). It has been
estimated that on the order of 20% of industrial
wastes are hazardous according to these definitions,
and many of them are listed as available in
waste-exchange catalogs. The hazardous nature of
these wastes is extremely important in determining
the benefits of exchanging them, because the costs
of regulated disposal, storage, and treatment may be
avoided by recycling (4).

WHAT CAN BE EXCHANGED?

The categories listed in Table 1 exemplify the
breadth of materials that can be exchanged.
Although market research conducted by the Southeast
Waste exchange showed that user demand was greatest
for solvents, miscellaneous inorganic chemicals,
alkalis and acids, success stories occur in all the
categories.

Acids and Alkalis
Within in the first category listed, "Acids and

Alkalis", a typical waste exchange listing will show
diverse offerings of different reagents containing
different impurities, and reagent concentrations
from 6% to 80%. The next important characteristic
to note is the quantities available. Many wastes
within this category will be available in large
quantities, often tens of thousands of gallons per
month, increasing the chances for economical
treatment. The final characteristic is that many of
the wastes in this category are hazardous under RCRA
regulations because they are corrosive (pH < 2 or pH
> 12.5). This means that they cannot be disposed of
without prior treatment, such as neutralization and
precipitation. The cost of this treatment can be
substantial, offering considerable incentive to
avoid disposal. Probably for this reason, in the
last year for which full data is available, the
Southeast Waste Exchange transferred more alkalis by
volume than any other material.

Successful waste transfers in this category
include an ongoing exchange of 70 tons of
terephtahalic acid which saves the company $1,400 in
disposal costs and generates earnings of $2,000. In
another instance, a company earns $6,600 a year from
selling 220,000 pounds of phosphoric acid to a
broker, and avoids $10,000 in disposal costs. A
third company estimates it saves $8,000 on disposal
costs a year through the transfer of 14,000 gallons
of waste caustic.

Organics Chemicals and Solvents
Every waste exchange has numerous listings in

the "Organics and Solvents" category. Although a
wide variety of materials are typically available,
virtually all have one thing in common: they are
combustible and can be burned to recover 10,000-
20,000 Btu/lb. Some of the materials in the
category, in particular aromatic compounds ani?
halogenated organics, are listed as hazardous.
These therefore cannot be disposed of in
landfills, and their storage, transport, and
incineration must be accompanied by various
permits, manifests, and licenses.

Combustion of these materials is an acceptable
method of disposal, but the temperature must be
high enough to insure complete destruction, and
acid gases (in particular HC1 from decomposition
of chlorinated organics) must be removed. Acid
gas may be removed.by installing a scrubber or
avoided by incinerating the wastes in a cement
kiln. Cement kiln combustion can be acceptable
even for such highly toxic materials as PCBs
(polychlorinaterl blphenyls), because the
combustion temperature is high and the alkaline
cement neutralizes the HC1 (check your locality's
regulations to determine its acceptability in your
area). The cost of combustion in a cement kiln is
often offset by the energy displaced, but the
process can be economical even if this cost is not
fully offset since substantial disposal costs can
be avoided.

The bulk of the waste exchange listings in
this category are for solvents of various types,
and most are available in large quantities. Most
are not hazardous or are hazardous (flammable) but
generally are not rê n1..»ti"I if they are to be
reused or recycled. Solvent recycling
(distillation, steam stripping, extraction) almost
always provides more savings than costs.
Companies in the business of solvent recycling
often advertise in waste exchange publications.

In the last year for which full data is
available, solvents ranked third (behind alkalis
and plastics) in quantities of material
transferred by the Southeast Waste Exchange.

Metals and Metal-containing Sludges
Typical listings in this category are not

flammable, and, except for concentrated acid
solutions and certain wastes containing heavy
metals like lead and cadmium, are not hazardous.
Generally there are numerous acid solutions listed
(from electroplating and cleaning processes) that
contain small quantities of metal and many sludges
are often found. Surplus metals and scrap with
established markets are occasionally found.

The acid solution-: c i i .if-, vn '>• "A • . u->d and
reconcentrated with known technology. Many of the
wastes available have higher concentrations of
metals than tlie O'.ni' itrations in ores currently
being mined, and can be trr.'.il'.••" .-.•: ores. However,
the quantities of waste are often too small to
justify a reclamation facility and thus
transportation to a primary metal-producing plant
is required (4).

Minerals, Including Glass and Sand
There are often not many listings in this area
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and the materials offered are generally of extremely
low value and are available in large quantities.
Their production is usually not energy Intensive and
disposal in landfills is attractive because they are
not hazardous or combustible. Because of the
materials' low value, transport is not economical;
however, if a local user can be found, disposal costs
can be avoided and the energy required to mine the
material saved. Waste exchanges are an excellent
resource to determine if a local user of these
materials is available (4).

Oils, Fats, and Waxes
Host of the listings found in this category are

lubricating or hydraulic oils; all are combustible,
with heats of combustion in the range of 19,000
Btu/lb. Changes underway in Federal and State
regulations governing the management of hazardous
wastes under the Resource Conservation and Recovery
Act (RCRA) will affect generators, transporters,
processors, marketers, and burners o£ oily waste,
and will increase the attractiveness of recycling
and waste exchange (3).

Used lubricating oils can often be reclaimed
without extensive processing. Oil and water
separation and sedimentation and filtration may be
all that is required to remove contaminants. Then
the used oil can be burned as a fuel, or undergo
more extensive treatment to refine them again
("re-refine" them) into a replacement for virgin
lube-oil stock. The re-refining process has higher
costs and higher revenues, but use as fuel has a
higher return on investment (4).

The re-refining process is the most effective
treatment from an energy standpoint. It is
estimated that re-refining of used crankcase oils
alone could save 13-76 x 1012 E'u/yr more oil than
combustion alone could save (5).

In the last year for which full data is
available, the Southeast Waste Exchange facilitated
transfers of 1,245,663 gallons of oils and waxes,
valued at $249,268. Cost benefits related to
recycling used oils can be measured by savings on
disposal costs (which will increase if the U.S.
Environmental Protection Agency ultimately decides
to list used oil as hazardous waste), lower raw
materials costs and energy savings. For example,
one company transferred 8,800 gallons of hydraulic
oils for a savings of $2,400 on disposal costs and a
second company benefited from an exchange of
hydraulic oil through savings of $1 ,S25 in raw
material expenses. In another ongoing exchange, a
waste oil transfer saves the company $5,400 a year
in disposal costs.

Food Processing Wastes
Typically there are not a lot of listings In

this category. None of these materials are hazardous
and their value is low. Since they are generally
wet, their combustion value is only about 5,000
Btu/lb. On-site combustion may be economically
feasible and bloconversion (including gasification)
is becoming increasingly feasible using fermentation
and anaerobic digestion.

Paper and Wood
Paper and wood products have proven to be a

valuable waste material, whether used as a

manufacturing component or as an energy source.
Recycling paper, tor example, uses one third less
energy than is required to manufacture paper from
virgin fibers. A survey of North Carolina
manufacturers revealed that next to solvents and
metal, paper and wood were the most commonly
generated commercial waste streams.
Unfortunately, these materials are frequently
associated with off-site disposal rather than
recycling. However, an increased recognition of
the value of recycling these products has led to
more available markets for these materials in
recent years.

Plastics and Rubber
Despite being unregulated in most areas,

plastic recycling has burgeoned over the past few
years. Since plastics are petroleum products,
recycling them can produce tremendous savings on
both energy and raw material costs. According to
a study conducted in North Carolina a few years
ago, the production of plastic materials and
synthetics and industrial organic chemicals
consumes about 56% or the total industrial energy
used in North Carolina.

The options with plastics and rubber are many.
Because of heating values as high as 20,000
Btu/lb, plastics can often be burned economically
(note that on combustion, PVC releases HC1 gas,
which may have to be scrubbed from the stack gas).
Thermoplastic scrap of a single material can often
be recycled back to the same material if it is
clean or can be cleaned. Plastics separation is
technically feasible, but economic feasibility
must be evaluated on a case by case basis.

Waste rubber chips can be burned directly or
pyrolyzed, or its size can be reduced
cryogenically or by the Gould mechanical process
and use It as an extender for the original
compound. Another attractive use is as a
replacement for some of the asphalt in pavement.
An asphalt-rubber mixture lasts considerably
longer than ordinary asphalt, providing a life-
cycle savings when it is used.

In a recent year, the Southeast Waste Exchange
generated $231,810 in ongoing cost benefits to
industry through the transfer of nearly six and a
half million pounds of plastics and rubber.

Spent Catalysts
There are very few listings for this category

in most waste exchanges, probably because of the
high value of the precious metals contained in
many catalysts. These are generally recovered in-
house; however, if no use and no buyer can be
located, they can be offered through a waste
exchange (4).

Textiles, Fur and Leather
This category is similar to "Paper and Wood"

in that these materials are nonhazardous and
combustible. Generally these materials are not
burned, since a higher value use can usually be
found. Textile nylon waste can otten be
economically be recycled in a manner similar to
plastict (becau- it Is in fact a thermoplastic
material) and savings from recycling can be
considerable.
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Inorganic Chemicals
There is a tremendous variety of materials

offered in this category, varying greatly in both
value and quantity. Some are harmless and others,
such as cyanide sludge, are extremely hazardous (4).

ENERGY IMPACT

In fact, industries are most interested in cost
savings, and it matters very little whether those
savings result from energy savings, reduced raw
material costs, reduced disposal costs or whatever.
As has been shown, the costs savings potential of
recycling and industrial waste exchange is
substantial.

Reviewing the magnitude of Industrial energy
consumption provides some estimate of the energy
savings potential of recycling and waste exchange.
According to the Office of Industrial Technologies,
U.S. DOE, U.S. industry directly consumes nearly 23
quads annually with another 7 quads of energy
consumed in electrical system losses. Manufacturing
operations use about 80 percent of the industry
total; feedstocks, which can be Impacted by recycling
and waste exchange, account for about 5 quads of
this. Four to seven quads of the industry total are
used to produce and process raw materials that end up
as waste, while two additional quads are used in
waste treatment and disposal. Recycling a.id waste
exchange can have an substantial impact in both of
these areas. The fuel value of industrial wastes,
including agricultural and forest wastes, is
estimated to total 10 to 15 quads (1).

The exact costs and benefits (energy and other)
of implementing recycling, waste exchange and waste
minimization technologies and practices are hard to
obtain, and harder to verify, due to the propriety
nature of plant operations and the unique
energy/process relationship in each process and
product. However, an examination of one company's
success provides some useful insights.

The 3M Corporation has been one of the leaders
in the chemical Industry in pursuing a proactive
waste control program. Since 1975, it has pursued
pollution prevention efforts that by 1990 yielded
annual discharge reductions of 134,000 tons of air
pollutants, 16,900 tons of water pollutants, 410,000
tons of sludge, 1.65 billion gallons of wastewater
and energy savings equivalent to 250,000 barrels of
oil (6).
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HOECHST CELANESE ENERGY MODEL

ABSTRACT

B. A. Fitzpatrick
Energy Coordinator
Hoechst Celanesf- Corporation
Bishop, TX

The Hoechst Celanese Energy Model is
used for budget preparation and
reconciliation and for ongoing plant
optimization. The model optimizes variable
utilities production costs using a linear
programming approach. Every operating area
provides input to the model for use in
forecasting their utilities demand.

All costs associated with utilities
production are reduced to the costs of
water, fuel gas and electricity. The
various plant balances and restrictions to
operation are applied to the linear
programming in the form of constraint
equations.

Across the plant, equivalent turbines
and motors are available for steam
balancing. Variables have been added to
the program to represent variable steam and
electricity demand. The model converges to
an optimal solution and then selects the
closest match of possible turbine/motor
combinations to this solution. Heuristics
are applied to determine if it is practical
to implement the optimal solution.

INTRODUCTION

Scope of Hoechst Celanese Energy Model
The primary objectives of the Hoechst

Celanese Energy Model (HOCEM) project were:

1) to develop a better understanding
of energy systems at the Bishop
plant,

2) to create a plant energy
simulation model, modular in
structure and granular in
function,

3) to produce an energy forecasting
and accounting system that is
maintainable by plant personnel.

The Bishop plant is a major site for
Hoechst Celanese, where more than 25
products are manufactured. Products range
from plastics to chemicals to
Pharmaceuticals. For clarity, the plant is
separated into more than 50 operating areas
or "units" in HOCEM, though some of the
units are as simple as cooling towers and
others as complex as production areas. A
VAX-based spreadsheet software program,
Graphic Outlook, from Stone Mountain
Computing was selected as the model
software platform.

K. Gangadhar
Process Control Engineer
Hoechst Celanese Corporation
Bishop, TX

HOCEM tracks primarily the production
and/or consumption of steam and
electricity. Secondarily, HOCEM models the
usage of demineralized water, fuel gas and
waste gases. On the surface, this energy
balance is a simple problem; there are,
however, two major complications. First,
the plant is large and has many
interdependencies. Secondly, the sheer
volume of information involved in plant
energy systems is tremendous and can be
difficult to manage.

Overview of Plant Utilities Operations
See Figure 1 for a schematic of the

Bishop plant energy systems- The Utilities
Department produces 600 psig steam in as
many as four power boilers and in a gas-
fired Cogeneration unit. The Cogeneration
unit also produces 3 00 psig steam for NOX

emissions control and 40 psig steam for
plant use. There is a liquid waste
incinerator that produces 600 psig steam.
Additionally, there are two production
units that make a significant amount of
steam at the 600 psig and 240 psig levels
in incinerators and waste heat boilers.

RAW WATER INLET

DEMH DEMAND

- 600 PSfO DEMAND
• PVSl

- 240 PSIG VENT
* NET 240 PSIQ DEMAND
" PVS2-PVS2

* 40PSIOVENT
• NET 40 PSO DEMAND
' -PVS3

• • & E C DEMAND
• PVE
•CM.S

C/G. U1 AND U2 ARE UNITS.

Figure 1 Bishop Plant Energy Systems
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The Cogeneration unit produces
electricity, as does a three-stage
turbogenerator and one in-unit heat
expander. There are also connections to
the local electrical utility (CPL) for both
sales and purchases of electricity.

There are four steam pressure levels:
600 psig, 240 psig, 40 psig and 5 psig.
600 psig and 24 0 psig steam is produced as
detailed above. 240 psig, 40 psig, and 5
psig steam is produced through extracting
turbines, breakdown valves and through the
stages of the turbogenerator. 40 psig and
5 psig steam is also produced from flashing
condensate.

Energy Model Uses
HOCEM is useful in demand forecasting,

energy budgeting and reconciliation, for
production planning and for ongoing plant
optimization. Certainly other forecasting
methodologies are available or relatively
easy to create. However, HOCEM has the
advantage of a rigorous forecasting
methodology. Additionally, the simulation
relies on objective limits to operation
rather than heuristic guidelines. Finally,
HOCEM optimizes on the actual costs of
operation.

STANDARDS DEVELOPMENT

As was mentioned above, each of '50
operating areas forecasts its utilities
demand. The general format for these "unit
spreadsheets" will be discussed in the
"Spreadsheet Architecture" section that
immediately follows this section.

Demand Linearization
Mathematically, the unit spreadsheets

forecast demand using a linearization of
demand with respect to percent production
capacity. In simple terms, this
linearization means that a linear
relationship is used to reflect utilities
demand as a function of the ratio of actual
production to maximum capacity production.
The Energy Model accepts as input a fixed
(A) and variable (B) standard, to form a
line of the form A+Bx, where x is the
percent production capacity.

There are a variety of ways to develop
a demand linearization, from curvefitting
actual operating data to developing a list
of energy users and a set of theoretical
demands for each user. Details on both
methods are given below. It should be
noted that any model is only as good as its
assumptions. Standards must be developed
for each distinct operating scenario to be
used in the model for every utility tracked
by HOCEM.

Theoretical Standards Development
The development of theoretical

standards requires the use of "Energy Users

Lists". An Energy Users List is simply a
list of all the energy users in a model
unit, complete with a theoretical basis for
each user's demand. For example, the
Energy Users List entry for a turbine might
contain the design water rate in a linear
form.

The effort required to form a
comprehensive Energy Users List can be
extensive. It is our intent at the Bishop
plant to approach the task as a continual
improvement effort, wherein we are
committed to making progress towards
understanding our theoretical demand basis.

Once the demand basis for each user
has been developed, it is necessary to
determine what operating scenarios or
configurations will be defined.
Configurations must be defined for every
significant operating scenario that would
have distinct demand standards.

When preparing standards from an
Energy Users List, a matrix of Is and 0s is
formed to determine whether or not a user
is operating in each identified
configuration. Certainly a separate
configuration could be built for every
combination of users being up or down.
However, even in a relatively simple unit,
the number of configurations would quickly
become unmanageable.

It is necessary to use some
engineering judgement as to what scenarios
are likely to occur frequently enough or
will have a large enough impact on the
standards to warrant building a set of
configuration standards. See Figure 2 for
a depiction of the matrix mathematics
involved in calculating theoretical
standards from Energy Users Lists.
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Figure 2 Matrix Mathematics
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The final step in developing
theoretical standards from Energy Users
Lists is to determine how the unit is
operating as compared to the theoretical
basis. Factors can be applied to each user
of the Energy Users List and to the unit as
a whole until the model predicts actual
operating data. A second set of standards
is then calculated that reflects normal or
real world operating standards, standards
that recognize that equipment in most cases
does not operate at its design rating.

One might well question why it is
necessary to develop the rigorous
theoretical approach if factors will then
be applied to reflect actual data. The
theoretical approach has the advantage of
illustrating where a unit could
theoretically be operating, thereby
identifying areas for cost reduction.
Additionally, if certain pieces of
equipment show a decrease in operating
efficiency over a period of time, it is
simple to "recalculate" a new "theoretical"
demand for a unit. Overall, the Energy
Users List approach to standards
development results in a clear
understanding of the driving forces behind
utilities demand.

Curvefitting actual Operating Data
An alternative to developing Energy

Users Lists is to simply collect actual
historical data over the entire range of
operating capacity and then curvefit a line
or set of lines (one for each
configuration) to this data.

In our experience, this approach is
less accurate than the more rigorous
theoretical approach. In the curvefitting
method, there is no foundation in theory,
so there is no protection against faulty
metering or meter allocation errors. This
is not to imply that the theoretical
approach is error free, but the deviation
to that standard will identify areas for
investigation.

Configuration Selection
Configuration selection is one of the

most critical tasks in standards
development. A unit should neither have so
many configurations as to be unmanageable,
nor so few as to be inaccurate. See Figure
3 for a depiction of a demand linearization
curve. The graph is separated into
configurations and the text box inset in
the graph describes the demand
linearizations.

Configuration 1 in Figure 3 shows the
unit baseload demand that is present even
when no production is ongoing. The
standard is defined with a fixed portion Al
and no variable portion. Configurations 2,
3 and 4 are defined to represent the demand
throughout the entire capacity range.

600# Steam Demand

CONFIG Utility Equation
1 DEMAN0.A1 (A2.A1)
2 DEMAN0-A2 • S2«
3 DEMAND-AS • B3x
4 DEMANO-U * B4>

(.ACTUAL PRODN/MAX CAPACITY
A{i) is th« y-im*io*pt and B(i) m th» slop*.

Turndown
Config 1 | Config 21

Norrral Operation
Config3

0 100

Production, %

Figure 3 Demand Linearization
Every unit will have a unique relationship
between demand and capacity.

Configurations For Steam Balancing
Additionally, configurations can be

used to define operating scenarios that
differ not due to rate, but to some other
operating change. Perhaps the most common
operating change that results in a separate
configuration is when a "steam balancing
option" exists. A "steam balancing option"
exists when, for example, there are
redundant pumps with alternate drivers, e.g
a steam turbine and an electric motor.
Numerous (2400) possible combinations of
steam balancing options have been
identified at the Bishop plant. For ease
in optimization of these balancing options
they are defined by separate
configurations.

SPREADSHEET ARCHITECTURE

One of the major objectives of the
HOCEM project was to develop an energy
model which is modular in structure and
granular in function. It was also our
intention to develop the model on a VAX-
based software platform so that an on-line
plant information system could be linked to
the model.

Graphic Outlook, a VAX-based
spreadsheet from Stone Mountain Computing,
was selected for the development of the
energy model. Graphic Outlook is similar
in format to PC-based spreadsheet software.
However, Graphic Outlook also has several
additional features:
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- user-defined functions
- linear programming
- concatenation of text with cell

references for use in macros
- 3-D spreadsheet references
- non-interactive execution from VMS
command files

- execution of programs in higher
level computer languages

- transformation and importation
of a variety of data file types.

Unit Spreadsheets
Each operating unit has a unique

spreadsheet which calculates the utility
demand for the unit for each day of a year
based on the standards, operating scenarios
and production goals. Each unit
spreadsheet is structured as shown in
Figure 4.

The first section of the spreadsheet
is the daily utility demand for each month
of the year followed by the yearly summary.
The second section contains the standards
that are used for the calculation of the
demands. The actual and budget operating
configurations and the production pounds
reside in the last section of the
spreadsheet.

The inset in the bottom left of Figure
4 shows in detail the structure of the
daily demands for a month. UDF# 1 and UDF#
2 are user defined functions. UDF# 1
calculates the average daily production
from the monthly production goal and the
number of days of operation for the unit.
UDF# 2 is a function to calculate the

demand of each utility based on the
standards, configuration, and daily
production.

The inset in the bottom right of
Figure 4 shows the structure of the
standards (A & B) section for each utility
and each configuration of the unit's
operation.

Utilities Operation Summary Spreadsheet
The utilities demand from all the unit

spreadsheets are collected and summed in
the totals section of the Utilities
Operation Simulation Spreadsheet (UOSS).
This total demand provides input to the
optimization section of UOSS, where a
linear programming approach is used to
minimize the cost of utilities operation.

The formulation of the linear
programming problem, and the necessary
variables and constraints are described in
the "Linear Programming Approach" section
below. The results from the solution of
the optimization problem are tabulated in a
report format in UOSS. For each day, this
report documents the key operating
variables for optimal operation of plant
energy systems, such as boiler load,
breakdowns, steam vents and turbo-generator
stage flows.

LINEAR PROGRAMMING APPROACH

Linear programming is an optimization
method applicable for the solution of
problems in which an objective function and
its related constraints appear as linear

JAN. DEC.
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functions of decision variables (1). The
characteristics of a linear programming
problem are:

1) The objective function is to be
minimized,

2) All the decision variables are
non-negative,

3) All the constraints are
equalities.

Any linear programming problem can be
put in the standard form with a few simple
transformations. For example, an
inequality can be used as a constraint to
the objective function, if it is redefined
as an equality. This can be accomplished
by adding a new variable that represents
the deviation from equality; this variable
is referred to as either a slack or surplus
variable.

For a linear programming optimization
problem, the number of equations (m) must
be less than the number of variables (n).
The case m<n corresponds to an
underdetermined set of linear equations,
which if they have one solution, have an
infinite number of solutions. The problem
of linear programming is to find one of
these solutions satisfying the constraints
and yielding the minimum value of the
objective function. A linear programming
approach was used in HOCEM to formulate the
simulation of utilities operation.

Objective Function
The objective function of the HOCEM

linear programming problem is the variable
cost of utilities operation. The cost of
utilities operation was reduced to the
costs of fuel gas purchases, demineralized
water production, and electricity purchased
or sold from or to the local utility
company.

The goal of the linear programming
problem is to minimize the objective
function:

COST = KBCPL8 + KSCPLS + K^DI + KFGFG (1)

where,

CPLg = electricity purchased from CPL, kW
CPLS = electricity sold to CPL, kW
DI = demineralized water produced, mgal/hr
FG = fuel gas purchases required, mmBTU/hr
KB = cost of electricity purchased, $/kWh
Ks = cost of electricity sold, -$/kWh
Kp, = cost of demineralized water, $/mgal
KFG = cost of fuel gas, $/mmBTU

Decision Variables
Information on the variables can be

found in the "Nomenclature" section below.
The key decision variables for the HOCEM
linear programming problem are power boiler
load (PBL), the steam stage flows for the

turbogenerator (TGj), steam vents (Vr),
steam flow through breakdown valves (BD;),
and variable steam and electricity for
turbine/motor optimization (PVSs and PVE).

The variable 240 psig steam was the
only variable which was unrestricted in
sign. So this variable was redefined as
two separate non-negative variables, PVS2
and PVS'2. PVS, represents the non-negative
values of variable 240 psig steam and PVS'2
the non-positive. All the other decision
variables are non-negative by definition.
There are a total of 25 decision variables.

Constraints Equations
The major constraints to the objective

function are detailed below in Equations
(2) through (13). The Power Boiler Load
(PBL) definition constraint results from a
mass balance around the power boilers as
shown in Figure 5:

d.,*PBL - 600 psig net demand
- PVS^TG, - BD, = 0 (2)

where, the d, factor is (1-percent boiler
blowdown).

The Boiler Feedwater Balance
constraint results from a mass balance on
the plant boiler feedwater system:

BFW - PBI, - Unit Steam Prodn. = 0 (3)

The Fuel Gas Balance constraint
results from a heat balance on the plant
fuel gas supply system:

-FG - FG BH - Natural Gas demand = 0 (4)

The Waste Gas Balance constraint is
derived from a heat balance of the plant
waste gas system:

WG BH + WG VENT + net WG demand = 0 (5)

600 PSIG DEMAND
PVS1

TO 240 PSIG SYSTEM

C/G, U1 & U2 REFER TO 600 PSIG STEAM PRODUCED
BY OPERATING UNITS.
NET 600 PSIG DEMAND.C/G+U1+U2-600 PSIG DEMAND

Figure 5 Power Boiler Load Constraint
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The Boilerhouse Gas Balance results
from a heat balance around the power
boilers:

-FG BH - WG BH + e,*PBL = 0 (6)

where, the e, factor converts the 600 psig
steam flow in mlb/hr to mmbtu/hr.

The 240 psig Steam Balance as shown in
Figure 6, results from a mass balance
around the 240 psig headers:

TG, - TG2 - TG3 + BD, - 240 psig net demand
- V, -BD2 - PVS2 + PVS'2 = 0 (7)

Similar to the 240 psig header
balance, constraint equations are defined
for the other steam pressure levels as
follows:

40 psig Steam Balance

TG2 - 40 psig net demand - V2
BD BD BD + PVS ' 0BD2 - BD3 -

2

PVS ' 3 = 0
(8)

5 psig East (5E) Steam Balance

BD3 - V3 - 5E psig net demand + TG3 = 0 (9)

5 psig West (5W) Steam Balance

BD4 - V4 - 5W psig net demand = 0 (10)

The Electricity Balance constraint as
shown in Figure 6 defines the plant
electrical system:

f^G, + f2TG2 + fjTGj + CPL,, - CPLS
- PVE - Net Elec. Demand = 0 (11)

where,

fjTG, is used to estimate the electricity
produced in each stage of the
turbogenerator. The details of these
functions are given below in the "Complex
Applications - Turbogenerator" sub-section
below.

ELECTRICAL PVE CPLS
DEMAND

Figure 6 Electricity Balance Constraint

The Demineralized Water Balance is
specified through a mass balance around the
plant condensate tank:

8.35*DI - PBL - DI Demand - CR = 0 (12)

The variable steam constraint is
defined through mass balance on the plant
variable steam demand.

Plant Variable Steam Balance

PVS, + PVS2 - PVS'2 - PVS'j = 0 (13)

Eguation (13) is crucial to the
optimization of turbine and motor
operation, which is discussed in the
"Turbine & Motor Optimization" section
below.

There are 2 3 additional constraints
that are specific to the Bishop plant,
defining minimums and maximums to the
variables in the constraints detailed
above. These minimums and maximums are by
definition inequalities, however they are
converted into the equalities by adding or
subtracting non-negative slack or surplus
variables. Thus the total number of
constraint equations in the linear
programming problem defined for the energy
model is 3 5 and the total number of
variables is 48.

The utilities operation optimization
problem defined in HOCEM satisfies the
characteristics and requirements for a
linear programming problem.

Graphic Outlook has a built-in
computational tool to solve a linear
programming problem. The definition of the
linear programming problem in a Graphic
Outlook spreadsheet is straight-forward and
is structured in a matrix form which is
easy to configure. The linear programming
tool uses the simplex method to determine
the optimal solution to the problem.

Simplex Method (l)
If there are m equality constraints in

n variables with n>m, a basic solution can
be obtained by setting any of the (n-m)
variables equal to 2ero. These basic
solutions can be examined to develop the
feasible domain of solutions. The optimal
solution, if one exists, always occurs at
an extreme point or vertex of the feasible
domain.

The simplex method is a powerful
scheme for obtaining a feasible basic
solution. If this solution is not the
optimum, the method provides for finding a
neighboring basic feasible solution which
has a lower or equal value of the objective
function. The process is repeated until,
in a finite number of steps, an optimal
solution is found.



Complex Applications-Turbogenerator

Scope of the Problem. Modelling the
electrical generation of the three-stage
turbogenerator was one of the more
difficult tasks involved in modelling
energy systems at the Bishop plant. A
previous engineering study had shown that
the electrical production was quadratic in
steam flow through each of the stages.
Incorporating this quadratic functionality
was an initial stumbling block in the
development of the linear programming
approach of HOCEM.

Problem Resolution. The quadratic was
implemented in the Electricity Balance
constraint, Equation (11), where the
coefficients (f,) of the stage flows were
defined as linear functions of the
respective stage flows (TG() . The linear
programming optimization was iterated,
where the fs coefficients were recalculated
between iterations using the solution
values of TGf from the preceding iteration.
In all cases, the solution converged with
less than five iterations. Given this
success, the quadratic functions were
implemented in the electricity balance with
no loss of integrity.

Other Complications. Understanding
and incorporating the electricity produced
in the turbogenerator was not the only
hurdle in successfully simulating its
operation. It was also necessary to
understand the steam stage flows and their
interdependencies. Stage flows are
included in a total of 11 constraint,
equations, including Equations (2), (7),
(8), (9), and (11) above.

TURBINE AND MOTOR BALANCING OPTIMIZATION

The turbine and motor optimization
function of HOCEM is perhaps its most
powerful. Previously, turbine and motor
optimization was done in an iterative
fashion, where the recommended combination
of turbines and motors resulted more from
intuition or heuristics than from a
rigorous optimization method.

From a programming standpoint, the
simplest approach for the optimization of
turbine and motor balancing would be to
test every possible combination of
balancing turbines and motors. However, as
was mentioned above, 2400 unique
combinations have been identified at
the Bishop plant. Obviously, testing each
combination would not be a viable option.

The balancing options at the Bishop
plant consist of a number of steam turbines
and electric motors. The following
variables were defined to represent the
impact of these options on variable steam
and electricity demand:

PVS,
PVS,

PVS'
PVE

- increase in 600 psig demand,
- increase in 240 psig demand,
- decrease in 240 psig demand,
- decrease in 40 psig demand,
- increase in electricity demand.

Minimu.ns and maximums were determined
for each variable and introduced as
constraints to the objective function. The
optimal solution of the objective function
determines optimal values for the variable
steam and electricity.

It was then necessary to determine
which of the 24 00 combinations most closely
represents the optimal solution. The total
power required by each combination was
calculated as the equivalent kW of steam
power extracted through the turbines
(assuming a 55% efficiency) plus the kW
required by the motors and was found to be
relatively constant.

The differences between the values of
the variables (PVSs and PVE) in the optimal
solution and in each combination were
calculated. The combination with the
minimum sum of the absolute values of these
differences was selected as the optimal
combination. Recognizing that there is
work and cost involved in switching between
combinations, heuristic guidelines were
applied to determine if the recommended
combination would be practical.

CONCLUSIONS

The Hoechst Celanese Energy Model is a
useful tool for forecasting demand,
reconciling usage and for ongoing plant
optimization. Its major strengths are:

- simulation precision resulting
from a thorough understanding of
the plant energy systems

- optimization based on actual
costs of operation

- automated optimization of turbine
and motor balancing
model flexibility due to modular
structure

- model accuracy due to granularity
in unit spreadsheets
straightforward design resulting
in maintainability
versatile software platform for
use in on-line plant optimization

NOMENCLATURE

The symbol "m" refers to 103

to 10s.
and "mm" refers

BDj = breakdown valve steam flow, mlb/hr
where,

i=l is 600 psig/240 psig valve
i=2 is 240 psig/40 psig valve
i=3 is 40 psig/5 psig East valve
i=4 is 40 psig/5 psig West valve
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CPL- = electricity purchased from CPL, kW
CPLs = electricity sold to CPL, kW
CR = unit condensate return, mlb/hr
DI = demineralized water produced, mgal/hr
f, = a,*TS, + b,
where,

a and b are constants and the sum of
fj*TGj is the electricity produced in
the turbogenerator

FG = fuel gas purchases required, mmBTU/hr
FG BH = Boilerhouse fuel gas demand,

mmBTU/hr
PBL = power boiler load, mlb/hr
PVS, = increase in 600 psig demand,

i iPVS, = increase in 240 psig demand
PVS'2= decrease in 240 psig demand,
PVS'3 = decrease in 40 psig demand,
PVE = increase in electricity demand, kW
TGj = steam flow through stage i of the

turbogenerator, mlb/hr

mlb/hr
mlb/hr
mlb/hr
mlb/hr

where,
i=l is 600 psig/240 psig stage
i=2 is 240 psig/40 psig stage
i=3 is 240 psig/5 psig East stage

V- = steam vent to the atmosphere, mlb/hr
where,

i=l is 240 psig vent
i=2 is 40 psig vent
i=3 is 5 psig East vent
i=4 is 5 psig West vent

WG = unit Waste Gas production, mmBTU/hr
WG BH = Boilerhouse waste gas demand,

mmBTU/hr
WG VENT = waste gas to vent flare, mmBTU/hr
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ABSTRACT

This paper describes the Department of
Energy's industrial energy auditing program,
its achievements to date, and future plans.
The Energy Analysis and Diagnostic Center
(EADC) Program provides no-cost energy audits
to small and medium size manufacturers, and
recommends ways to cut plant energy use. The
program is conducted by universities for the
DOE, and has performed over 3600 audits since
1976.

Approximately 55 percent of the recom-
mendations made through the EADC program are
implemented by industry. Since program
inception, audit recom-mendations have pro-
duced a cumulative national energy savings of
about 67 trillion Btus, valued at $365
million.

The National Energy Strategy (NES) has
identified industrial energy audits as a
cost-effective means to reduce energy
consumption in industry. In support of the
NES, the EADC program is expanding, and plans
to have 40 operational EADCs by the year
2000. Through outreach activities, EADCs will
also encourage similar private-sector
programs, e.g. utility-conducted industrial
audits performed for demand-side management
programs.

BACKGROUND

The industrial sector is a major
consumer of energy resources. In 1989,
industry accounted for approximately 36
percent of total U.S. energy use (about 29
quadrillion Btus), at a cost of approximately
$100 billion. Within the industrial sector,
manufacturers as a group constitute the
largest energy consumers (approximately 80
percent of industrial energy use). For many
industries, reducing energy costs can make a
big difference in how well they compete in
both the domestic and global marketplace.

There are still many opportunities to
reduce energy costs by making improvements in
industrial energy efficiency. Many of these
improvements can come from the introduction
of new, revolutionary technologies, or from
widespread adoption of the most efficient and
modern equipment. Opportunities to save
energy in industry are not, however, limited
to the introduction of new technologies or
plant modernization. Even in the most modern
facilities many industrial processes could
benefit from implementation of more effective
operating practices. In fact, at least part
of industry's success at improving energy
efficiency over the last decade can be
attributed to innovative plant management

practices that promote energy awareness at
all levels of plant operation.

The Administration's National Energy
Strategy (NES), issued in Spring 1991, has
identified industrial energy efficiency
improvement as an important goal in building
a more secure, economically sound, and
environmentally sustainable future [1]. The
U.S. Department of Energy (DOE), Office of
Industrial Technologies (OIT), supports a
number of programs that are aligned with NES
goals for improving energy utilization in
industry. One of these is the Energy
Analysis and Diagnostic Center (EADC)
Program.

The EADC Program was initiated in 1976
to assist industry with identifying and
reducing plant inefficiencies related to
energy use. The program provides energy
conservation audit support to small and
medium manufacturing plants that generally
lack the technical resources to provide this
service internally. In addition, and of even
greater importance, the program provides
engineering students with practical "hands
on" experience in energy management. This
training helps to meet industry's continuing
need for engineers with experience in
manufacturing plant energy use auditing and
diagnostic methods.

The EADC Program uses the engineering
faculty and graduate students of
competitively selected universities to
conduct energy audits for plants in the
manufacturing sector. These field activities
are coordinated for the DOE by the University
City Science Center (UCSC) in Philadelphia,
Pennsylvania.

At this time, there are 18 fully oper-
ational EADCs in the program (see Table 1),

Table 1. Currant EADC Institution
Exparianca

School
U. of Tennessee
Georgia Tech
U. of Dayton
U. of Kansas

Oklahoma State U.
Colorado State U.
U. of Massachusetts

Texas A&M
Rutgers

Oregon State U.
u. of Wisconsin
Arizona State U.
U. of Missouri
U. of Florida
Hofstra U,

Iowa State U.
Notre Dame U.

San Diego State U.

Year
1976
1976
1981
1981
1981
1984
1984
1986
1986
1986
1986
1990
1990
1991
1961
1991
1991
1991

Program
15

15

10

10
10

7

7

5

5
5

5
2
2
1

1

1

1
1
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and plans have been made to add four addi-
tional schools during 1992. EADC schools are
authorized to conduct 30 audits per year at
plants located within a 150 mile radius of
the host campus. These audits are funded by
the DOE and are a "no-cost" service to the
client firm.

THE AUDIT PROCESS

EADC audits are conducted in response to
requests from prospective client plants.
Clients are obtained from direct mailing
advertisement by the EADC, and through
telephone solicitation and referrals from
past clients. To be accepted as EADC
clients, manufacturing plants must meet
several criteria, including:

Annual energy bills must be less than
§1,750,000;
Gross sales must be less than $75 million
at the plant site;
Between 20-500 employees at the plant
site;
A lack of "in-house" expertise to conduct
energy audit services at the plant; and
A Standard Industrial Classification (SIC)
code between 20 and 39.

The prospective EADC client firm is
requested to provide their energy billing for
the previous 12 month period and to identify
the major processes that will be observed
during the audit visit. Each audit is
conducted in one day, with the audit team
arriving at the client plant in advance of
the starting shift. While each audit and
client plant is unique, a typical audit
sequence might proceed as follows:

Typical Audit Sequence:

1. Meet with plant manager to review the EADC
Program and the audit procedure.

2. Make a guided tour of the facilities with
the operations or maintenance supervisors.

3. Tour plant in pairs to collect audit data.

4. Meet in afternoon to review data
collected, develop audit recommendations,
estimate lead time, payback,etc.

5. Audit team makes an exit presentation to
explain and justify recommendations and
get feedback from plant management.

6. Following the audit visit, a formal
consultant report is prepared and
submitted to the client firm and to the
Field Coordinator (UCSC).

7. Within a 12 month period following issue
of the audit report, the EADC contacts the
client firm to confirm those audit
recommendations that have been, or will be

implemented by the firm during the 2 year
period following the audit.

The audit team categorizes energy
efficiency improvements according to the
Directory of Industrial Energy Conservation
Opportunities (DIECOs) [2]. The DIECO
system, which classifies energy use under
eight major headings, was developed to
systematize the collection and analysis of
energy conservation opportunity data. Major
DIECO headings include:

Combustion
Steam
Utilities and Other Energy Forms
Scheduling and Shipping/Handling
Process Equipment/Process Changes
Buildings and Grounds
Non-Energy Related Cost Savings
Alternate Fuels

The University City Science Center
examines and critiques every audit report
generated by the EADCs to ensure high quality
work. They also periodically accompany the
EADC staff to observe the audit process at
the plant site. As a follow-up to audits,
the Science Center interviews about 60
percent of the companies that participate
each year to evaluate the benefits of
implementing improvements, as well as the
effectiveness of the individual EADCs in
performing audits.

PROGRAM BENEFITS

Over the years, the EADC Program has
proven to be a remarkably cost-effective way
to improve energy efficiency in manufacturing
facilities. An average audit identifies
annual energy savings of approximately 4
billion Btu and/or §38,000 per audit.
Current data indicates that approximately 55%
of the energy conservation opportunities
(ECOs) identified by audits are implemented
by client firms. Private-sector
implementation of audit recommendations has
produced a cumulative national energy savings
of approximately 67 trillion Btus,
valued at $365 million.

During the FV 1989 period, EADC client
firms consumed a total of 21.5 trillion Btu
of energy with a value of §136.8 million.
Energy conservation and cost savings
identified during this period were about 11%
of these total values, with the greatest
potential for savings in electric and gas
energy sources (see Figure 1). Cost savings
recommended and implemented by the industries
served during EADC operations for the period
are shown in Table 2 [3].
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SIC Code Industry

20 Food and kindred products
22 Textile mill products
23 Apparel and ether textile products
24 Lumber and wood products
25 Furniture and fixtures
26 Paper and allied products
27 Printing, publishing, and allied industries
28 Chemical and allied products
29 Petroleum and coal products
30 Rubber and miscellaneous plastics products
31 Leather and leather products
32 Stone, clay, glass, and concrete products
33 Primary metal products
34 Fabricated metal industries
35 Machinery, except electrical
36 Electrical equipment and supplies
37 Transport equipment
38 Measuring, analyzing, and controlling products
39 Miscellaneous manufacturing industries

TOTAL

Recommended

2,219,981
894,689
117,719

1,244,633
112,873
720,796
252,849

1,836,055
15,502

1,312,277
60,359

1,072,325
791,103

1,572,108
1,235,669

529,291
266,568

S 179,384
302,730

14,736,911

Implemented

1,341,795
630,556
59,522

285,413
62,934

296,934
153,120

1,307,492
8,973

635,397
14,278

702,739
438,637

1,003,630
327,505
206,335
146,415
91,665

166,001

7,879,391

% Implementation

60.4
70.5
50.6
22.9
55.8
41.2
60.6
71.2
57.9
48.4
23.7
65.5
55.4
63.8
26.5
39.0
54.9
51.1
54.8

53.5

Table 2. Cost Savings Recommended and
Implemented by Each Industry

Energy Conservation Identified (KfBtu/yr)
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Figure 1. Energy Conservation and Cost
Savings Identified for Each Energy Source

The 455 audits completed at the close of
the FY 1991 period bring the number of total
EADC audits to over 3600. These 455 audits
represent a total identified first year
savings of approximately 1.8 trillion Btu,
with savings of approximately 910 billion Btu
and $17.3 million cost savings actually
implemented by client firms.

The data collected through the EADC
program can provide a useful source of
information for industries that wish to cut
energy costs. A variety of data from the
audit reports is currently being incorporated
into an EADC data base, which will be
operational in late 1992. An initial sample
of the type of data generated by these
reports is reflected in Table 3. The data
presented in the Table 3 are based on the
annual report for the 1988-89 EADC program
period.

BXPAMSZON OF THE INDUSTRIAL ENERGX AUDITING
PROGRAM

The recently issued National Energy
Strategy establishes three primary goals for
industrial energy use. First, it encourages
increased energy efficiency and fuel
flexibility, with the objective of reducing
America's dependence on petroleum. Second,
the NES encourages the development and
implementation of cost-effective measures to
reduce energy costs, and thus enhance
industry competitiveness. Third, it promotes
actions to reduce industrial waste
generation, increase recycling of wastes, and
increase the use of consumer-generated wastes
as feedstocks for industrial processes.
Energy audits, such as those performed
through DOE's Energy Analysis and Diagnostic
Centers, are recognized in the NES as a means
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Rank

1
2
3
4
5
6
7
8
9

10

% of Total
Dollars Saved

13.0
10.9
10.6
8.6
8.5
6.5
5.9
5.2
4.4

4.0

DIECO
Subgroup

61
62
93
34
11
32
53
31
21

51

Recommended

Lighting Efficiency
HVAC Efficiency
Cogeneration
Fossil Fuel Supply
Combustion Equipment Efficiency
Compressed Air Supply
Process-Specific Techniques
Electricity Supply
Steam Equipment Repair
and Upgrading
Process Equipment Maintenance
Repair, and Replacement

Table 3. Implemented Energy Conservation
Opportunities Ranking for Dollars Saved

of identifying cost-effective measures for
reducing energy use and costs in manu-
facturing facilities. Specifically, the NES
approach for reducing energy costs is to
"conduct energy audits of manufacturing
plants to accelerate adoption of existing
cost-effective measures."

On February 19, 1992, the Senate
overwhelmingly passed (94-4) The National
Energy Security Act of 1992 (S.2166). The
bill includes many of the components of the
NES, including a number of measures for
increasing energy conservation and
efficiency. The House is expected to approve
a similar energy bill this spring.

In support of NES goals, the EADC
Program will be expanding to become a more
comprehensive industrial auditing program.
The expansion plan calls for adding four
additional schools in 1992. By the year
2000, the program should have a total of 40
operational EADCs. With a 40 center
operation, the EADCs will offer a maximum
audit service capability of 1200 audits/year.

While the program can provide training
for energy professionals and support to some
medium sized plants, it can only impact a
small part of the total service area. To
increase coverage of the audit program, the
DOE will also encourage similar private-
sector programs, such as utility-conducted
industrial audits performed as part of a
demand-side management program.

Industrial plants represent a large
service area with substantial potential for
both energy savings and waste management
improvements. A demographic study prepared
for the DOE by the UCSC estimates a potential
industrial facility service area of 175,000
industrial firms, composed of:

5000 large plants (500-5,000 employees)
115,000 medium plants (20-499 employees)
55,000 small plants (1-19 employees)

To promote private-sector programs, the
DOE expanded industrial audit program will
undertake a number of activities that build
on the results of the existing EADC effort,
including:

Publication of industrial audit materials,
e.g. guides for proven energy conservation
methods; and
Analysis of data collected through EADC
audits for tracking energy recommendations
at the 4-digit DIECO level.

To target large firms, cooperative audit
activities with DOE Power Marketing Adminis-
trations, State energy offices, and utilities
are being considered. This could include the
establishment of joint programs for auditor
training with utilities, states and
professional associations. There is also the
potential for joint audits coordinated
between EADCs and local utilities.

To provide audit assistance to small
firms, a number of activities are under
consideration. These include:

Republication of the Construction Industry
Manufacturers Association "Walk-Through
Audit Guide";
Development of curricula for energy and
waste management training by local
community colleges; and
Workshops with State energy offices.

In addition to NES coals for reducing
energy costs, the audit program also supports
NES initiatives to achieve reduction of
industrial waste and enhance environmental
quality. The addition of a waste reduction
component to the program is now under
consideration. Efforts to develop a combined
energy-waste audit program component could be
coordinated with the Environmental Protection
Agency, as well as with leading industry
groups with interest in waste reduction.
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SUMURX

Establishing more extensive industrial
energy auditing must be a cooperative effort.
While EADC activity provides a resource for
information and experience on industrial
auditing, it is not sufficient to accomnodate
the needs of the total industrial sector.
Expanded efforts by utilities, states,
consulting firms, and others can be
encouraged through EADC information and
industrial audit training support. The
industrial audit should provide not. only
energy conservation assistance, but process
improvements, alternatives for management of
industrial waste, and improvements to support
environmental goals that will keep American
industry competitive in the world market
place. DOE hopes to work closely with the
private sector in this effort.
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A SUMMARY OF UTILITIES' POSITIONS REGARDING
THE CLEAN AIR ACT AMENDMENTS OF 1990

Karl J. Nalepa
Fuel Analyst

Public Utility Commission of Texas
Austin, Texas

ABSTRACT

This paper summarizes information from the
electric utilities in Texas concerning their preliminary
plans for compliance with the 1990 Amendments to
the Clean Air Act. Enactment of the amendments
resulted in a new two phase, market-based allowance
system for clean air compliance.

Essentially all fossil fuel-fired generating units
operated by electric utilities in Texas are affected by
the 1990 Amendments. The utilities intend to adopt
strategies which would provide sufficient emission
allowances to operate existing and planned units
through reduction of emissions on existing units or
through purchase of allowances. The utilities will be
able to take advantage of various bonus allowance
provisions in the Act, and any excess allowances
acquired will be banked for use against future
generating requirements. The utilities plan to treat
any additional capital or operating costs incurred as a
result of compliance with the Act as necessary cost of
service expenses, recoverable from the ratepayer.

BACKGROUND

In November of 1990, President Bush signed
into law amendments to the Clean Air Act (the Act).
The amendments were designed to revolutionize the
way that industry, including electric utilities,
complied with air emissions limitations. At the center
of the amendments was a two phase, market-based
method of trading emissions rights so that total air
emissions could be reduced in the most cost-effective
way possible. The Act sets a cap on sulfur dioxide
(SO2) emissions of 8.9 million tons per year
beginning in year 2000.

In order to understand how the electric utilities
in Texas planned to respond to the 1990 amendments,

Request 9.02 was included in the Public Utility
Commission of Texas' filing requirements for the
Long Term Electric Peak Demand and Capacity
Forecast 1992 (Forecast 92). The Commission is
required to submit a statewide electrical energy plan
to the Governor on a biannual basis. Forecast 92 will
be the latest issue of this report.

Request 9.02 was designed to obtain information
from the electric utilities in Texas concerning their
preliminary plans for compliance with the 1990
Amendments to the Clean Air Act. This request
consists of 6 questions concerning various aspects of
the utilities1 plans. This paper presents a question by
question summary of the utilities' responses to
Request 9.02.

UTILITY RESPONSES

Question I:
Identify each unit (existing and new as defined

under Section 402 of the Act) which will be affected
by emission limitations in the Act.

Phase I emission limitations for existing units'
specifically identified in Section 403 of the Act are
effective January 1, 1995. These units are required
to reduce SO2 emissions to 2.5 lbs per MMBtu
multiplied by baseline2 fuel consumption, or hold
sufficient allowances3 to offset unit emissions, by the
effective date. No generating unit in Texas is an
affected unit4 in Phase I.

Phase II emission limitations for existing units
r\re effective January 1, 2000. Essentially all Texas
fossil fuel-fired generating units are affected units in
Phase II.

In Phase II, units which had 1985 emissions of
more than 1.2 lbs of SO2 per MMBtu will be issued
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allowances limited to 1.2 lbs per MMBtu multiplied
by baseline fuel consumption. Units which have 1985
emissions of less than 1.2 lbs of SO2 per MMBtu will
generally be issued allowances equal to the 1985
emission rate multiplied by baseline fuel
consumption. Four units in Texas have 1985 SO2
emissions greater than 1.2 lbs per MMBtu. These
units are identified in Table 1.

TABLE 1
Units With Emmission Above Phase II Limits

Utility Unit

Net
Capacity
(MW)

1985
Emissions

(ibs/MMBtu)

TUEC Big Brown 1 575 1.53

TUEC Big Brown 2 575 1.49

TUEC Monticellol 575 1.69

TUEC Monticello 2 575 1.81

Although the 1990 Amendments allow TU
Electric the flexibility to meet the emissions
requirements for the units identified in Table 1 in
various ways, the Texas Air Control Board (TACB)
may mandate that TU install emission controls on
these units to meet the 1.2 lbs per MMBtu cap.

Certain units which were planned or under
construction at the date of enactment of the
amendments will be issued partial annual allowances,
as specified in Section 405(g) of the Act. The units in
Texas which will be allocated partial allowances are
identified in Table 2.

TABLE 2
Units Allocated Partial Alloances

Utility

TNP

CPSB

TUEC

TUEC

HL&P

Unit

TNP One 2

Spruce 1

Twin Oak 1

Twin Oak 2

Malakoff 1

Net
Capacity

(MW)

150

500

750

750

645

Commercial
Operation

10/91

06/92

04/96

04/97

12/04

Allowances

4,000

7,647

9,158

1,760

1,759

TNP and CPSB predict that the partial
allowances identified in Table 2 will be sufficient to
meet the operating requirements of their listed units.

Although TUEC and HL&P have concluded that the
partial allocation of allowances is not sufficient to
meet ihe operating requirements of Twin Oak and
Malakoff alone, allocation of allowances under other
provisions of the Act will meet the shortfall of
allowances for their respective units.

Other new units5 will not be issued allowances.
The utility must acquire allowances for these units
through self generation, purchase on the open market,
purchase at auction, or other transaction. A utility is
not permitted in any year to emit SO2 in amounts
greater than the allowances held by the utility for that
year.

Question 2:
Identify the utility's strategy for meeting those

(emission) limitations. Include timing and projected
annual cost of compliance. For each new unit where
emission allowances will not be initially allocated,
identify how the utility will obtain sufficient
allowances for the unit and provide the expected
source or sources of those allowances.

Generally, the utilities responding to this request
have not yet finalized compliance plans. Most are
waiting until the U.S. Environmental Protection
Agency (EPA) publishes its final rules governing the
implementation of the Act and the final EPA
allowance data base.

At this point, however, the utilities intend to
adopt strategies which would provide sufficient
emission allowances to operate existing and planned
units through reduction of emissions on existing units
or through purchase of allowances, depending upon
which is more cost effective.

A utility can self generate allowances in a
number of ways, including:

1. Least emissions dispatching.

2. Installing emissions controls on units without
controls.

3. Improving emissions controls on units with
controls.

4. Retiring existing units.

J. Fuel switching or co-firing.

6. Qualifying for bonus allowances.

In the near term, no utility in Texas foresees a
significant shortfall in allowances, but they warn of
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several factors which could greatly influence the need
and availability of allowances in the future. These
factors include:

1. Given any significant increase in oil
consumption due to gas availability or cost,
additional allowances will be needed to meet
existing electrical demand.

2. Additional electrical capacity to meet future
growth will require associated allowances.

3. In order to meet the mandated 8.9 million ton
annual limit on SO2 emissions, the EPA will
"ratchet down" or decrease all basic
allowance allocations on a pro rata basis.
This "ratcheting down" may reach as high as
10 percent across the board for all units.

4. Possible regulatory restrictions on the
movement ofallowances between states.

Several utilities pointed out that other provisions
of the Act will result in financial impacts:

1. Title I will likely require emissions reductions
related to air quality nonattainment areas in
Texas. Houston-Galveston, Dallas-Fort
Worth, Beaumont-Pt. Arthur, and El Paso are
all classified as nonattainment for one or
more air pollutants.

2. Title II and current state laws could require
conversion of centrajly-fueled ileet vehicles to
alternative fuels. Texas state law already
requires designated vehicle fleets to convert
to alternative fuel use. 50 percent of the
vehicles in affected fleets must be converted
by September 1996.

3. Title III may require development and
implementation of emissions controls for
major sources of hazardous air pollutants.
The EPA is required to complete a study by
November 1993 of the hazards to public
health as a result of emissions of hazardous
air pollutants by electric utility generating
units.

4. Title IV also contains NOx reduction and
continuous emissions monitoring (CEM)
requirements. For example, utilities estimate
that the capital costs to install CEM devices
will be from 580,000 to $200,000 per unit.
Operating costs for the CEM devices can be
$30,000 to $75,000 per unit per year.

5. Title V includes comprehensive permitting
requirements and new permit fees. This title
requires that the permitting fees that are
collected adequately reflect the costs of the
permitting program, and proposes as a
benchmark fees of $25 per ton of regulated
pollutant.

Question 3:
Explain how the utility will acquire the maximum

number of bonus allowances available to it under the
Act. Identify each section of the Act under which
bonus allowances are available and discuss how the
utility will qualify for the allowances. For example,
how will the utility qualify under Sec. 4040 of the
Act, which allocates bonus allowances for emissions
avoided through energy conservation and renewable
energy on a first-come-first-served basis.

Section 404(f). For emissions avoided
through energy conservation and renewable
energy programs implemented after January 1,
1992, provides 300,000 bonus allowances.

This Section is intended to provide compensation
to utilities in states which can avoid future
combustion of fossil fuels and consequently reduce
future emissions.

TU Electric and the City of Austin believe tiiat
they will qualify for these bonus allowances under the
conservation plans that are currently in place. Most
other utilities are unsure if the plans they operate will
qualify under the guidelines established in the Act.
Many believe that these conservation and renewable
bonuses will be consumed by utilities that are
aggressively pursuing demand side management and
renewable energy options in states that have a formal
least cost planning process.

Sections 405(hH2) and (3). For oil
and gas-fired units whose average annual fuel
consumption during the period 1980 through
1989 was less than 10 percent oil, provides
annual bonus allowances equal to the unit's
baseline fuel consumption multiplied by 0.050
lbs per MMBtu beginning in year 2000.

This Section is intended to reward utilities which
have low unit emissions as a result of burning natural
gas rather than oil or coal.

Most gas-fired units in Texas are eligible for
these standard bonus allowances, if the Governor
does not elect the bonuses under Section 406.

Section 406. Upon election of the
Governor of any State with a 1985 state-wide
annual SO7 emissions rate equal to, or less
than, 0.80 lbs per MMBtu, annual allocation in
an amount equal to 125,000 multiplied by the
unit's pro rata share of electricity generated in
calendar year 1985 at units in all States eligible
for the election. These allowances win be
allocated annually from year 2000 through
2009, and will be distributed in lieu of other
bonus allowance allocations for which the unit
is eligible.
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This Section is intended to provide compensation
to utilities in states which have already invested to
achieve comparatively low unit emissions.

Texas is eligible for the Section 406, or "Clean
State" election, but the Governor has elected to defer
her decision until a final allowance data base is
published. More allowances would be allocated to
Texas as a whole under Section 406 than under
alternative bonus provisions in the Act.

However, GSU and EPE are allocated fewer
allowances under Section 406 in Texas than under
alternative bonus provisions. These utilities expect to
be compensated for "lost" Section 406 allowances.
While WTU will also receive fewer allowances under
a Section 406 election, the CSW system as a whole
(which includes WTU, SWEPCO, and CPL in Texas)
will receive more allowances under Section 406 than
alternative bonus provisions.

Louisiana is eligible for the Section 406 election,
and its Governor has already made such an election.
GSU, with a service area that includes Texas and
Louisiana, is allocated more allowances in Louisiana
under Section 406 than under alternative bonus
provisions. New Mexico is also eligible for the
Section 406 election, and its Governor, too, has made
such an election. EPE, with a service area that
includes Texas and New Mexico, is allocated more
allowances in New Mexico under Section 406 than
under alternative bonus provisions.

Question 4:
If the utility projects that it will generate excess

allowances as a result of its compliance strategy,
explain if the utility plans to bank, sell, trade or
otherwise dispose of the allowances.

If an affected utility emits SO2 without
corresponding allowances in a given year, the utility
will be penalized $2,000 per ton, and the excess
emissions must be offset in the next year.

Most utilities in Texas project that they will not
generate a substantial number of excess allowances.
However, because of the severe penalty for emitting
SO2 without allowances, utilities will generally bank
any excess allowances they may generate in order to
insure against unexpected emission control upsets and
for use by future units.

Question 5:
Explain how the utility plans to treat compliance

costs and revenues on allowance sales, for rate-
making purposes.

The utilities have not fully determined how they
plan to treat compliance costs and revenues.
Generally, however, they will include any required
construction costs related to compliance in plant in
service, and as such, will be subject to depreciation.
This depreciation expense will be included in cost of
service with the undepreciated balance of the
construction costs included in rate base. Additional
O&M expense will be included in cost of service.

GSU believes that if it ultimately makes some
allowance sales, any gains or losses on such sales
should be shared appropriately between shareholders
and ratepayers. Ratepayers should receive some
benefit since they have paid compliance costs which
result in having excess allowances available to be
sold. However, utility shareholders should receive a
large enough share of the gains to provide an
incentive for utilities to trade emission allowances.

SWEPCO proposes that EPA's annual allocation
of allowances to units in the rate base should belong
to the ratepayer. When these allowances are
consumed by the unit, it is at no cost to the ratepayer.
If the unit receives allowances in excess of its needs
(including a reserve margin) that are sold, the
revenue could be booked against fuel expenses. If a
unit increased operating expenses to generate
allowances for sale, the net revenue could be credited
to fuel.

Conversely, SWEPCO proposes that allowances
issued to units not in the rate base should belong to
the stockholder. When these allowances are
consumed, the cost could be booked to fuel expense.
If a capital expenditure is made to generate
allowances and the capital is not in the rate base, the
additional allowances should be the property of the
stockholder.

Question 6:
For each affected unit, provide the baseline fuel

consumption fMMBtu), as defined under Section 402
of the Act. Also provide for each affected unit its
actual 1985 SO2 emissions rate fin lbs per MMBtu).
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As was already noted, the utilities in Texas will
generally be allocated sufficient allowances for
current operations as well as near term capacity
expansion. Allowances will be available under the
basic allowance distributions, the bonus allowance
provisions, and a limited amount of self generation of
allowances.

Table 3 lists the preliminary allocation of basic
and alternative bonus allowances to selected
generating utilities in Texas.

TABLE 3
Preliminary Distribution of Allowances

Utility
CPL
EPE
GSU
HL&P
LCRA
SWEPCO
SPS
TNP
TUEC
WTU

BEPC
STEC

COA
CPSB
TMPA

Basic
16,421

0
8

114,979
30,930
63,492
63,980
6,562

279,400
5,413

8,513
8,510

18,934
35,173
15,912

Standard
Bonus

2,957
173

2,724
6,598

767
441
395

0
9,874

956

385
0

557
1,614

0

Clean State
Bonus

3,684
123

2,162
10,503
1,468
2,906
3,298

0
17,039

803

654
291

1,349
2,314

527

The data in Table 3 were compiled by CPSB
from version 1.0 of EPA's National Allowance Data
Base, and include jointly-owned unit shares of
allowances. EPA must publish the final data base by

. December 1992.

CONCLUSION

It is clear that the utilities in Texas are in an
unusual position when compared to a number of other
states. Texas, which burns a substantial amount of
natural gas, and has emission controls already
installed on much of its coal-fired capacity, is a low
emitting state. It is not subject to phase I limits, and
will generally be unaffected by phase II limits.

However, because Texas is compliant in the near
term, it may have difficulty in the long term.

Utilities in other states with currently high
emission rates will invest heavily in controls now, but
will reap the value of the allowances so generated.
Utilities in Texas cannot generate large amounts of
allowances internally, so eventually must rely on the
market place to obtain sufficient allowances for future
growth.

The market place is uncertain, so future
compliance plans will likewise be uncertain. At this
point, the utilities' plans must incorporate flexibility
and the ability to adapt to changing market
conditions. The Public Utility Commission of Texas
is developing rules to help guide the utilities in the
regulatory treatment of emission allowances created
by the Clean Air Act amendments.

UTILITY ABBREVIATIONS

BEPC Brazos Electric Power Cooperative
COA City of Austin
CPL Central Power and Light
CPSB City Public Service Board - San Antonio
CSW Central and South West Companies
EPE El Paso Electric
GSU Gulf States Utilities
HL&P Houston Lighting and Power
LCRA Lower Colorado River Authority
SWEPCO Southwestern Electric Power Company
SPS Southwestern Public Service
STEC South Texas Electric Cooperative
TMPA Texas Municipal Power Agency
TNP Texas-New Mexico Power
TUEC TU Electric Company
WTU West Texas Utilities

"Existing Unit" means a unit that commenced commercial
operation before the date of enactment of the Clean Air Act
Amendments of 1990. Existing units shall not include
simple combustion turbines, or units with a capacity of 25
MW or less.

"Baseline" means the annual quantity of fossil fuel
consumed by an affected unit, measured in MMBtu.
Generally, the baseline shall be the annual average quantity
of MMBtu's consumed in fuel during calendar years 1985,
1986, and 1987.

"Allowance" means an authorization to emit, during or
after a specified calendar year, one ton of sulfur dioxide
(SO2).

"Affected Unit" means a unit that is subject to emission
reduction requirements or limitations under the Act.
"New Unit" means a unit that commences commercial
operation on or after the date of enactment of the Clean Air
Act Amendments of 1990.
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NATURAL GAS AS A BOILER FUEL OF CHOICE IN TEXAS

W. J. Kmetz
Management Consultant

Public Utility Commission of Texas
Austin, Texas

ABSTRACT

Natural gas is abundant, clean burning, and
cost competitive with other fuels. In addition to
superior economic fundamentals, the expanded use of
natural gas will be enhanced by political and industry
leaders. Natural gas therefore will continue to be the
boiler fuel of choice for Texas electric generating
companies.

INTRODUCTION

Natural gas truly is the generating fuel of
choice in Texas. The state's electric utilities used
about one trillion cubic feet (Tcf) of natural gas to

produce about 44% of their output in 1990, thus
maintaining the approximate levels of prior years.
Figure 1 shows the fuel mix of the state's utilities for
1990. Utilities also purchased 22.45 million MWh of
gas-fired power from cogenerators in 1990,
accounting for an additional estimated 200 Bcf of gas.

It is said in the real estate industry that only
three things are important: Location, Location,
Location. This, of course, is an oversimplification
but, in much the same manner, the three key elements
of natural gas desirability are: Price, Price, Price.
Firmness of supply, reliability, flexibility,
environmental desirability etc. all have an imputed
price.

FIGURE 1

1990 Texas Fuel Mix
(From PUCT Fuel Efficiency Report)
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Hydro 0.4%

Lignite 12.7%
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Generation (MWH) Installed Capacity (MW)
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The reasons for natural gas being the "fuel of
choice" for Texas generation are well known but a
brief review might be in order at this time. In
addition to a review of some of the technical and
business reasons for the surge of natural gas to the
forefront of Texas generation fuels, I will describe
for you the PUC staff natural gas price forecast. The
forecast is used by staff members for a variety of
purposes and does not necessarily represent the
opinions of the PUC Commissioners. You will
readily see that in our opinion gas should continue to
be readily available and reasonably priced thereby
enabling gas to enhance its status as the "fuel of
choice."

Finally, I will share with you details of some
recent initiatives aimed at making gas even more of
the "fuel of choice" for Texas generators.

THE SCIENCE OF GAS BURNING

Other speakers will deal in greater detail with
technical issues related to gas burning and
environmental considerations. However, I want to
note that gas is generally regarded as the easiest fuel
to burn (it is clean, efficient and residual free) and the
most "environmental friendly" fossil fuel.

Natural gas essentially is free of impurities
making it a very desirable fuel during and after
burning. The average reported ash and sulfur content
of coal delivered to Texas generating utilities during
1990 was 11.8% and 0.74% respectively according to
the Energy Information Administration. By
comparison, natural gas at worst only contains a trace
of sulfur (typically less than .01% sulfur) and is
virtually ash free. Incremental costs that are incurred
in the consumption of coal compared to gas include:
fuel handling facilities (storage and in plant),
emission control facilities, and waste disposal
facilities (equipment, land, etc.)

From an environmental perspective gas is far
superior to oil and especially coal. Airborne sulfur-
derived pollutants from gas-fired plants are only a
fraction of those from oil and coal-fired plants. On a
potential sulfur emissions per million Btu basis, coal
is on the order of at least 100 times more polluting
than gas.

WHERE IS THE GAS?

Most people who are even remotely involved
with gas production or consumption know that Texas
has considerable gas reserves. Figure 2 indicates
U.S. natural gas reserve distribution. Since Texas
has about 27% of the estimated U.S. proved reserves
it is a safe bet that consumption in Texas will remain
high. "Gas in our backyard" provides reliability and
a distinct transportation cost advantage. Indeed,
Texas consumed about 21% of the U.S. total gas
consumption during 1990 as shown in Figure 3.

ECONOMICS

The economics of burning gas is what makes it
the generation fuel of choice. Assuming the price of
gas stays competitive with the "as burned" cost of
other fuels-that is, the cost of the fuel itself plus the
cost of facilities to handle and burn the fuel as well as
dispose of residuals plus environmental costs—gas
enjoys a bright future especially in areas close the
producing regions. We all know that gas is quite
competitive today and I believe it will remain so even
at modest annual increases relative to other fuels.
This is the scenario forecasted by the PUC staff.

NATURAL GAS PRICE FORECAST

Some Historical Information

Figure 4 shows the historical relationship
between price, drilling costs, and change in reserves.
Each item is indexed to 1960 = 1 by dividing the
value for each year by its 1960 value. This type of
comparison indicates each component's relative
change over time as well as its change relative to
other components. The following conclusions are
suggested by the information presented in Figure 4:

• Drilling costs (per foot) have remained
stable over a thirty year period.

• Costs per well have increased modestly
during stable times (i.e. except lale 70's to
early 80's) because of increased well
depths.

• Costs and price track moderately well
during stable times.
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FIGURE 2

1990 Natural Gas Proved Reserves

U.S. and Top Ranking States

2 0 0 2 0 0

1S0

100

StaU
Source EM U.S. Cruet OH, Natural Oa*. and

Natural Cat LlquMt Ratarvai. 1990 Annual Report

20

FIGURE 3

U.S. Natural Gas Consumption

For 1990 By State

O.«» OSS o.St 0.60

Consuming Stat*
Sourer 1PAA - Saptambar 19»1l>tua

38



FIGURE 4
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• Proven reserve increases and decreases
generally have tracked real gas prices.

The Staff Model

If price, price, and price will determine the
future of natural gas in Texas then gas has a
continuing bright future in the Texas electric
generation market. Staff expects the average Texas
coal and lignite delivered price to increase at about
the rate of inflation (i.e., no real increase) over the
next ten years and the price of natural gas to increase
at about 1 % per year over the rate of inflation over
the next 10 to 20 years using 1990 as the base year.

The staff natural gas price forecast is developed
by first forecasting crude oil prices for a 20-year
period. Then, the historical relationship between
crude oil and natural gas is used to forecast a natural
gas nationwide spot (contract duration less than 12
months) wellhead price by rrultiplying the ratio by
the "expected" price of crude. The historical
relationship between the nationwide spot price and a
particular region (e.g. Gulf Coast Spot) is then used
to determine the "spot wellhead" starting point for
that region. Appropriate adders (transportation,
contract premiums, etc.) then are added to determine
a delivered price.

Figure 5 shows the relationship between oil and
gas as well as the "band" of future expected values of

each fuel. The lighter (lower) band has as its
midpoint the staff forecast annual "expected" values
of natural gas price. The darker (upper) band
contains the range of expected values of crude oil
with the annual "expected" values as its midpoint.
Figure 5(a) highlights the shaded areas.

Historically (1949-1991), the indicated bands
have contained about 3/4 of the oil and gas prices that
actually were experienced. The only points outside
of the bands were in the late 1970s to mid-1980s
when the energy markets were turbulent because of
world politics, domestic politics, and panic driven
energy prices. The one exception was oil for 1990,
the year of Desert Storm.

The estimated 1991 gas price is approximately
equal to the expected price. This is more coincidence
than forecasting perfection as most years will be
above or below the expected values indicating that the
gas market is "too high" or "too low", respectively.

The staff model uses actual (wellhead) oil
prices from 1949 to 1978. to derive the trend of
expected oil prices. Prices from the late 1970s to
mid-1980s were aberrant and therefore deemed to be
of little value in predicting future prices. Figure 6
supports the conclusion that data from the late-1970s
to mid-1980s were aberrant. It can readily be seen
that gas prices and costs of production were strongly
correlated until the mid-1970s when costs and price
increased dramatically. However, costs and prices
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FIGURE 5

Natural Gas Price Forecast
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have been correcting since the mid-1980s and are
approaching an expected, historical relationship.

The ratio of gas/oil uses all points from 1949 to
1991. Gas and oil generally move in the same
direction so the general relationship is valid even if
their actual values are aberrant. Furthermore, a
forecast using the 1949-1978 data as a basis for the
expected ratio yielded no significant difference.

In summary, we believe annual average natural
gas prices in most years will occur within the band
with the "expected" gas price as its midpoint.
Although each annual price will likely fall above or
below the "expected" value, the long-term average
wellhead price should approach the expected value.
We believe gas prices will increase moderately (about
1% per year over inflation) for the 1990-2010 period
but the increase will not be enough to keep gas from
maintaining its destiny as the "fuel of choice" for
Texas electric generation.

RECENT GAS RELATED INITIATIVES

Proposed Legislation

As you well know, the current "gas bubble"
has caused great concern to gas producers,
consumers, and government. Producers would like to
see the price rise. Consumers would like to see price
stability and supply reliability. Government would
like to see a stable industry and related prosperity.

Two recent initiatives will give you an idea of
ongoing attempts to move toward a more stable Texas
gas industry. The first was an attempt to encourage
increased gas consumption through legislation that
was introduced during the most recent Texas
legislative session. The second is a suggested
modification to the PUC Substantive Rule dealing
with fuel cost recovery.
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Senator Bill Dickson introduced SB 1535
during the last Texas legislative session. This bill
proposed the amending of the Public Utility
Regulatory Act (PURA) to designate natural gas as
"the fuel of choice for electric utilities in Texas."
The proposed amendment would have made it state
policy to "support the use of natural gas to generate
electricity" by encouraging the PUC to take various
measures including: allowing full cost recovery for
"reasonable" gas contract and gas storage costs;
allowing the "reasonable" costs associated with
switching from gas to some other fuel during peak
demand periods when the utility's gas would be
needed by human needs customers; requiring a
review and certification of long-term gas supply
contracts submitted to the PUC (if certified, the costs
paid by the utility pursuant to terms of the contract
would have been recoverable monthly on a current
basis).

The proposed legislation also would have
defined the conditions under which a contract would
have qualified as a "long-term" contract, the
conditions that would constitute legitimate fuel
switching that would be eligible for full cost recovery
and conditions that would determine whether a gas
supply contract should be certified to be reasonable
and necessary.

Although this proposed legislation had
considerable support from state officials and gas
suppliers, the bill failed to be enacted.

Proposed Rule Changes

A proposed rule change was filed with the PUC
on January 21, 1992. The proposed rule would, in
part, cause natural gas contracts to be handled in

much the same manner as proposed SB 1535. The
proposed rule also included recommendations for
changing some of the provisions that currently govern
the method by which utilities recover fuel costs and
purchased power costs. ENRON Corp., a major gas
supplier and cogenerator, sponsored the proposed
rule change.

ENRON stated its reason for proposing the rule
change as an attempt to create "...a procedure that
would enable utilities to learn, in advance, whether
the Commission will consider the terms of a long
term gas contract to be reasonable." ENRON noted
that based on its dealings with electric utilities both in
Texas and in other states, it perceived a bias by
Texas generating utilities against long-term gas
supply contracts in favor of short-term supply
contracts because "...utilities in Texas currently
perceive that long-run gas contracts expose a utility to
a significantly greater risk of disallowances, and
therefore, litigation to avoid disallowances than do
short-term contn. cts.

This proposed rule amendment is being
reviewed as PUC Project 10893.

CONCLUSION

Natural gas will continue to be the fuel of
choice for electric generation in Texas. Gas is
abundant in Texas thus minimizing transportation
charges and enhancing reliability of supply. Gas is
clean burning and efficient thereby minimizing
burning costs. Gas will continue to be reasonably
priced thereby enabling it to maintain a competitive
edge. Finally, gas is the energy future of Texas and
governmental actions that promote gas consumption
will continue.
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ABSTRACT

Texas is among the states with the highest potential
for cogeneration. Currently, 3,121 MW of
cogenerated power supplies more than ten percent of
the energy needs of ERCOT under firm contracts.
This paper summarizes the key aspects of the
regulatory framework related to cogeneration in the
State of Texas. In addition, it discusses the current
round of standard avoided cost filings submitted to
the Public Utility Commission of Texas for approval
and focuses on future trends in the State's
cogeneration market.

KEY ASPECTS OF TEXAS REGULATIONS

Cogenerators doing business in Texas need to be
aware of the regulatory framework which governs the
market. This Section covers the Commission's rules
governing the methodology for determining a utility's
avoided cost, including the specific parts which
distinguish between purchases of firm and non-firm
power. In addition, it discusses the filing
requirements for utilities involved in avoided cost
dockets and the utilities obligations in dealing with
qualifying facilities.

Avoided Cost Calculation Methodology

The Commission's Substantive Rule 23.66 (h)(3)(A),
describes the methodology that all utilities must use in
calculating their avoided costs for firm capacity. The
Commission requires that generating utilities use the
Committed Unit Basis (CUB) methodology to
calculate the avoided cost for firm power purchases.
Firm power is defined as power or power-producing

capacity that is available to the electric utility
pursuant to a legally enforceable obligation for
scheduled availability over a specified term.

The CUB methodology develops avoided capacity
costs based on the estimated cost of a specific,
avoidable generating unit or group of avoidable
generating units in the utility's expansion plan.
Utilities must demonstrate that their selection of unit
or units is consistent with the projected needs of their
systems, both in terms of generating capacity and the
type of unit selected. A revenue requirement stream
associated with capacity and operating costs of this
"shadow" unit can then be developed to reflect the
costs to the ratepayers. When it is approved by the
Commission, the net present value of the stream
becomes an upper bound for the net present value of
the payment stream that can be offered to a qualifying
facility for firm power contract.

In determining the revenue requirement for capacity
costs, the Commission requires that the utility
incorporate inflation into its estimate by relying on a
regional forecast of power plant construction costs
from a recognized forecasting service. In estimating
construction costs, Allowances for Funds Used
During Construction (AFUDC) must be calculated
using the same rate approved in the utility's most
recent Texas rate case. The utility can also
incorporate an allowance for Construction Work In
Progress (CWIP), using the simple average of the
percent CWIP allowed in the utility's rate base during
its two most recent rate cases or 50 percent,
whichever is less. In addition, the revenue
requirement calculation must incorporate a
depreciation rate which is based on the accelerated
rate used for electric utilities under existing tax laws.
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The total avoided cost is the net present value of
estimated revenue requirement for capacity costs plus
the net present value of revenue requirement for the
energy costs. The Commission requires that the
combined cost of avoided capacity and energy be
used as a ceiling for setting the rates to be paid to
qualifying facilities for firm power purchases. Rates
for firm purchases from the qualifying facilities that
do not exceed this ceiling are determined to be just
and reasonable and in the public interest.

Avoided Cost Filing Requirements

The Commission requires that every utility in the
state of Texas file a standard avoided cost calculation
and terms and conditions for the purchase of firm
capacity from qualifying facilities every two years.
This calculation is subject to review and approval by
the Commission after granting adequate notice to
concerned parties and providing the opportunity for a
hearing. Non-generating utilities are also required to
present abbreviated avoided costs filings to the
Commission, but these filings are not typically treated
as docketed cases.

To facilitate the process of reviewing these avoided
cost calculations, the Commission staff has developed
a standard format for the presentation of the data used
to support these filings. This standardized filing
package contains nine "requests" to which each utility
is asked to respond.

Request 1 provides a list of the persons within the
company that the staff or intervening parties can
contact to clarify the information presented in the
filing or to request additional data.

Request 2 provides the utility's estimated capacity
requirements, based on its own capacity planning
methodology.

Request 3 provides the financial data used by the
utility to calculate its weighted cost of capital.

Request 4 provides information on the avoided unit
selected by the utility to meet its projected capacity
requirements.

Requests 5 and 6 provide the revenue requirement
stream of the capacity and energy costs associated
with the avoided unit.

Request 7 includes the calculation of the progressive
payment stream.

Request 8 describes the utility's proposed
performance bond requirements. These are the bonds
that the cogenerators are required to post to ensure
that they meet the obligations of their firm power
contracts with the utility.

Request 9 provides the standard terms and conditions
which govern the agreement between the purchasing
utility and the selling qualifying facility.

Non-Firm Power Purchases

In addition to establishing the conditions under which
the rates for firm power purchases must be set
through the standard avoided cost filing process, the
Commission has also specified the rate-making
criteria for non-firm power purchases from qualifying
facilities. Non-firm power is defined as power
provided under an arrangement that does not
guarantee scheduled availability, but instead provides
for delivery as available. Substantive Rule 23.66(g)
describes two methods which can be used to
determine rates for these non-firm purchases. The
first method sets the rate for non-firm power based on
the utility's average avoided energy costs. It also
allows for a monthly customer charge to compensate
the utility for administrative, billing, and metering
costs. This method can be used when it is acceptable
to both the utility and the qualifying facility.

However the qualifying facility, at its own option,
may choose the second method allowed by the
Commission to set rates for its non-firm sales. This
alternative method sets the rate based on the full cost,
at the time of delivery, of the decremental energy that
the utility would have incurred had the qualifying
facility not been in operation. The cost of
decremental energy is defined as the cost savings to a
utility associated with backing down some of its units
or avoiding firing its own units, or avoiding
purchases of power from another utility because of
purchases of power from qualifying facilities. The
Commission's rules require that several factors be
incorporated into the calculation of this decremental
energy cost. These factors include fuel costs,
variable operating and maintenance costs, line losses,
heat rates, and the cost of avoided purchases from
alternative sources. Capacity costs may also be
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included in the calculation of the rate if it can be
determined that, as a group, the qualifying facilities
providing non-firm energy to a utility also provide
some predictable capacity.

Utility Obligations

In addition to the avoided cost filing and standard
calculation, the Commission has also specified a
number of obligations to which electric utilities within
the state must conform in dealing with qualifying
facilities. Most importantly, Substantive Rule
23.66(d) provides that electric utilities are obligated
to purchase any energy or capacity that is made
available to them by a qualifying facility. Of course,
there are certain caveats to this rule. In the case of
firm capacity and energy, the utility must be able to
purchase from the qualifying facility at a price less
than or equal to its calculated avoided cost, as
determined by the Commission. Moreover, a utility
with access capacity is not required to contract for
firm capacity from cogenerators.

When tLc utility is faced with a situation in which
qualifying facilities are offering it more capacity than
it needs, it is required to give priority in the signing
of contracts to those qualifying facilities who produce
electricity through environmentally beneficial
processes. These generation technologies include the
burning of municipal solid waste and renewable fuel
sources such as solar or wind power. Beyond this
priority, the utility has the right to sign the most
favorable contracts it can acquire through negotiation
with potential suppliers. Utilities are obligated to
keep records on all offers received from qualifying
facilities for a period of five years from the receipt of
such offer. In addition to purchasing power from
qualifying facilities, utilities are also obligated to
provide services to them to support their operations.

Furthermore, utilities are required to provide
wheeling services for qualifying facilities to any other
utility to which they wish to sell power, provided that
certain capacity and voltage specifications are met.
These utilities are allowed to charge for such
transmission wheeling service in accordance with a
tariff that is approved by the Commission. Wheeling
services for qualifying facilities can only be
interrupted when the utility experiences a system
emergency.

Negotiation Process And Contract Certification

The Commission does not have a formal bidding
process. The formal bidding system is believed to
have a flaw because it is based on the assumption that
all power supplies are the same. The Commission
recognizes variation within cogeneration supply and
allows cost adjustments according to the quality of
firmness which includes such factor as operating
constraints and impacts on the transmission system.
Because of such variation, offers from different
qualifying facilities can have different values to the
utility. Thus, the utility can negotiate in good faith
with potential suppliers to come to an agreement on
"value" of the supply.

The Commission is not involved in the negotiation
but, under PURA, either party in the contract is
allowed to apply for a certification of the contract
from the Commission. For the contract to be
certified, the payment specified in the contract must
not exceed the most recent Commission-approved
avoided cost. The purpose of the contract
certification is to provide some comfort to the utility
that the Commission will not second-guess the
prudence of the agreement in future rate cases. Once
the contract is certified, expenses bound by it will be
considered reasonable and can be passed along to the
ratepayers.

COGENERATION MARKET IN TEXAS

There are 13 major utilities serving Texas. Nine of
these utilities belong to the Electric Reliability
Council of Texas (ERCOT) which makes up about 80
percent of electricity market in Texas. ERCOT
forms an interconnected transmission grid that is
practically isolated from other reliability councils.
This isolation that limits ERCOT utilities to serving
customers inside Texas exclude ERCOT utilities
from federal regulations. Although Utilities serving
Texas are obligated to purchase and wheel
cogenerated power, it is unlikely that cogenerated
power will flow across the ERCOT boundary.
ERCOT utilities are not required to interconnect with
utilities that are members of other reliability councils.
Therefore, the discussion in this paper will focus on
the market in the ERCOT system only.
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Capacity Need For the Next Ten Year

Table 1 lists the nine major ERCOT utilities and their
existing capacity as of the end of 1991. Of the nine
utilities, two are municipally owned; one is a
generation cooperative; one is a state agency; and the
remaining five are investor-owned. Table 1 also
shows the current and target reserve margins for the
systems. ERCOT has a minimum required reserve
margin of 15 percent for each of its generating
members. Except for TNP, the target reserve margin
for these nine utilities are in the 15-18 percent range.
TNP obtains its reserve requirement through standby
capacity contracts with other utilities.

High reserve margins indicate that several utilities are
still experiencing surplus capacity which was the
result of the economic downturn during the mid
1980s. Of the nine utilities, only HLP and BEPC
have an avoidable unit before 1996. Most utilities
have avoidable units planned in the late 1990s and
beyond. The capacity addition plan for beyond 1995
is likely to change in the next update because of

changes in affecting parameters. These changes will
be reflected in the next avoided cost filing in 1993.
Table 2 lists the avoidable units and their capacity as
filed by the utilities in the December 1991 avoided
cost filings.

Except for TNP, all utilities have natural gas-fueled
avoidable units. This avoidable unit is the only
capacity addition in TNP's plan for the next ten
years.

COA does not have any additional capacity planned
for the next ten years. Under COA current plan, the
next generating unit is a 100-MW gas turbine to be
on-line in 2003.

BEPC's avoidable units are two 104-MW simple-
cycle gas turbines. BEPC has already obtained
approval of a Notice of Intent (NOI) for the gas
turbines and has already filed for a Certificate of
Convenience and Necessity (CCN) at the
Commission. In addition to gas turbine units in 1994,
BEPC is also planning for a combined-cycle plant in
1996.

Table 1: Major ERCOT Utilities And Their Existing Capacity

Utility

City of Austin

Cily of San Antonio

Bra/.os Electric Power Coop

Lower Colorado River Authority

Central Power And Light

Houston Lighting & Power

Texas-New Mexico Power

Texas Utilities Electric

West Texas Utilities

Abbreviation

COA

CPS

BEPC

LCRA

CPL

HLP

TNP

TU

WTU

Total
Capacity
in 1991*

(MW)

2,411

3,901

967

2,266

4,334

14,529

993

21.849

1.396

Reserve
Margin

in 1991*
(Percent)

65.5

39.4

**I2.8

41.5

37.6

33.2

15.0

29.X

27.3

Target
Reserve
Margin*
(Percent)

IK

18

15

15

15

IK

15

IK

15

* December 1991 load and capacity resource forecast filings

** The shortfall of reserve obligation is mad;' up by Texas Municipal Power Pool
(TMPP) of which BEPC is a member.



Table 2: Utilities' Avoidable Generating Units

Utility

COA*

CPS*

BEPC

LCRA

CPL

HLP

TNP

TU

WTU

Capacity
(MW)

none

70

208

88

89

219

152

645

195

Unit Type

Gas Turbine

Gas Turbine

Gas Turbine

Repowering

Combined Cycle

CFB

Combined Cycle

Repowering

Fuel

Natural Gas

Natural Gas

Natural Gas

Natural Gas

Natural Gas

Lignite

Natural Gas

Natural Gas

On-line
Date

June 1999

June 1994

July 1999

2001

December 1995

June 2001

1997

2000

* COA and CPS are not required to filed an avoided cost. Their avoidable units
are the next planned unit as reported in the load and capacity resource forecast
filings.

CPL and WTU have chosen to modify their existing
plants to increase both efficiency and capacity. The
capacity for CPL's and WTU's avoidable units
reflect the net MW increase as a result of
repowering. In addition to the repowering project,
WTU has two 114-MW gas turbine to be on-line in
2000 and 2001, respectively.

The 219-MW combined-cycle unit in HLP's avoided
cost filing does not appear in its capacity addition
plan. Currently, HLP is planning to build a 158-MW
cogeneration project to be on-line in 1995; two 109-
MW refurbishment projects to be on-line in 1996; and
two 112-MW refurbishment projects to be on-line in
1998.

Although TU filed a natural gas combined-cycle plant
as its avoidable unit, it also has two lignite units in its
plan, Twin Oak 1 and 2, each with 750-MW capacity
to be on-line in 1996 and 1997, respectively.
Depending on the firmness of the target on-line date,
these two lignite units can potentially be deferred by
cogeneration contracts. Twin Oak 1 appeared in the
avoided cost filing in 1989 with the target on-line date

of January 1994. In the 1991 load and capacity
resource forecast filing, the target on-line date was
slipped to April 1996.

Table 3 shows a breakdown of capacity addition by
fuel type planned by ERCOT utilities during the next
ten years. The "other" column mainly includes
purchased power. A negative number reflects a
reduction.

As shown in Table 3, the total capacity addition
planned for the next ten years is 9,330 MW.
However, because of the future uncertainty, this
number is likely to change in the subsequent planning
cycle. The trend during the past few years is for
solid-fueled plants to be pushed further into the future
in favor of natural gas plants. HLP's 1,290-MW
Malakoff units have been pushed beyond the ten-year
range. The two TU's Twin Oak units have been
deferred by two years to 1996 and 1997 from the
previous load and capacity resource forecast filing.
One of TNP's two lignite units has been dropped
from the previous plan; the remaining unit has been
deferred by three years to 2001. This shift from
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Table 3: Planned Capacity Addition By 2001 (MW)

Utility

COA

CPS

BEPC

LCRA

CPL

HLP

TNP

TU

WTU

Total

Natural Gas

350

699

88

53

1,849

2,200

157

5,396

Coal

40

650

690

Lignite

152

2,160

2,312

Other

-248

33

112

1,050

-15

932

Total

350

451

88

86

1,889

264

6,060

142

9,330

solid fuel to natural gas is primarily a result of the
collapse in natural gas prices and the 1986
amendment of the Power Plant And Industrial Fuel
Use Act.

Of all the utilities discussed, TU is the only utility
who still has a substantial amount of solid-fueled
capacity in its current plan. The 2,810 MW of solid-
fueled capacity is made up of four units with the on-
line target dates of 1996, 1997, 2000, and 2001,
respectively. In addition to 2,810 MW of solid-fueled
capacity, TU has a plan for two 645-MW and one
620-MW natural gas combined cycle units to be on-
line in 1997, 1998, and 1999, respectively.

Of the 1,849 MW of HLP natural gas capacity, it
appears that only 600 MW is firmly committed. This
600 MW is made up of one cogeneration project and
four refurbishment projects. The remaining 1,249
MW is still labeled as unknown and may come from
additional refurbishment projects.

Existing And Future Cogeneration Supply

At the present, three ERCOT utilities have a total of
nine firm cogeneration contracts. TU has nine
contracts with the total capacity of 1,841 MW. HLP
has four contracts with the total capacity of 945 MW.
TNP has one contract with a total capacity that varies
from year to year.

Table 4 shows a trend of firm cogeneration capacity
under existing contracts during the next ten years.
This trend does not include the expired contracts that
have not yet been renewed. However, it is expected
that some of the current firm suppliers will continue
to supply power to the utilities under new contracts.
Because of the changes in the avoided cost situation,
it is unlikely that the existing contracts will be
renewed under the same terms. Most of the existing
contracts that expire in the 1990s are based on coal or
lignite avoidable units. In the 1990s, the utilities are
shifting their plans in favor of natural gas capacity.
Several contracts executed in the 1990's will probably
be based on natural gas avoidable units.

Utilities' Avoided Costs

Table 5 lists the most recent avoided cost payment
streams in current dollars for HLP, TU, and BEPC
as filed in December 1991. These avoided costs are
based on the avoidable units shown in Table 2 with
ten-year contracts. They have not been approved by
the Commission, and the Commission-approved costs
may be different. For BEPC the first year in Table 4
corresponds to 1994, while for HLP and TU the first
year corresponds to 1996 and 1997, respectively.

The differences in these costs are caused by several
factors such as financial parameters, types of



Table 4: Firm M W From Cogeneration

Utility 1991 1996 2001

HLP

TU

TNP

945

1,841

335

395

1,314

0

270

425

0

Table 5: Avoided Costs For Selected Utilities

Year

1

2

3

4

5

6

7

8

9

10

BEPC

Capacity Energy
($/KW/year) (cent/KWH)

46.08

48.38

50.80

53.34

56.00

58.81

61.75

64.84

68.08

71.48

2.61

2.92

3.19

3.49

3.80

4.11

4.44

4.92

5.22

5.38

Capacity
($/KW/year)

80.76

85.56

90.60

95.88

101.52

IOV.40

113.76

120.48

127.56

135.00

HLP

Energy
(cent/KWH)

2.63

2.88

3.14

3.43

3.76

4.05

4.35

4.68

5.03

5.40

Capacity
($/KW/year)

65.68

68.31

71.04

73.88

76.84

79.91

83.11

86.43

89.89

93.48

TU

Energy
(cent/KWH)

2.37

2.66

3.03

3.42

3.81

4.23

4.69

5.14

5.63

6.17

avoidable units, and operating characteristics. While
HLP and BEPC projected the energy cost to escalate
at the rate of 8.3 percent per year, TU projected it to
escalate at the rate of 11.2 percent per year. The
difference in the escalation rate for energy reflect
different perceptions in the future fuel markets. In
reality, these utilities will essentially be in the same
market.

SUMMARY

The Commission adopted the CUB methodology for
the determination of avoided cost for firm power
purchases. Under this methodology, the avoided cost
is based on the revenue requirements associated with
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certain future generating units. Every utility under
the Commission jurisdiction is required to file
standard avoided cost calculation for firm power
every two years. The approved avoided cost serves
as a pricing ceiling for future QF purchased power
contracts. The Commission does not have a formal
bidding system. Utilities are required to negotiate in
good faith with potential suppliers. The Commission
is not involved in the negotiation. However, either
party in the contract is allowed to seek a certification
for the contract from the Commission. Once
certified, expenses bound by the contracts will be
considered as reasonable and will not be disputed in
the subsequent rate cases.

During the next ten years, ERCOT utilities are
planning on adding 9,330 MW of new capacity.
About 57.8 percent will be fueled by natural gas.
Even though there is 3,002 MW of solid-fueled
capacity being planned in the late 1990's and later,
the availability of low-cost natural gas makes the
future solid-fueled capacity highly uncertain. During
the past five years, the utilities have been shifting
toward more use of natural gas and less use of solid
fuel. This shift will have a large impact on avoided
cost because the avoidable units based on natural gas
power plants will cost less than avoidable units based
on solid-fueled power plants.
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ABSTRACT

The electric transmission system in Texas has
evolved over the years to its present state, in order to
provide reliable service and reduce the amount of
reserve capacity any individual utility needs to
maintain. Presently there is pressure on the
transmission owning utilities by several parties,
primary distribution cooperatives, cogenerators, and
large industrial customers, to grant wider access to
the system. This pressure is coming at a time when
transmission lines are becoming increasingly difficult
to build. This paper presents a historical background
on the development of the transmission system and
describes the problems of assessing the impact and
properly pricing certain bulk power transactions. In
addition, it briefly describes the Electro-Magnetic
Fields problem and how it relates to new transmission
line construction.

DEVELOPMENT OF TRANSMISSION SYSTEM

To understand current transmission issues in
Texas and the operation of the bulk power system, a
little background on the development of the state's
transmission system may be helpful to put these
issues in perspective. Early electric utilities in Texas
could best be described as plants, set up in individual
towns throughout the state, intended to serve only the
immediate community. These plants, built to provide
purely local lighting service, were unreliable and
inefficient. There was practically no demand for
power for industrial purposes. There were very few
interconnections with other communities or systems.
Most systems had a single distribution circuit. If
trouble occurred, the entire town would be without
power until repairs had been made. The operations
were seldom profitable, and raising money for power
plants was extremely difficult. Because of these

problems and the limited market for electric power,
these small companies were not able to take
advantage of the improvements in improved
technology for generating facilities.

The utilities began solving the service problems
caused by individual single circuit plants by
interconnecting with other utilities. In Texas, these
interconnections started in 1913 when Texas Power
and Light Company completed the first high-voltage
transmission line in the state. It was a 60,000 volt
line connecting the Fort Worth Power and Light
Company plant in Fort Worth with the Texas Power
and Light plant in Waco, by way of Cleburne and
Hillsboro.

After America's entry into World War I, the
pressures of the wartime economy created an even
greater need for the electric utility companies in
Texas to expand and interconnect. Texas Power and
Light Company built 450 miles of new transmission
lines and at the end of 1918 was serving 91
communities. Houston Lighting & Power was also
extending service to neighboring towns and
establishing interconnections with neighboring
utilities. All told, HL&P expanded into nearly 70
communities during the 1920s. In West Texas and
South Texas, lines were also being built and
interconnections made. Since service territories were
not strictly defined, competition for loads sometimes
led utilities to race each other to build lines, not
letting even "niceties" such as rights-of-way block
progress.

During the 1920s, improvements in high-voltage
line construction were introduced, such as the now
familiar creosoted pine H-frame structures. These
new transmission lines let the utilities extend service
to more communities while providing a way to
interconnect their systems and to exchange power.
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Selling power between utilities, rather than building
additional plants, meant lower rates.

With America's entry into World War II, the
utilities were once again stimulated to increase
transmission line construction. Although it was a
shock to the population at large, the electric utilities
in Texas had anticipated America's entry into the war
and were well prepared for wartime demands.

As early as 1941, defense planners had
conceived a "power pool" arrangement that would tie
investor-owned utilities in Texas to the dams along
the Lower Colorado, Brazos, and Guadalupe rivers.
In the spring of 1942, operating arrangements were
set up among Houston Lighting & Power, Public
Service Company of San Antonio, the City of Austin,
Lower Colorado River Authority, and Central Power
and Light. The organization, known as the South
Texas Interconnected System, was the forerunner of
what would later become the Electric Reliability
Council of Texas (ERCOT).

After World War II, pent-up consumer demand
resulted in a tremendous growth in electric demand.
Meeting the exploding demand required more
generating capacity and more transmission lines. The
increasing size and output of the new plants required
larger transformers and higher voltage lines. This
expansion was so great that by 1953, Central and
Southwest Companies were spending more money for
line building than for new generation.

For the electric utilities, probably the most
important event of the 1960s was the famous New
York blackout. On November 9, 1965, a massive
power outage in the Northeast plunged 33 million
people into darkness. The integrity of the nation's
electric power system, which had seemed almost
invincible, was dramatically called into question.
President Lyndon Johnson asked the Federal Power
Commission to investigate. In 1967, the Commission
determined that a continuous supply of electricity had
become so vital to the nation's economy and security
that the electric utility industry should take steps to
increase the overall reliability and lessen the chances
of such a blackout ever occurring again. In response
to the blackout, and in order to head off federal
intervention, the industry formed reliability councils
to jointly plan and interconnect their systems. In
Texas, the Electric Reliability Council of Texas

(ERCOT) was formed to coordinate operations. With
the formation of ERCOT, rules and procedures were
formalized for the operation of the bulk power system
and the framework was set for the current power
exchanges. There are two primary types of power
exchanges; direct sales and purchases between
adjacent utilities, and exchanges that involve more
than two parties, known as wheeling. Both types of
these transactions will be described below.

POWER SALES AND PURCHASES

When two utilities are directly interconnected,
sales of electricity occur when the selling utility
increases its generation by the exact amount the
buying utility decreases. Perhaps the easiest way to
explain this is with an example. Utility A wants to
sell 100 MW to directly interconnected Utility B for a
certain time period. The first step in the transaction
is for the utilities to agree on an exact start and stop
time for the transaction. For example, let us suppose
that the transaction will begin at exactly 1:00 p.m.
and end at 11:00 p.m. At the start of the transaction,
Utility A will increase its generation by 100 MW and
Utility B will simultaneously decrease its generation
by 100 MW. The 100 MW will then flow from
Utility A to Utility B via the transmission system.
Since electricity follows all paths from the source to
the destination based on the laws of physics, there is
no control of the exact path the electricity will follow
from Utility A to Utility B, as shown on Figure 1.

WHEELING

Now suppose that Utility A wants to sell to
Utility C with which it is not directly interconnected.
In order to consummate the transaction the
transmission facilities of utility B will have to be
used. This transaction where the facilities of a third
party, that is neither the buyer or the seller are used
is called wheeling. In an interconnected system,
however, not only the transmission facilities of the
buying, selling, and wheeling utility are involved but
also all utilities in the system that are even indirectly
interconnected are impacted by the transaction. As
shown by Figure 2, the actual path the electricity will
follow is the path of least resistance. This flow of
electricity over the lines of other utilities that are not
directly involved in the wheeling transaction is
referred to as the loop flow or parallel path problem.
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FIGURE 1 Interconnections
Power Flow

FIGURE 2 Interconnections
Power Flow
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The problems the loop flows cause are twofold; first,
there is the difficulty of measuring the impact of the
transaction and, second, the problem of devising a
tariff that fairly compensates all the parties for the
transaction. Most wheeling tariffs in the United
States simply ignore the parallel path problem with
payments usually limited to a "postage stamp" method
where a set charge is billed to the wheeling utility by
utilities that are in a direct "contract path" of the
transaction. The current wheeling tariffs in Texas do
attempt to measure the loop flows and compensate
those utilities who are not on the contract path. The
tool used as the basis for payment is a load flow
study.

LOAD FLOW STUDIES

In order to safely and efficiently operate a power
system, the system voltage levels and the loading of
lines and equipment have to be known in advance for
all points in the system under different conditions.
Hand calculations would be almost impossible since
the solution to complex network flows involve the
solution of numerous simultaneous equations. Load
flow studies are simply computer simulations of the
flows on all points on a network under specified
conditions.

If only one wheeling transaction is taking place
then taking the difference between the before and
after transaction load flows would be a straight-
forward method of assessing the impact of the
transaction. On most utility systems there is rarely
only one transaction taking place; when multiple
transactions are taking place simultaneously it
becomes very difficult to assess the proper impact of
each of the individual transactions. If we start with a
base case load flow which includes only native load
with no wheeling transactions and change load flows
with each transaction included, we encounter two
problems. First, it may not be possible to create such
a base case without load reduction and/or fictitious
generators, since some utilities will require the
transfers to serve their peak load. Second, ignoring
all but a single transaction in such analysis
misrepresents reality, since it is almost certain that
more than one transaction will be occurring during
some periods.

Alternately, if we begin with a procedure that
starts with a no-transaction base case and add
transactions in the order of contract dates, then the
results for each transaction will depend upon its place
in the order, so one user could in effect be rewarded
for early contracting. This could also result in
situations where a single buyer could have two
transactions with a seller with different charges due
solely to different contract dates. Cancelling a
transaction low in order would necessitate re-
evaluation of all higher-order transactions.

Finally, if we attempt a decremental approach,
where we start with a base case that includes all
wheeling transactions and then compare it to change
cases where each wheeling transaction is removed
one at a time, we still encounter problems. The main
problem with this procedure is that the transactions
included in both the base and change case will
probably not actually occur simultaneously during all
periods, so their presence can misrepresent reality
and significantly distort the results.

As shown above, regardless of the method used
to select the base and transaction cases, we can
encounter problems. This is why it is practically
impossible to define an objective procedure for
evaluating transactions. Care and subjective good
judgment must be used when these evaluations are
made.

PAYMENT

Even if the correct tool for calculating the load
flows is selected, there is still another problem; how
to calculate the results. After load flow studies are
run, on a before and after basis, the results are
usually tabulated in a table similar to Table 1.
Column 8 summarizes the; net change in loadings on
the utility's lines caused by the wheeling transaction.
The difference in the methods depends upon how this
column is added. Some argue (principally
cogenerators who will always be wheeling users but
not providers) that negative changes should be
subtracted from positive changes. In this case the
party desiring the wheeling would receive a credit for
unloading a utility's lines and freeing up capacity just
as it receives debits for increasing line loads and
reducing available transmission capacity. This results
in a low impact, as shown in column 8. Many
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TABLE 1

MW MILE METHOD EXAMPLE

[11

LINE
I.D.

A
B
C

TOTAL

[21

BASE
MILES

524.1
1,529.2

284.8

2,338.1

[3]

BASE
MW-MILE

2,671
51,842
39,012

93.525

M

WHEELING
MW-MILE

2,625
51,622
42,790

97,037

[5]

POSITIVE
CHANGE

3,778

3,778

[61

NEGATIVE
CHANGE

(46)
(220)

(266)

m
ABSOLUTE
CHANGE

46
220

3,778

4,044

[8]

NET
CHANGE

(46)
(220)
3,778

3,512

utilities argue that the absolute value of each change
should be added up to compute the impact. They
argue that decreased loading on a given line only
effects the calculation for line losses and is otherwise
only negligibly beneficial since lines are not normally
loaded close to their maximum. Accordingly, they
feel they should be compensated for use of the
unloaded line since change in line loadings indicate
that the transaction impacts the line. This results in a
higher impact, as shown in column 7.

These arguments can perhaps best be explained
by using an analogy using pipes and water rather than
electricity. Suppose we have a water utility company
that is made up of one pump and three pipelines
serving two customers, as shown on Figure 3.
Company B is also interconnected to companies A
and C for back-up. If company C wants to transfer
or sell water to company A, then they must use the
facilities of Company B to complete the transaction.
When the transaction takes place the flows appear as
shown in Figure 4. The paradox or problem can now
be clearly seen. Company B has benefitted from the
transaction between A and C because flow on two
pipes has ceased and on the third shorter pipe has
increased only 50 gallons per minute (GPM).
However, the transaction clearly could not have taken
place without the presence of Company B, so, how
should company B be paid? If we use the net changes
as the basis for payment, then company B would be
paying the other companies for the transaction.

However if we use the absolute value of the changes,
then the result is a charge almost as large as the
native load and consequently higher charges. The
choice is not a clear cut economic one but rather an
ethical one of what is fair to all the parties involved.

TRANSMISSION LINE CONSTRUCTION AND
EMF

Almost every time a new transmission line is
proposed, there is the strong likelihood that people
living adjacent to the proposed line will intervene to
stop its construction because of fears that the electro-
magnetic fields (EMF) from the line could be harmful
to their health. Unfortunately, the evidence on the
health effects of EMF is inconclusive and typically
what happens in the court rooms or hearing rooms is
that attorneys for the opposing parties put on the
stand scientists with different viewpoints on the stand.
Typically, the attorney for the intervenors will ask the
scientist or expert for the utility if he can
categorically say there is no risk associated with
EMF. A responsible scientist could never make such
an unequivocal statement since there is always the
possibility that something previously not dreamed of
could be discovered. Therefore, no reasonable
amount of research would ever allow a determination
of zero risk. With the admission that there could be
some risk, the controversy continues with the lawyers
on both sides badgering the experts into taking
increasingly harder stands on their positions than they
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FIGURE - 3
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ever would in a non-adversarial proceeding. The
judge or Commissioner is then left with the very
difficult job of trying to properly decide the true
impact of a proposed line on the health of the
community.

CONCLUSION

Given the problems with increased utilization of
the transmission system and the risks inherent in any
radical change to the existing system, the challenge
for the utilities, cogenerators, and regulators alike
will be to:

1. Determine the real impact of wheeling

transactions;

2. Devise rates that promote "good wheeling"
which brings power produced at low cost to an
area that has only higher cost generating
alternatives, and discourage "bad wheeling"
which benefits only one party and does not
contribute to the overall efficiency of the
system;

3. Deal with the EMF problem and build needed
lines;

4. Do all of the above without jeopardizing
reliability.
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ABSTRACT

Improvements in gas turbine efficiency, coupled
with dropping gas prices, has made gas turbines a
popular choice of utilities to supply peaking as well as
base load power in the form of combined cycle power
plants. Today, because of the gas turbine's
compactness, low maintenance, and high levels of
availability, it is the major option for future power
generation.

One inherent disadvantage of gas turbines is the
degradation of output as the ambient air temperature
increases. This reduction in output during times of
peak load create a reliability concern as more gas
turbines are added to the electric system. A 10%
reduction in gas turbine output, when it comprises
only 10% of the electric system, does not cause
reliability concerns. A 10% reduction in gas turbine
output, when it comprises 50% of the electric system,
could create reliability and operational problems.

This paper explores the potential for maintaining
constant, reliable outputs from gas turbines by
cooling ambient air temperatures before the air is
used in the compressor section of the gas turbine.

BACKGROUND

Introduction

The gas turbine is an internal combustion rotary
engine, the most widely known example of which is
the jet aircraft engine. Basically, the engine burns a
lean mixture of fuel with compressed air. The hot,
pressurized combustion gases expand through a series
of rotating turbine wheel and blade assemblies

resulting in shaft power output, propulsive thrust, or
a combination of the two.

The first serious attempt to construct a gas
turbine on a large scale was in the early twentieth
century. In 1905, a French company introduced a
turbine that produced 400 horsepower at a rotational
speed of 4250 RPM. By 1920, simple turbine driven
superchargers for reciprocating aircraft engines had
been produced; however, the real breakthrough in
aircraft propulsion did not come until the end of
World War II. Since then, tremendous strides have
been made in the development of both aircraft,
aircraft-derivative, and industrial gas turbines.

The Basic Cycle

The basic gas turbine engine consists of a
compressor, a combustor, and a turbine in series.
The intake air is compressed and delivered to the
combustion section of the turbine at substantially
increased pressure and temperature. There, the fuel
is burned and the temperature raised to a higher value
(on the order of 1800 F during continuous operation).
These high pressure and temperature combustion
gases then expand through the turbine causing it to
rotate. The turbine's rotation drives the compressor
and any excess energy available produces shaft
power, thrust, or a combination of both. The number
of stages or configuration can change, but there is
always compression followed by heating followed by
expansion of the working fluid (air in this case).

Advantages and Applications

Major gas turbine applications include aircraft
propulsion, oil and gas pipeline pumping, power
generation for offshore platforms, utility peak load
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power generation, emergency power, ship
propulsion, and private electricity generation
(schools, hospitals, industry, etc.). The aircraft
engine design emphasis is based on minimum size and
weight for a given output, while the industrial engine
can be heavier and therefore more durable. Many
industrial engine manufacturers make use of the
development that has gone into aircraft engines and
produce aircraft-derivative industrial turbines. These
turbines have been strengthened in the combustion
path to extend run life.

Rapid-start capabilities make the gas turbine
ideal for emergency back-up power to base load
generation or when unexpected high system loads
occur. In critical applications, standby units can
accept full load within as little as one to two minutes
after the signal to start, as compared to hours for
conventional steam systems.

Disadvantages

Considering the advantages of gas turbine
engines, it is appropriate to ask why they are not in
universal use. There are a few important
shortcomings.

Materials currently in use for gas turbines are
quite sensitive to salt, chlorine, and sulfur
contaminants in the air and/or fuel. These cause
blade corrosion even in small concentrations due to
the high temperatures involved. Paniculate
contamination (ie. smog, dust, or sand) can cause
clogging of air filters and can actually erode or etch
compressor blading. These problems have been
mitigated somewhat by the recent developments in
blade coatings.

The disadvantage of most concerned to me, as a
regul?.for of the electric utilities, is the degradation of
output as ambient air temperature rises. As
illustrated in Figure 1, the LM6000 has a reduction in
output of 6000 kilowatts (kw) when the ambient air
temperature increases from 70 F to 90 plus F (a
typical summer day).

LM60O0 SIMPLE CYCLE PERFORMANCE

SO ( 0 7 0

AMBIENT TEMPERATURE, F

MY WATER NOK STEAM HOX

FIGURE 1

This loss of output during peak loading periods
in the southern United States leads to a concern for
total system reliability. Not knowing what exact
capacity a utility has when approaching peak load
conditions could lead to under or over dispatching of
other generation resources this intern would cau^e
electric system frequency excursions or less than
optimal system operation.

This prob'em can be mitigated by cooling
ambient air before ingestion into the gas turbine.
Currently, some utilities are addressing this output
degradation by utilizing evaporative coolers to cool
ambient air temperatures. For example, Texas
Utilities Electric Company designed their late 1980s
gas turbine additions with evaporative coolers. The
results of the evaporative cooler's aid in increased
gas turbine output is shown in Figure 2.

Texas Utilities Evaporative Cooler Performance
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FIGURE 2
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Additionally, Brazos Electric Coop's current
request for new generation includes evaporative
cooling on the two - 104 megawatt (mw)
Westinghouse W501D5 gas turbines planned for
commercial operation in 1994 and 1995. Brazos has
required the turbine manufacturer to design the
turbines for rated output during maximum ambient
air conditions (105 F). While this may not be the
most cost effective way of insuring rated output, it
illustrates that some utilities are also concerned over
gas turbine output degradation.

Substantially higher outputs at maximum
ambient air conditions can be achieved by using
chilled water combined with evaporative cooling (see
Figure 3). By cooling the air to a constant
temperature, a constant air mass and a subsequent
steady power output from the gas turbine can be
maintained. Evaporative coolers can only cool the
inlet air to the wet bulb temperature of the ambient
air. Chillers can be selected to maintain a constant
temperature inlet air without the limitation of ambient
air conditions.

STEWART t STEVENSON LMMOO PERFORMANCE
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FIGURE 3

Net power is a function of mass flow and change
in the state of the gas. This explains why the gas
turbine net power drops as the ambient air
temperature increases. As the temperature increases,
the mass of the air being used in the combustion
process decreases.

To calculate power output, net power (W) equals
mass flow (m) times the change in specific heat (cp)
of the air and the change in temperature through the
turbine (delta Tt) minus the change in specific heat of

the air and the change in temperature through the
compressor (delta Tc).

W = m * cp * delta Tt - m * cp * delta Tc

Chiller Applications

As illustrated in Figure 3 peak output can be
maintained throughout the summer independent of
ambient air temperatures by the use of chillers. The
big question still remains, which method of cooling
inlet air is most economical for the utility or
cogenerator installing the gas turbine?

The primary methods for reducing inlet air
temperatures are evaporative coolers (as described
above for the Brazos system) and chilled water
systems. Both systems have marked advantages and
disadvantages and must be carefully compared during
the design phase of the project.

Temperature reduction potentials of the two
systems can vary widely. The evaporative system
can only reduce temperature to the coincident wet
bulb temperature whereas the chilled water system
can achieve temperature reductions independent of
the coincident wet bulb temperature.

At the maximum expected summer temperature,
102 F and 75 F wet bulb, for example, the LM6000
turbine has a rated output of 30.44 mw (refer to
Figure 3). Evaporative cooling can only lower the
inlet temperature to approximately 75 F at 100%
relative humidity (theoretical maximum) with a
corresponding turbine output of 37.45 mw for an
improvement of 7.01 mw. In contrast, the chilled
water system can lower the inlet temperature to the
59 F design condition for a output of 42.4 mw
resulting in a increased output of 11.96 mw.
(Parasitic losses, which include compressors, pumps,
and fans to operate the system have not been
included, but have been estimated to be around 1
mw.)

Any analysis comparing these two systems must
include the operating hours of the turbine, site
specific conditions, and the corresponding weather
data to complete the design picture. Average
differences between dry bulb and coincident wet bulb
temperatures and the number of operating hours at
these conditions should be included in the analysis as
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well as parasitic losses associated with the particular
design. Some sites may have steam or hot water
available to reduce these losses.

With this information, the most economical type
of system and the sizing of that system can be
decided.

The Next Generation

The new generation of large industrial "F"
turbines offer output up to 150 mw with heat rates
and efficiencies comparable to a conventional gas
boiler and steam turbine (10,000 BTU per kilowatt-
hour).

MANUFACTURER

GENERAL ELEC.

WESTINGHOUSE

SIEMENS/KWU

BASE
RATING

150 mw

145 mw

140 mw

HEAT RATE
(btu/kwh)

9,880

10,000

9,860

As efficient as these machines are the most
efficient gas turbine built to date is the LM6000 built
by General Electric and packaged by Stewart &
Stevenson.

The LM6000 is derived from the GE CF6-80C2
jet aircraft engine. It is built in large quantities for
commercial aircraft such as the Boeing 747,
McDonnell Douglas MD-11, and the Airbus A300.

The LM6000 is a two shaft gas turbine with an
output speed of 3600 RPM so it can be directly
coupled to an electric generator. With the simple
cycle heat rate of 8230 BTU/kilowatt-hour (kwh) and
efficiencies of 41.5%, the LM6000 has the potential
to dominate the next generation of gas turbines. With
a rated output of 42.4 mw, the LM6000 can be
incrementally added to the electric system capabilities
quickly to respond to changing load forecasts.

The LM6000, utilizing a chiller to cool inlet air
and a heater to maintain constant inlet air
temperatures, can stay at peak output throughout the
year (refer to Figure 3). Therefore, we have the
most efficient gas turbine operating at constant peak
output, independent of ambient air temperatures.

Steam augmentation and combined cycle can be used
to increase total plant output or can be added at a
later date as load forecasts dictate. If parasitic loads
during peak loads are not desired, an ice making
system can be added to the design.

The ice making system can produce ice at off
peak hours using lower cost base load power. This
allows the lower cost nuclear or coal units to maintain
full load at off peak hours and avoid the parasitic load
of the chillers during peak system loading. One of
these systems was installed at Lincoln Electric
System's Rokeby station just recently.

Retrofit of Existing Gas Turbines

We know now how to specify the most efficient
new gas turbines with reliable outputs. What do we
do with all the older gas turbines whose performance
degrades with ambient air temperature?

The answer remains the same. Evaporative
coolers and/or chillers can easily be added if space
permits. Typically, in a cogeneration plant the
availability of steam and hot water can cost
effectively reduce the retrofit costs. Similarly,
utilizing absorption chillers and steam turbine driven
centrifugal chillers can reduce parasitic loads
associated with inlet air cooling.

Higher outputs from gas turbines in the summer
time could reduce peak demand charges if the
cogenerator is also a electric consumer.
Alternatively, the extra power could be marketed to
the host utility. Installed costs of inlet air cooling
systems are estimated to be less than the cost of new
capacity. Estimates for cooling systems cost range
from $165 to S300/kw.

Another benefit of the higher outputs from the
gas turbine is higher steam production in the heat
recovery steam generator. This excess steam could
also be marketed to the steam host or used to drive
the chiller. Often times cogeneration facilities utilize
high-maintenance pressure reduction stations that
could be replaced with a single or double stage non-
condensing steam turbine to drive the chiller and
supply process steam at desired conditions.
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CONCLUSION

With the Public Utility Commission reviewing
requests for new installed capacity of $350 to
$2000/kw, increasing capacity by $165 to $300/kw
looks attractive from the ratepayer perspective.
Cogenerators in Texas operate 7036.5 mw of power
generation resources. Over 20% of this total i,
comprised of gas turbines. Another 63% of the
cogeneration power is produced by combined cycle
plants. Assuming a third of the combined cycle
power is produced by steam turbines, then the other
two thirds is probably produced by additional gas
turbines. This means approximately 4362.6 mw are
produced by gas lurbines.

7036.5 mw * (20% + (63% - 1/3*63%)= 4362.6

Assuming a 10% capacity increase from cooling
inlet air, the cogenerators could increase production
436 mw at an installed cost less than the utilities are
currently planning ($165 versus $2000 using the
extremes). At avoided costs of $60 to $80/kw/year,

the capacity increases could pay for themselves in
two to three years.

With the advanced gas turbines currently
available, it is hard to imagine a utility building a
conventional gas-fired boiler and steam turbine.
Nuclear and coal power plants are having to
overcome so many environmental concerns that their
future depends more on the future costs of natural gas
than any other factor. Renewable technologies are
developing, but still offer limited applications.

The major growth in generation capacity during
the 1990s will undoubtedly be in gas turbine
applications. The characteristics of the gas turbine
(ie. reduction in output from high ambient
temperatures) must be considered when viewing the
macrocosm of the electric system. System operators
must make allowances for reduced capabilities in the
summer or designers have to adjust for the output
degradation or the electric system's reliability
performance could deteriorate.
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ENSURE CONTINUOUS POWER TO CRITICAL INDUSTRIAL PROCESSES WITH
THE NEW SUPERCONDUCTING STORAGE DEVICE (SSD™)

DR. CAREL C. DEWINKEL, M ANAG ER OF APPLICATIONS ENGINEERING & MR. PAUL F. KOEPPE, PRESIDENT
SUPERCONDUCTIVITY, INC., MADISON, WISCONSIN

ABSTRACT

Long-term outages have been effectively reduced by
electric utilities. However, momentary voltage disturbances are
increasing on power systems across the country.
Simultaneously, most industries have increased the use of
electronically controlled equipment which is especially
vulnerable to these momentary voltage disturbances. These
short-term disturbances arc costing U.S. industry millions of
dollars a year in downtime, product loss and equipment damage.

The Superconducting Storage Device (SSD™) has been
developed by Superconductivity, Inc. to protect large, sensitive
and critical industrial processes by supplying supplemental
power whenever short disturbances occur - reliably, efficiently
and cost effectively.

This paper is written to acquaint the reader with the SSD, its
superconducting magnet, power electronics equipment and
support systems, as well as describe how it works and review its
performance.

INTRODUCTION

The new Superconducting Storage Device (SSD™) from
Superconductivity. Inc. (SI) stores enough electrical energy to
provide megawatts of "ride-through" power during voltage sags
and momentary power losses. While long-term outages have
been effectively reduced by electric utilities, momentary
voltage disturbances are increasing on power systems across the
country, in large part because of automatic fault-clearing
devices installed by utilities to limit the long-term outages.
Simultaneously, most industries have dramatically increased
their use of electronically controlled equipment, which is
especially vulnerable to these momentary voltage disturbances.
Therefore, sags and momentary outages in many industrial
processes result in serious economic, environmental and safety
consequences.

Industrial facilities managers, together with the electric
utilities, have a variety of options to reduce or eliminate sags
and momentary outages. They include multiple feeders,
distribution line upgrades, putting distribution lines
underground, sub-station modifications and/or improvements in
the industrial plant itself. While the number of occurrences may
be reduced by these methods, events will continue to occur. If a
plant manager decides that his/her power quality is still not
acceptable, uninterruptible power supplies (UPS) can be
installed to protect the most critical loads. While UPS may be
acceptable for small loads, large industrial loads in the
megawatt range are difficult to protect with battery systems
because of space or weight limitations, danger of explosions, as
well as reliability and maintenance problems with the thousands
of connections of large battery banks. Banks of capacitors are
sometimes employed to store the energy for "ride-through."
These have drawbacks similar to those of the batteries. The
"ride-through" offered by rotary equipment such as
motor-generator sets, is limited to about 100 msec, which in

most cases is not long enough. Adding a flywheel is not
practical for large loads in the megawatt range.

The solution is the SSD. The SSD's superconductor
technology will protect large sensitive and critical industrial
process loads by supplying supplemental power whenever short
disturbances occur— reliably, efficiently and cost effectively.

THE FIRST COMMERCIAL USE OF
SUPERCONDUCTIVITY FOR INDUSTRIAL
PROCESSES AND UTILITY POWER APPLICATIONS

Superconducting materials are characterized by lack of
electrical resistance, can carry large currents without losses and
allow fora dramatic reduction in size of power equipment such
as a coil used for energy storage. To achieve this performance,
a low-temperature environment is necessary. Energy is stored
in a magnet by the flow of direct current in a coil made of
superconducting materials. The SSD's coil is submerged in
liquid helium (-452°F) contained in a vacuum-insulated
cryostat. The picture in Figure 1 shows one of Si's cryostats in
an SSD trailer. The superconducting magnet rests on the
bottom of this double-wall cryostat. This cryostat's size is
typical for systems of 1 to 2.5 megawatt capacity. While
superconducting magnets have been used for over 10 years for
magnetic resonance imaging, the only previous use of
superconductivity for power systems has been a research project
in the early eighties on the Bonnevillc Power Administration
system. In that project a superconducting coil was used to
provide energy to stabilize a transmission line. Si's focus on
the benefits of superconducting magnetic energy storage

Figure I. SI cryosiat in an SSD trailer.

63



devices for the end user is an innovative application of a
"natural" technology for electric utilities. The SSD promises to
bring this technology for the first lime to every electric utility
system and to industrial plants with critical processes.

TWO DIFFERENT SSDs

SI has developed two different SSDs:

• Motor-drive system—for protecting large motor loads
from voltage sags and brief outages (see Figure 2).

Figure 2 shows the superconducting magnet's connec-
tion to the dc bus of a variable speed drive (VSD) with mul-
tiple inverters driving, in this case, four ac motors. These
four motors could be the critical motors of an industrial
process. In (his fashion, they are all protected by just one
SSD.

The magnet and voltage regulator can be intercon-
nected into the dc bus of many existing variable speed
drives, which eliminates the need to provide the VSD as
part of the SSD system.

In standby mode, the current stored in the magnet circu-
lates through the normally closed switch (S) of the voltage
regulator and magnet power supply, and back to the mag-
net. The magnet power supply provides a small trickle
charge to replace the power lost in the non-superconduct-
ing part of the circuit.

When voltage on the capacitor bank on the dc side of
the inverter drops during a sag or outage, the switch (S) in
the voltage regulator opens, and current from the magnet
immediately flows across the capacitor bank. When the
voltage across the capacitor bank reaches a pre-set level,
the switch (S) closes. This sequence repeats until normal
voltage from the utility feeder is restored. In this fashion,
energy is transferred from the magnet to the load, and the
load sees no interruption of power.
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Figure 2. Motor-Drive Superconducting
Storage Device (SSD).

Figure 3. Shunt-Connected Superconducting
Storage Device (SSD).

• Shunt-connected system—for carrying multiple and
varied loads during voltage disturbances on the utility
power system (sec Figure 3).

Figure 3 shows an SSD shunt connected to the power
line feeding critical loads. The SSD voltage regulator is
connected to the dc bus of a twelve-pulse inverter. In
standby mode, as described earlier, the current stored in the
magnet circulates through the normally closed switch (S)
of the voltage regulator and power supply, and back to the
magnet. When a voltage sag or outage is sensed on the
source side of the isolation switch, the controller directs
power from the magnet to the load. The switch (S) opens,
and current from the magnet flows across the capacitor
bank of the inverter. When the voltage on the capacitor
bank reaches a pre-set level, the switch (S) closes. The in-
verter converts this energy to ac power for the load, which
lowers the dc voltage to a minimum level and then triggers
the re-opening of the switch (S). This sequence repeats
until normal voltage on the feeder is restored. In this
fashion, energy is transferred from the magnet to the load.
The isolation switch opens within two milliseconds of the
start of the voltage disturbance, which makes it impossible
to feed a fault on the source side of the switch with the
SSD. When utility power returns to normal, the load will
be resynchronized before the isolation switch closes.

The SSD normally recharges within minutes, and can repeat
the charge-discharge sequence thousands of times without any
degradation of the magnet. Recharge time can be accelerated to
meet the customer's requirements, depending on the power
system's capacity.

SSD DEVELOPMENT, FIELD TESTS AND
COMMERCIAL APPLICATIONS

The development of the SSD was initiated by one of the
co-authors. Mr. Paul Koeppc, formerly Director of Electric
Marketing at Wisconsin Power & Light Company, and Dr.
Richard Lundy, Si's Chief Technical Officer who was formerly
Associate Director of Fermi National Laboratory. Dr. Lundy is
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widely regarded as a leading expert on the design and
manufacture of pulsed superconducting magnets.

In addition to several venture capital funds, six forward-
looking electric utilities (Wisconsin Public Service Corporation,
Iowa Public Service Corporation, Iowa-Illinois Gas and
Electric, Puget Sound Power & Light, Pacific Gas & Electric,
and Central Hudson Gas and Electric) have contributed to the
development of the SSD.

Si's operating experience with an SSD in the field began in
the summer of 1990. A 460 kVA prototype unit was tested and
used for demonstrations by Iowa Public Service Corporation,
Wisconsin Public Service Corporation, Pacific Gas & Electric,
and Puget Sound Power & Light Company. This unit has been
upgraded to 730 kVA , and is available for demonstration or use
on a critical load.

The first commercial application of an SSD is in Pugct
Sound Power & Light's service area. In close cooperation with
Puget Sound Power & Light. SI moved an SSD to a
Georgia-Pacific papermill in Bellingham, Washington in early
July 1991. This unit protected a clear-water pump from July 8,
1991 to September 3, 1991. The performance of the SSD
during this period persuaded both Georgia-Pacific's and Puget
Sound's management that the SSD works as promised. Figure 4
shows a photograph of the inside of this SSD trailer with the
magnet charger in the foreground, the voltage regulator in the
middle and the cryoslat with the superconducting magnet in the
background. Figure 5 shows how the SSD continued to carry
the demonstration motor load of about 50 hp in this paper mill
during a severe voltage sag. In early September 1991 the SSD
was moved to an induced draft fan at the boiler plant. Over 10
significant "ride-through" events have been monitored during
the July-November 1991 period. During this same period the
SSD also provided voltage support during in-plant heavy motor
starts well over 500 times. Preparations are being made in the
first half of 1992 to protect one of the mill's most important
tissue machines with the SSD. The change over to the tissue
machine will most likely take place during the summer of 1992
during a scheduled maintenance shut down of the tissue
machine.

In January 1992, SI started the test of the first SSD
connected in shunt with an industrial plant distribution system
(see figure 3). This SSD is designed to provide energy to the
critical load(s) within 2 msec after the start of the momentary
voltage sag or outage. Asea Brown Bovcri (ABB) is building
the major power electronic components for SI. This system,
which will have a capacity of 750 kVA. will be delivered to
Central Hudson Gas and Electric Company in the state of New
York to protect sensitive loads at a large industrial customer's
facility. A second shunt SSD will be delivered to Carolina
Power and Light in early 1993.

SSD HAS MANY ATTRACTIVE ATTRIBUTES

The SSD has many attractive attributes. The SSD, with a
capacity of several megawatts, can be operated from a
semitrailer or pad mounted container, and can be used at
multiple locations, as needed (sec Figures 1 and 4). This
mobility offers a distinct advantage for utilities when, for
example, the investment in a distribution upgrade is risky
because the industrial customer may move or close down
his/her plant in the near future. It also makes it easier for a
plant manager because he/she doesn't have to worry about
battery storage systems or large rotary equipment. The SSD has
only two electrical connections to and from the energy storage
device (sec Figure 6). which is a distinct advantage over large
battery banks. Furthermore, the SSD can be safely tested at any
time without degradation, and its fault current is limited to the
current in the SSD - - 1,000 to 1,500 amps. There arc no
chemicals, thus no danger of explosion.

One or more SSDs can easily be integrated into an
industrial plant. Figure 7 illustrates an industrial facility served
by a 13.8 kV distribution feeder from the local utility. The
circuit on the left consists entirely of four large motors. A 750
kVA SSD is inserted between the transformer and the motors as
a motor-drive SSD with four inverters, each of which drives an
individual motor. The SSD can be interconnected into the dc
link of many existing variable-speed motor drives (VSD). This
eliminates the need to provide a VSD as pan of the SSD system.
A shunl-connccted SSD can be similarly located on the low side
of the transformers on any of the circuits with critical loads

Figure 4. Inside view of SSD trailer with the magnet charger in the foreground, the voltage
regulator in the middle and the cryostat with the superconducting magnet in the background.
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Figure 5. A motor-drive SSD provides power to a motor during a severe voltage sag.

Figure 6. Close-up view of top of cryostat showing the two electrical connections to and
from the energy storage device.
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SHUNT-CONNECTED
SSD SYSTEM

Figure 7. Various locations in an industrial plant where
an SSD can be installed to protect critical loads.

(center circuit). A shunt-connected larger SSD in the 2.000 to
2,500 kVA size range can be used to protect loads on the 4,160
VAC bus, as shown on the circuit on the right.

Finally, multiple shunt-connected SSDs could be installed
on the 13.8 kV busbar to protect the whole facility (this
would eliminate the need for the SSDs on the lower voltage
busses). Whether the SSD location would be within the
industrial facility or near the utility's substation depends upon
the local situation.

VARIOUS CAPACITIES AVAILABLE FOR RENT,
LEASE OR PURCHASE

SSDs are available with capacities ranging from 460 kVA
to 2,500 kVA. Stored energy available to support the load from
individual SSDs range from 500 kWsec to 2,000 kWsec. This
means, for a 500 kWsec magnet for example, that
"ride-through" can be provided for a 500 kW load as long as 1
second, or 1,000 kW for 0.5 seconds, or 2.000 kW for 0.25
seconds, provided that the power electronic equipment is sized
properly. The magnet itself can be discharged in less than 100
msec without any damage. SSD units can be paralleled to
provide additional energy and power capacity. The actual
system size necessary for a particular application requires
analysis of the site and load.

The SSD can be rented, leased or purchased as a complete
system, including all power conversion equipment necessary to
interconnect with an ac power system. The magnet, voltage
regulator and cooling equipment can also be purchased
separately for installation into existing motor drive systems.

SSD operation is completely automatic. An annunciator
panel displays (he status of key operating parameters, along
with a few control buttons. These, along with other controls
and status indicators, are remotely monitored by
Superconductivity. Inc. at all times to provide for the highest
reliability possible. The helium refrigerator requires
semiannual maintenance, which is provided by
Superconductivity, Inc. The facilities manager and/or the utility
do not need to be involved in the SSD's operation and
maintenance.

The entire SSD system is contained in a 4 8 ' x 8' x 13*6"
trailer, which also contains HVAC equipment to maintain
ambient operating conditions. Power requirements in standby
mode for the complete system vary between approximately 30
and 50 kV A, depending upon the size of the system and the
required HVAC system. Total trailer weight ranges from about
45.000 pounds for the smaller SSD to aboul 50,000 pounds for
the larger SSD. Delivery times vary from five months for
smallerunits to 12-16 months for larger units.
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THE COMMISSION FORECAST 1992 REPORT:
IMPORTANT RESOURCE PLANNING ISSUES

PARVIZ ADIB
MANAGER, ECONOMIC ANALYSIS SECTION

ELECTRIC DIVISION
PUBLIC UTILITY COMMISSION OF TEXAS

ABSTRACT

There is a general agreement among experts in the
electric utility industry that some power plants will be built
in Texas in the 1990s. However, the existence of
numerous alternatives to meet the growing demand may
have a powerful impact on this new phase of construction.
Therefore, the magnitude of the new power plant
construction will probably not be as great as what we
thought a few years ago.

The author emphasizes the importance of using an
integrated resource planning approach, in which alternative
resources could be analyzed and compared adequately.
While there are many important issues in the preparation of
a utility's electric resource plan, the Commission staff will
address a few important ones in the next Commission
Forecast Report (Forecast '92). In particular, the
Commission staff will insure that alternative resources, the
environmental impacts of different technologies, and
innovative rate design options are considered.

INTRODUCTION

The electric industry in Texas has nearly
completed a unique period in its histoiy that could be
characterized as follows:

• highly capital-intensive construction

• slow growth in demand

• multiple rate increases

• skyrocketing surplus capacity.

Because of the restructuring in the Texas economy
that yielded a strong and diversified base capable of
avoiding the kind of economic slowdowns that Texas
experienced in the 1986-1988 period, I expect steady
growth in the demand for electricity. This growth in
demand, along with the retirement in aging plants, will

result in the elimination of surplus capacity and the
addition of some power plants in Texas in the 1990s.

Furthermore, there is a growing awareness of the
economical alternatives to power plant construction.
These alternatives include cogeneration, conservation,
and renewable resources — the three pillars of energy
efficiency. Cogeneration technologies allow more
efficient use of fuel, usually natural gas. Conservation
technologies increase the efficiency of electricity use.
Finally, renewable technologies allow the use of
plentiful natural resources such as wind and sunlight.
Therefore, the magnitude of the new phase of power
plant construction will probably not be as great as what
we thought it might be just a few years ago.

The Public Utility Commission, through a multi-
stage process, evaluates (1) decisions made to build a
power plant, (2) the management and cost of
construction, and (3) the inclusion of the resulting
several million-dollar, or possibly billion-dollar,
investments in the utilities' ratebase. My remarks
focus on the first stage of this multi-stage process.
This first stage is the development of a utility's load
forecast and capacity resource plan.

First, I briefly summarize the utilities' ten-year
forecast filed in responses to the December 1991 Load
and Capacity Resource Forecast Filing. Second, I
address the current statutes and rules governing
utilities' load and capacity resource planning. Third, I
discuss the integrated resource planning process and
the Commission's current practice. Fourth, I provide a
brief summary of the Commission's biennial forecast
and integrated resource forecasting and planning
models. Fifth, major planning issues are examined.
Finally, a brief summary concludes my presentation.

TEN-YEAR FORECAST: UTILITIES' VIEW

Generating electric utilities in Texas are required
to report their forecast of loads and resources pursuant

The views expressed in this paper are those of the authors and do not necessarily reflect the positions of
the Public Utility Commission of Texas
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to Article III, Subsections 16(b)-(f) of the Public
Utility Regulatory Act (PURA). December 1991 was
the fifth time that utilities filed this information. More
than 30 generating utilities participated in this filing,
including 13 major utilities listed in Table 1.

TABLE 1
Electric Utilities in Texas

Which Provided December 1991
Load and Capacity Resource Forecast Filings

Texas Utilities Electric Company (TU Electric
Houston Lighting & Power Company (HL&P
Central Power and Light Company (CPL
City Public Service of San Antonio (CPS
Gulf States Utilities Company (GSLJ
Southwestern Public Service Company (SPS
Southwestern Electric Power Company (SWEPCO
Lower Colorado River Authority (LCRA
City of Austin Electric Utility Dept. (COA
West Texas Utilities Company (WTU
El Paso Electric Company (£
Texas-New Mexico Power Company (TNP
Brazos Electric Power Cooperative, Inc. (BEPC

A summary of key statistics is presented in the
following subsections.

ELECTRICITY SALES
Electric utilities sold 249,399,502 MWH of

electricity in Texas during 1991. Sales in Texas are
projected to reach 317,766,690 MWH in 200! (a 27.4
percent increase). This is equivalent to a 2.45 percent
annual growth rate over the next ten years in contrast
with the 2.68 percent experienced over the previous
ten years.

If utility projections are realized, TU Electric and
HL&P will account for about 58 percent of total
electricity sales in Texas in 2001. Table 2 summarizes
electricity sales over the next ten years (1991-2001) for
major generating utilities in Texas.

SYSTEM PEAK DEMAND
During the summer of 1991, which was cooler than

normal, electric utilities in Texas experienced a peak
demand of 48,019 MW (corrected for diversity among
the utilities). System peak demand in Texas is
projected to reach to 61,764 MW by 2001 (a 28.6
percent increase). This is equivalent to a 2.55 percent
annual growth rate which may be contrasted with the
2.18 percent experienced over the last ten years.

In 2001, TU Electric and HL&P are projected to
account for about 58 percent of system peak demand in
Texas. Table 3 summarizes system peak demands

TABLE 2

Electricity Sales for Texas Service Areas
(1000 MWH)

Utility 1991
Utility
2001

PUC
2001

TU Electric
HL&P
CPL
CPS
GSU
SPS
SWEPCO
LCRA
COA
WTU
TNP
BEPC
EPE
Others

83,126
59,731
16,085
12,043
12,871
11,849
8,167
7,400
6,540
5,672
4,985
3,737
3,730
13,465

113,694
69,103
21,046
18,106
14,211
14,352
10,834
9,146
8,896
6,925
5,703
5,525
4,693
15,533

110,755
74,436
22,102
17,732
12,979
13,340
10,919
11,359
8,973
7,238
6,290
5,210
4,816
15,533

Total Texas 249,399 317,767 321,683

10-year Annual Growth 2.45% 2.58%

over the next ten years (1991 -2001) for major
generating utilities in Texas.

ADDITIONS TO INSTALLED CAPACITY
New power plants will continue to play an

important role over the next ten to fifteen years.
However, given the current reserve margin of about 35
percent in Texas, new power plants will be added at a
slower rate than the projected growth in peak demand.
In addition, with the exception of 617 MW (mainly
natural gas-based capacity), all new power plants in
Texas are planned to be constructed within the Electric
Reliability Council of Texas (ERCOT) over the next
ten years.

The state's utilities plan to add 10,000 MW of
capacity between 1991 and the summer of 2001.
Natural gas-based capacity is the major contributor
(51.5 percent of net capacity additions). This is a
change from just two years ago when utilities reported
that lignite-based capacity would be the main
contributor and account for over 45 percent of net
capacity additions between 1990 and 2000. Recent
changes at the Federal level, stable and low natural gas
prices, and encouragement by policy makers in Texas
toward more use of natural gas are the main factors
driving increased reliance on natural gas in utilities'
expansio.i plans.
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TABLE 3 TABLE 4

Peak Demand

Utility

TU Electric
HL&P
CPL
CPS
GSU
SPS
SWEPCO
LCRA
COA
WTU
TNP
BEPC
EPE
Others

Total Texas (*)

10-year Annual Growth

for Texas Service Areas
(MW)

1991

16,831
10,908
3,150
2,799
2,184
2,282
1,640
1,601
1,457
1,097

991
857
759

2,460

48,019

Utility
2001

22,919
13,031
3,879
4,046
2,603
2,674
2,184
1,891
1,945
1,373
1,179
1,215

960
2,914

61,764

2.55%

PUC
2001

22,478
14,257
4,098
3,984
2,513
2,477
2,154
2,333
1,985
1,504
1,251
1,318
1,007
2,914

62,611

2.69%

Installed <

Utility

TU Electric
HL&P
CPL
CPS
GSU
SPS
SWEPCO
LCRA
COA
WTU
TNP
BEPC
EPE
Others

Total System (*)

Capacity by Service Areas
(MW)

1991

19,928
13,584
4,398
3,901
6,372
4,051
4,464
2,266
2,436
1,384

144
662

1,497
2,259

67,346

10-year Annual Growth

Utility
2001

25,499
15,139
4,453
4,749
6,745
4,184
4,495
2,354
2,436
1,552

442
1,361
1,577
2,360

77,346

1.39%

PUC
2001

24,246
15,254
4,617
4,603
6,490
4,061
4,773
2,401
2,331
1,610

291
1,066
1,717
2,369

75,829

1.19%

* Figures are adjusted for load diversity and do not show
portions of TNP load served by other utilities.

In the current utility resource plans, lignite-based
capacity accounts for about 25 percent of total net
additions between 1991 and 2001. Coal-based
capacity is the third largest contributor with 12 percent
of net additions over the same period. Finally,
Comanche Peak's Unit 2 commercial operation will
mark the addition of 1,150 MW of nuclear capacity in
Texas (11.5 percent of total capacity additions).

As expected, because of its size and growth rate,
most of the net capacity additions will occur within TU
Electric's service area. TU Electric accounts for 55
percent (5,571 MW) of all net additions to installed
capacity over the next ten years. HL&P plans 15
percent (1,555 MW) of net additions over the same
time period. CPS, BEPC, and GSU are the other top
contributors. These five utilities account for more than
90 percent of total net capacity additions over the next
ten years. Table 4 summarizes the installed capacity in
1991 and 2001.

NET SYSTEM CAPACITY
To meet growth in expected peak demand over the

next ten years, electric utilities, in addition to new
power plants, rely on other resources. Demand-side
management (DSM) programs, power plant life
extension, purchased power from other utilities, and

* Figures include non-Texas areas of multijurisdictional
uiilities.

power from cogenerators are all considered in
determining a utility's net system capacity.

Net system capacity is projected to reach 81,168
MW in 2001. This represents a 12.7 percent (9,165
MW) increase over 1991. It is equivalent to an annual
growth rate of 1.20 percent which is significantly
lower than the projected annual growth of 2.55 percent
in peak demand. As a result, Texas is expected to
grow out of the existing surplus capacity by the turn of
century. TU Electric, HL&P, and CPS account for
more than 75 percent of additions to net system
capacity over the next ten years. Table 5 summarizes
projected net system capacity over the next ten years
(1991-2001) for major generating utilities in Texas.

RESERVE MARGINS
Reserve margin is a common measure of system

reliability. An analysis of the projected reserve
margins by electric utility shows that there will be
enough capacity to ensure a reliable electric system
statewide (assuming that the demand forecasts and
resource plans are realized). The 1991 reserve margin
of more than 35 percent indicates that Texas currently
has significant surplus capacity. However, due to
faster growth in peak demand compared to increase in
planned capacity, the statewide reserve margin will
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TABLE 5

Net System Capacity by Service Areas
(MW)

TABLE 6

Reserve Margins by Service Areas

Utility

TU Electric
HL&P
CPL
CPS
GSU
SPS
SWEPCO
LCRA
COA
\VTU
TNP
BEPC
EPE
Others

Total System (*)

10-year Annual Growth

1991

21,849
14,529
4,334
3,901
6,471
4,012
4,701
2,266
2,411
1,396

993
967

1,289
2,884

72,003

Utility
2001

27,054
15,409
4,484
4,749
7,014
4,124
4,738
2,354
2,436
1,579
1,179
1,425
1,499
3,124

81,168

1.21%

PUC
2001

26,526
16,874
4,713
4,603
6,745
4,061
4,741
2,683
2,331
1,730
1,251
1,525
1,539
3,351

82,673

1.39%

Utility

TU Electric
HL&P
CPL
CPS
GSU
SPS
SWEPCO
LCRA
COA
WTU
TNP
BEPC
EPE
Others

Total System (*)
• Figures include

utilities.

1991

29.8
33.2
37.6
39.4
31.5
30.3
47.9
41.5
65.5
27.3
15.0
12.8
37.9
17.2

35.2

Utility
2001

18.0
18.2
15.6
17.4
20.3
15.4
15.3
24.5
25.2
15.0
15.0
17.3
23.6
7.2

19.2

Target
2001

18.0
18.0
15.0
18.0
15.3
15.0
15.0
15.0
18.0
15.0
15.0
15.0
22.0
15.0

17.6
non-Texas areas of multijurisdictional

• Figures include non-Texas areas of multijurisdictional
utilities.

decline over the next ten years, reaching less than 20
percent by year 2001. Table 6 summarizes the
projected reserve margins over the next ten years
(1991-2001) for major generating utilities in Texas.

CURRENT STATUTES AND RULES

Load and capacity resource planning activities
have been performed by the Commission staff since
the creation of the Commission more than fifteen years
ago. However, the 1983 amendments to the Public
Utility Regulatory Act (PURA) added a new
dimension to the load and capacity resource planning
activities of the PUCT. Article III, Section 16(b) states
that:

The commission shall develop a long-
term statewide electrical energy forecast
which shall be sent to the governor
biennially. The forecast will include an
assessment of how alternative energy
sources, conservation, and load
management will meet the state's
electricity needs.

Further references to the statewide energy plan are
made in the PURA. In these references, utilities are
explicitly required to demonstrate that their load and
capacity resource plans are compatible with the

Commission's most recently developed statewide
energy plan.

In response to these changes, the Commission
revised its data reporting rule (Substantive Rule 23.13)
and adopted an Energy Efficiency Plan Rule
(Substantive Rule 23.22). In addition, several changes
have been made to the "QF Rule" (Substantive Rule
23.66 — Arrangements Between Qualifying Facilities
and Electric Utilities). Furthermore, the Commission
has modified its rules for Notice of Intent (NOI) and
Certificate of Convenience and Necessity (CCN) for
power plants to better address the utility planning
issues. (For more details, please see the paper by Mr.
Treadway on the "Streamlining the Certification
Process for New Power Plants in Texas.") As a result,
the load and capacity planning activities have become
an integral part of the utility regulation in Texas.

THE INTEGRATED RESOURCE PLANNING
PROCESS

Integrated resource planning is the analytical
framework for considering all electricity resource
options in a comprehensive and balanced manner. It is
sometimes referred to as integrated least-cost utility
planning.

Resource planning helps insure that an optimal
combination of supply- and demand-side options are



used to meet the need for electricity. Furthermore, it
insures that present u.id future customers are provided
with electric services in a reliable manner at the lowest
possible cost, within a given set of financial and
regulatory constraints. The consequence of a sub-
optimal resource plan is the imposition of unnecessary
costs on the utility's ratepayers.

INTEGRATED RESOURCE PLANNING IN
PRACTICE

Generally, utilities need additional capacity to
maintain an adequate supply of reliable electricity in
response to the growth in demand. Retirements of
existing units, both technical and/or economical, and
fuel diversification are also mentioned as reasons for
additional capacity.

In the past, the construction of electrical generating
capacity was the most common means of meeting
growth in demand. Electric utilities now rely on a
variety of supply-side and demand-side resources to
meet their additional capacity requirements. These
include:

• the construction of additional generating
capacity

• non-utility generation (cogeneration and
small power production)

• demand-side management (including
conservation programs, load management
programs, and strategic rate design)

• purchased power from other utilities

• efficiency improvements in generation,
transmission, and distribution systems

• repowering and refurbishment of old
generating units

While all aspects of the resource planning process
are important, certain functions are given particular
attention by the staff. For example:

• Estimates of self-generation are very
important where large industrial customers
have significant thermal energy needs.

• Power purchases from qualifying facilities
may offer unique opportunities for cost
savings.

• Cost-effective DSM may delay the need for
capacity additions.

• Power purchases from other utilities will
reduce surplus capacity in Texas and may
lower costs.

• Consideration of environmental impacts may
result in a more desirable allocation of
electrical resources and a cleaner
environment.

The process of preparing a resource plan will vary
across utilities. However, certain characteristics and
activities are so fundamental that we expect them to be
an integral part of each utilities resource planning
activities. They include: the estimation of future
demand, a projection of future fuel prices, a
comprehensive evaluation of non-utility generation
including customer self-generation, cogeneration and
purchases from other utilities, and a systematic
examination of emerging energy efficient technologies
and demand-side management options. Finally, the
process should result in an integrated resource plan
that embodies the activities just outlined. Integrated
resource planning is crucial if a systematic
investigation of all feasible and reasonable supply and
demand-side alternatives are to be evaluated. This is
among the reasons the Commission supports the
integrated resource planning approach.

THE COMMISSION'S BIENNIAL FORECAST

Certain electric utilities in Texas must file data for
peak demand forecasting, capacity resource planning,
energy efficiency programs, and avoided energy and
capacity costs every two years. These filings are:

• Load and Capacity Resource Forecast Filing
• Energy Efficiency Plan Filing
• Standard Avoided Cost Filing

Staff relies on in-house expertise and other
research and consulting firms to supplement these
data. These filings form the basis of the Commission's
biennial statewide electric energy plan.

PREPARATION OF THE STATEWIDE ENERGY
PLAN

The Commission staff relies on the above-
mentioned filings to prepare the Commission's
independent statewide electric forecast every two
years. The report referred to as the "Forecast Report"
provides resource plans for thirteen major generating
utilities' service areas. The 1992 Forecast Report will
be completed in the last quarter of 1992.

Staff prepares independent sales and peak demand
projections, demand-side management impact
estimates, forecasts of self-generation by industrial
customers and available cogeneration power to
utilities, potential economic power transactions among
utilities, fuel forecasts, capital cost estimates, and
capacity expansion plans for every major generating
utility in Texas. A detailed examination of thirteen
major generating service areas in Texas forms the
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basis of the statewide electric energy plan presented in
the Forecast Report.

A draft report is then sent to electric utilities and
other interested parties for comments. The revised
draft report, the comments received, and the staffs
reply to comments are then presented to the
Commission for its review and final approval. The
final report is submitted to the Governor.

INTEGRATED RESOURCE FORECASTING AND
PLANNING MODELS

To choose the best combination of available
technologies and alternative resources, the
Commission staff needs to have the proper analytical
and technical tools to evaluate the resource plans
proposed by electric utilities and, if necessary, to
develop independent resource plans. With this
objective in mind, the Commission has contracted with
an outside source that collaborates with staff on the
Forecast Report. The Center for Energy Studies (CES)
at The University of Texas at Austin develops models
to analyze residential conservation program impacts.
CES is also implementing production costing and
resource planning models. These efforts will enhance
the staffs ability to evaluate the system operations and
resource planning activities of the utilities.

In addition, the Commission has engaged Energy
Management Associates (EMA). Their production
costing and resource planning models will enhance
staffs ability to monitor the utilities' future generating
expansion decisions.

Access to the state-of-art production costing and
resource planning models has resulted in better
integration of the demand-side and supply-side options
and enhanced the Commission staffs effort to establish
a thorough and comprehensive integrated resource
planning capabilities. The 1992 statewide electric
energy plan will rely heavily on these models.

UTILITIES' RESPONSES TO THE FORECAST
REPORT

A review of the last four Forecast Reports and the
utilities' resource plans filed after each report indicates
that utilities generally follow most of the
recommendations made by the Commission staff in
each statewide electric energy plan. The 1991 Load
and Capacity Resource Forecast Filing indicates
acceptance of several Commission recommendations
made in the Long-Term Electric Peak Demand and
Capacity Resource Forecast for Texas. 1990. which
include:

TU Electric followed the staff
recommendation to defer both units of Twin
Oak (750 MW each). In addition, following
the recommendation of staff, Forest Grove
Unit 1 (660 MW) was deferred to the year
2000.

HL&P followed the staff recommendation to
reduce its target reserve margin from 20
percent to 18 percent.

Staff recommended deferral of both
Malakoff Units (645 MW each). HL&P now
tilans the units to serve peak demand in 2005
and 2007.

Staff recommended 301 MW of conservation
by the year 2000. HL&P subsequently
scrapped DSM plans to increase peak
demand by 421 MW and now plans to
decrease peak demand by 269 MW by year
2000.

Based on staff recommendations, CPL, CPS,
LCRA, COA, and BEPC deferred some
previously proposed additions to their
capacity.

THE USE OF THE COMMISSION'S FORECAST
REPORT

The Forecast Report is the only forum in which
individual utility service area capacity resource plans
are integrated into a statewide plan. The report is a
vital document which is used in a variety of
Commission proceedings. The Commission's
Statewide Energy Plans adopted in 1986 and 1988
have been used by the Commission staff in more than
fifty proceedings. The Commission staff also relied on
the 1990 Forecast Report in several proceedings,
including the recently filed three Notice of Intent
(NOI) applications for about 3,000 MW of generating
capacity.

The Statewide Energy Plan serves as a reference
point for staff testimony in all major proceedings,
including rate cases, prudence dockets, fuel factor
cases, certification dockets (NOI/CCN for new
generating units), and avoided cost dockets.

Furthermore, the Statewide Energy Plan provides a
validity check for all electric forecasting efforts of the
State's major generating utilities. In addition, it
provides a measure of the future reliability of the
electric power system in Texas.

Finally, the Statewide Energy Plan is a unique
source of electric industry data and projections to the
public, including projections of future electricity prices
*o different rate classes.
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PLANNING ISSUES

The Commission staff predicts that present
generating reserves, including plants under
construction, will provide sufficient capacity for
several years. Because annual growth in peak demand
is projected to average 2.55 percent over the next ten
years, additional capacity should be needed in the late-
1990s. When, how much, and what type of capacity
must be constructed are disputed because of
uncertainty about the future.

While there are many important issues in the
preparation of a utility's electric resource plan, the
Commission staff will address a few important ones in
the next Commission Forecast Report (Forecast '92).
These planning issues are briefly described in the
following subsections.

STRATEGIC RATE DESIGN
There is an emerging recognition that rate design

can be used as a powerful resource planning tool.
Tariffs such as instantaneous interruptible contracts,
time-of-day structures, real-time pricing tariffs,
seasonal rate structures, load retention tariffs,
economic development incentive tariffs, and special
blocking structures can have a significant impact on
the quantity and timing of electricity consumption.
Rate design can thus be considered a resource planning
tool because it affects consumption patterns which, in
turn, influence generation requirements.

In response to the Commission's request, major
generating utilities reported on the uses and impact of
tariffs which have a significant capability to foster
efficiency and improve the system economics. It is
apparent to the Commission staff that only a few
utilities are making an effort to increase the efficiency
of energy usage or improve the economics of the
utility system through the use of rate design. The
Commission staff is encouraging utilities to look
seriously into this powerful tool to meet their needs for
power. (For more details, please see the paper by
Messrs. Jeff Rosenblum and Richard House on the
"Strategic Rate Design: The Role of Industrial
Tariffs.")

DEMAND-SIDE MANAGEMENT
Demand-side management program review at the

Public Utility Commission of Texas arose out of the
1983 amendments to the PURA where utilities were
required to consider conservation in load forecasting
and as an alternative to new generating capacity. The
DSM analysts performs three primary tasks:

review utility energy efficiency goals
n selection criteria, and progracriteria, and program

d t h d
program ,
evaluation data and methods

• perform cost-benefit analysis of DSM
programs and make recommendations on
program design and implementation

• prepare short- and long-term DSM program
impact forecasts

The latter two tasks rely on models developed by
the Commission staff or the Electric Power Research
Institute (EPRI). True conservation programs (which
reduce electricity consumption significantly) are scarce
because most utilities are concerned with the loss of
revenues associated with programs which conserve
energy usage throughout the year.

Following staff recommendation, electric utilities
will rely on 1,071 MW more active and passive DSM
savings over the next ten years than stated just two
years ago. The new utility DSM forecast for the state
is almost identical to the DSM savings recommended
by staff. TU Electric with 1,283 MW of projected
saving accounts for more than half of savings forecast
statewide. Central Power and Light Company
accounts for 296 MW of saving over the next ten
years. Smaller but more active utilities in DSM
activities, such as City of Austin Electric Utility
Department, the Lower Colorado River Authority, and
Brazos Electric Power Cooperative account for 227
MW, 113 MW, and 104 MW of savings, respectively.

RENEWABLE RESOURCES
Renewable resources with significant potential in

Texas, such as solar and wind technologies, have not
received much attention by electric industry in Texas.
Similarly, the Commission staff has not devoted time
and resources to investigate these alternative energy
sources. Consequently, while renewable resources,
including hydropower, account for 9 to 10 percent of
domestic energy supplies in the United States, their
share in Texas is well below 1 percent.

The abundance of oil and gas in Texas has been a
reason for lack of interest to these renewable
resources. However, there are some utilities that can
or soon will be able to rely on these alternative
resources. The Commission staff is working in this
area and expects to address these alternative resources
in its resource planning activities and testimony before
the Commission.

COGENERATION AND BULK POWER
TRANSACTIONS

The State of Texas has a policy to encourage the
economic production of electricity by qualifying
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cogenerators. Given the increased level of activity by
cogenerators in proceedings before the Commission, it
is extremely important that the Commission staff is
adequately equipped to handle the controversial issues
that will be brought before it to ensure fair and
impartial decisions in the public interest.

Texas ranks among the highest in cogeneration
supplies with over 7,000 MW of installed capacity and
about 1,000 MW under construction or planned.
Currently, ERCOT utilities have 3,121 MW of firm
purchase contracts with cogenerators, which amounts
to about 5 percent of total generating capacity. In
1991, cogenerators (firm and non-finn power)
delivered about 23 million MWH, 11 percent of total
utility generation, into the transmission grid.

With regard to cogeneration power, TU Electric
with 1,841 MW and HL&P with 945 MW led other
utilities in the amount of cogeneration power
integrated into their electrical system in 1991. Texas-
New Mexico Power followed, receiving over 335 MW
of cogeneration power. In contrast, cogeneration
power is not utilized by most other utilities in Texas.

TU Electric and HL&P have projected over 70
percent reduction on purchases from cogenerators over
the next ten years (425 MW and 270 MW in year
2001, respectively). This is in contrast to the
Commission staff projected increases in the level of
purchased power from cogenerators by these utilities
over the next ten years (2,380 MW and 1,620 MW in
year 2001, respectively).

Statewide, utilities project 1,007 MW of
cogeneration power integrated into their system in year
2001 compared to over 5,000 MW recommended by
the Commission staff. The past trend indicates that the
level of reliance on cogeneration power will remain as
a major disagreement between the staff and utilities.

The cogeneration-related issues are very broad,
ranging from transmission access to determination of
avoided costs. And these issues will become even
more important in the future due to the projected
elimination of surplus capacity in Texas over the next
few years.

TARGET RESERVE MARGINS
The target reserve margin is one of the factors

which affects the need for additional capacity. Target
reserve margin is one measure of system reliability.
Target reserve margins may vary from year to year
based on the generation mix, planned capacity
additions, and other system characteristics. Statewide,
the addition of 1 percent to the target reserve margin
(for example from 15 percent to 16 percent) would
result in the addition of one 600-MW unit to the state's

generation capacity (about 3/4 of a billion dollars of
investment).

It is clear, therefore, that the determination of
reserve margins is an important task in the
development of integrated resource plans for utilities.
Rather than staying with some arbitrary numbers
developed many years ago, utilities must look for
optimal target reserve margins that result from a
balance between the marginal cost of outage to
customers and the marginal value of additional
capacity needed to eliminate the outage in question.

In response to the Commission staff, major utilities
filed their studies with regard to the level of optimal
reserve margins. HL&P followed the staff
recommendation to reduce its target reserve margin
from 20 percent to 18 percent. However, most of the
utilities relied on the conventional loss uf load
probability (LOLP) approach rather than taking into
consideration the reasonableness of the cost imposed
on the electric utility customers.

Staff will continue to encourage a balanced
approach in determination of optimal reserve margins
between the marginal cost of outage to customers and
the marginal value of additional capacity needed to
eliminate the outage in question.

ENVIRONMENTAL IMPACTS
The 1990 amendments to the Clean Air Act may

have far-reaching consequences for the state's
generating utilities. The Commission staff has already
begun to investigate the possible consequences and to
prepare testimony before the Commission regarding
these amendments. Fortunately, no generating units in
Texas are affected by the Clean Air Act Amendments
until Phase 2 takes affect in the year 2000. Texas has
relatively low SO2 emission rates because a substantial
portion of its generation is natural-gas-fired. In
addition, a large number of the existing coal and
lignite units have control devices installed.

A growing number of states are examining the
residual emissions — that is, the impact of the pollution
which is permitted under the law. Texas is among
those states which is taking an interest in this issue. In
May 1991 the Commission adopted a rule governing
the first stage of its two-step power plant certification
process. Under this new rule, the environmental
effects beyond the levels specified by the Clean Air
Act Amendments must be considered. As part of the
approval process, utilities must provide the following
cost information:

environmental costs and benefits, and
any cost and benefits accruing to persons
other than the utility and its



ratepayers^., environmental, social
and health [Substantive Rule4

The Commission has made it clear that
environmental externalities must be quantified by
electric utilities. While some parties believe that
quantification of emissions will suffice, the
Commission has to state whether a dollar value must
be assigned to these emission levels. Dollar values
allow a simple comparison of the total cost of
alternatives but the Commission is not interested in
speculative studies or costly analyses based on
unreliable science. The Commission believes that a
significant amount of reliable information exists and
that this information will illuminate the dollar costs of
environmental externalities.

The issue of environmental externalities and its
quantification has already appeared in different
proceedings before the Commission. This is an
important issue in integrated resource planning and the
Commission staff has already begun to investigate it.
We will seriously look at it in our 1992 Forecast
Report.

VII. SUMMARY

Integration of demand-side and supply-side
alternatives has begun to occur in recent certification
proceedings. However, while utilities are increasingly
willing to adopt DSM programs that shift load without
affecting the level of energy sales, they are reluctant to
commit themselves to programs that conserve energy.
As a result, conservation alternatives are not fully
considered and the potential for deferring capacity
through DSM programs is largely untapped.

A similar reluctance to incorporate cogenerated
power into their electrical system may be seen among
some utilities. Such reluctance may explain why only
a small portion of potential cogeneration power within
the state is utilized by the electric industry. Lack of
incentives for utilities in having more cogeneration
power in their system may be a significant factor in
their reluctance. The application of incentives,
designed to insure that all sources of power receive a
fair hearing by the utilities, will begin to play an
increasingly important role in the stafl>' efforts.

While qualifying facilities will play the most
significant role in the coming years, there are other
resources which deserve equal attention. Competitive
power markets in Texas will be influenced by
increased demand-side management, the development
of renewable resources, and the greater use of
improved rate designs. The Commission, through its
rule making, is planning to address the utilities'
concerns and facilitate more acceptance of alternative
resources.

In the preparation of the 1992 Forecast Report, the
Commission staff will insure that alternative resources,
environmental impacts of different technologies, and
innovative rate design options are considered.
Furthermore, in different proceedings before the
Commission, staff will investigate whether utilities
have analyzed all reasonable supply-side and demand-
side resources in their integrated resource planning
activities. No certificate of power plant construction
will be approved unless it is shown that other
resources are fully considered and cannot technically,
as well as economically, provide the needed power.
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STREAMLINING THE CERTIFICATION PROCESS FOR NEW POWER
PLANTS IN TEXAS

Nat Treadway
Economic Analysis Section

Electric Division
Public Utility Commission of Texas

ABSTRACT

The 1983 amendments to the Public Utility Regulatory
Act require electric utilities to receive Public Utility
Commission of Texas (Commission) approval in two
regulatory proceedings prior to the construction of new
power plants. Seven "notice of intent" applications and
three power plant "certificate of convenience and
necessity" applications have been filed with the
Commission since 1983. The significant resource planning
issues which have arisen in these proceedings are
summarized and the Commission's recent and pending rule
changes are discussed. Some features of a comprehensive
integrated resource planning process are discussed to
illuminate the current debate. The author suggests ways to
streamline the current process — with or without changes to
the statute ~ if all interested parties are willing to commit
to a long-term planning process.

INTRODUCTION

Several 1983 amendments to the Texas Public
Utility Regulatory Act (PURA) increased regulatory
oversight of electric utility forecasting and planning
activities.1 The statute includes a biennial demand
forecast and resource plan filing requirement for
generating utilities.2 The Commission is required to
prepare and transmit to the Governor a statewide
electrical energy plan which considers conservation,
load management, and alternative energy resources.3

The Commission must also encourage cogeneration
and small power production.4 In setting a .'tility's rate
of return on invested capital, the Commission
considers compliance with this statewide plan.5

Electric utilities are required to receive regulatory
approval of new power plants in two proceedings.6 It
is this two-step power plant certification process which

is the focus of this paper. Under current law, a utility
must first obtain preliminary approval of the proposed
power plant in the Notice of Intent (NOI) proceeding
and then prove that the proposed power plant is the
best option in the Certificate of Convenience and
Necessity (CCN) proceeding. The Legislature created
the NOI because in the early 1980s a CCN application
was denied after several parties had expended large
sums of money exploring and defending a proposed
generation facility.7 The 1983 amendments were
intended to eliminate frivolous and costly power plant
certification proceedings.

Seven NOI applications and three subsequent
power plant CCN applications have been filed with the
Commission since 1983. To the extent that these
applications are representative, the NOI proceeding
has been a success. Frivolous CCN applications have
thus far been avoided; although it is impossible to state
whether this is a direct outcome of the statute. Some
parties to these cases contend that the two-step process
is burdensome.

The remainder of this paper provides a summary of
the significant resource planning issues which have
arisen in ten NOI and CCN proceedings. The relevant
Commission activities in 1990 are then summarized.
The Commission's recent and pending rule changes are
discussed. Next, some key features of a
comprehensive integrated resource planning process
are discussed to illuminate the current debate. The
author then suggests ways to streamline the current
process — with or without changes to the statute — if
all interested parties are willing to commit to a long-
term planning process. Public involvement at an early
stage should improve planning and reduce the
frustrating and costly disputes which are currently
decided by the Commission in NOI or C.CN
proceedings.

The views expressed in this paper are those of the authors and do not necessarily reflect the positions of
the Public Utility Commission of Texas
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POWER PLANT CERTIFICATION: 1983 TO
1990

Seven NOI applications and three subsequent
power plant CCN applications have been filed with the
Commission since 1983. These are listed by type of
proceeding in table 1.

Table 1
NOI and CCN Applications

Docket
No. Utility Name
NOI applications
5940

6055

6190

6397

10059

10400

10473

Texas-New
Mexico Power Co
Southwestern
Public Serv. Co.
Texas Utilities
Electric Co.
Texas-New
Mexico Power Co
Brazos Electric
Power Coop.
Texas Utilities
Electric Co.
Houston Lighting
& Power Co.

CCN applications
6526

6992

10883

Texas Utilities
Electric Co.
Texas-New
Mexico Power Co
Brazos Electric
Power Coop.

Date Filed

9/84

12/84

3/85

7/85

2/91

6/91

7/91

9/85

8/86

1/92

Date of
Order*

4/85

6/85

9/85

2/86,
5/86
8/91

1/92

12/91,
1/92

3/86

8/87,
10/90

Pending

Decision

Dismissed

Denied

Approved

Approved

Approved

Approved

Approved

Approved

Approved

—

• A second date refers to Orders on Rehearing or Orders on Remand.

The Commission did not create an NOI rule
immediately following the addition of the NOI
requirement. The first five NOI proceedings listed in
table 1 were thus conducted without an explicit
Commission rule. These proceedings are briefly
summarized to provide a sense of the significant
resource planning issues which came to light. The
evolution of the issues provides insight into why the
NOI rule was adopted in May 1991 and why the
Commission's deliberations continue on this topic.

Docket No. 5490
Texas-New Mexico Power Company (TNP) filed

an NOI to construct 1,200 megawatts of base-load
capacity to replaced purchased power. Coal and
lignite fuel options were proposed in two plant sizes:
three 400-megawatt units or two 600-megawatt units.
A hearing was set to begin in March 1985.

TNP witnesses stressed purchased power as an
alternative warranting serious consideration. The
witnesses emphasized that the proposed plant was
requested for replacing existing power and energy, not
for load growth, and thus conservation was not an
alternative. Just before the hearing, TNP filed a
motion for continuance based on the General Counsel's
case which critiqued TNP's consideration of
cogeneration and purchased power. The following
month TNP withdrew the NOI application and the case
was dismissed.

Docket No. 6055
Southwestern Public Service Company (SPS) filed

an NOI to construct a 600-megawatt coal unit.
Intervenors included representatives of commercial
and industrial customers and rural electric
cooperatives. A renewable energy association later
intervened. The hearing was conducted in April 1985.

The Administrative Law Judge concluded that
although the impact of conservation was not
quantified, the potential appeared limited. Load
management was a contested issue. SPS provided
little factual evidence to support its conclusion that
load management was not an alternative to the
proposed plant. No comparison of the plant and the
alternatives was made. The judge concluded that,
given the uncertainty of load management, SPS's large
irrigation load, and the fact that peak demand is driven
by this load, SPS should provide an analysis of load
management before receiving certification of the
proposed facility. The judge also concluded'that, with
the exception of purchased power, SPS had
demonstrated that the proposed unit is appropriate
compared to the alternatives. Thus, the judge defined
a less stringent standard at the NOI level compared
with the CCN. The judge recommended denial based
on inadequate consideration of purchased power.

The Commission denied the NOI request and
concluded that the utility failed to meaningfully
consider several alternatives, including conservation,
load management, and purchased power. The
conclusion of law which defined the regulatory
standard for approval of the NOI is provided here.

The utility has the following burden of proof at
the NOI level. The utility must prove, not
merely assert, that it seriously considered
alternatives to the proposed plant. The utility
must prove that it considered the advantages
and disadvantages of the alternatives. This
includes not only reporting the final conclusions
about the advantages and disadvantages, but
also showing how said conclusions were
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reached. The utility must prove the
appropriateness of the proposed plant by
showing that it is preferable to the available
alternatives. The utility must also prove
compatibility of the plant with the most recent
long-term electrical energy forecast developed
by the Commission. (Final Order, COL No. 6.)

The word "preferable" is significant. The utility's
burden of proof was set forth as an obligation to
demonstrate that the proposed plant is better than
alternative energy sources and conservation and load
management. This conclusion of law was used in later
examiner's reports.

Docket No. 6190
Texas Utilities Electric Company (TU Electric)

filed an NOI for 960 megawatts of gas-fired peaking
combustion turbines in March 1985. A hearing on the
merits was set for July 1985. The need for reliable
peaking power was emphasized by all parties. The
Hearings Examiner recommended approval of the NOI
and relied on the conclusion of law cited above. The
Commission adopted the examiner's report with little
discussion and without modification.

Docket No. 6397
TNP revisited the NOI procedure with the filing of

an application for 600 megawatts of base-load power
to replace existing purchased power. The four 150-
megawatt units would bum Texas lignite or other fuels
in circulating fluidized beds. TNP witnesses stated
that the application united innovative technology and
commitments by a consortium which would finance
and construct the units. Several representatives of
industrial customers, cogenerators, and another utility
intervened. A hearing commenced in October 1985.

The Hearings Examiner stated that TNP need only
show that conservation and load management cannot
alleviate or defer the need for the proposed plant, not
whether it has satisfied other Commission
requirements to investigate conservation programs. He
concluded that conservation savings would not help
defer the need for base-load generating units. The
examiner relied again on the conclusion of law used in
Docket No. 6055 to define the standards for an NOI
decision. The examiner recommended denial of the
NOI based on inadequate consideration of
cogeneration. The Commission overturned that
recommendation on a two-to-one vote. The cited
conclusion of law was modified to include
environmental impact, health and safety impacts,
financial risks, and fuel diversity and to stress
suitability when compared with alternatives rather than

preferability to alternatives. (In this case these factors
supported the TNP proposal.) On rehearing the
Commission again modified this conclusion of law and
adopted the following wording:

The utility must prove the appropriateness of
the proposed plant by showing that it is suitable
when compared with the available alternatives.
Considerations in determining appropriateness
may include not only economics, but also such
factors as environmental impact, health and
safety risks, financial risks to both the utility
and its ratepayers, and reliability (including fuel
diversity). (Order on Rehearing, COL No. 4.)

On its face, the regulatory standard had been
lowered by stressing that the proposed plant was
"suitable" rather than "preferable" to the alternatives.
It is interesting to note, however, that in her dissent
Chairman Rosson stated t»;at the addition of the PURA
Section 54(c) factors — such as environmental, health,
and safety impacts - made the standard in an NOI
essentially the same as a CCN. (That is, in her opinion
the new wording set a higher regulatory standard.)

Docket No. 6526
TU Electric filed its CCN for peaking combustion

turbines in September 1985. The application was
uncontested. A hearing convened in January 1986.
The reliability of the system in West Texas was
determined to be a critical issue. The Administrative
Law Judge recommended approval of the application.
The Commission adopted the judge's report without
modification and approved the CCN.

Docket No. 6992
TNP filed its CCN for the four 150-megavvatt base-

load units in August 1986. Interveners included
cogenerators, another utility, and industrial consumers.
The hearing began in February 1987. Conservation
and cogeneration power were significant issues in this
proceeding. An argument was made that TNP already
had a contract with one qualifying facility and that
greater reliance on this source of power could
compromise the reliability of TNP's system. The
Administrative Law Judge recommended approval of
the application. In August 1987 the Commission voted
two-to-one to approve all four units subject to certain
conditions.

In early 1990, the courts remanded the case to the
Commission for a final decision. TNP withdrew its
request for units 3 and 4. The Commission approved a
CCN for units 1 and 2 in October 1990.
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Docket No. 10059
Brazos Electric Power Cooperative (BEPC) filed

its NOI application for approval of 208 megawatts of
natural gas-fueled peaking capacity in February 1991.
The Commission staff criticized the utility for
inadequate consideration of cogeneration, demand-side
management programs, and purchased power
alternatives. Although the new NOI rule did not apply
to this proceeding, the staff used the regulatory
standard of "reasonableness" from the proposed NOI
rule in formulating its recommendation. Staff found
the proposed units to be reasonable and recommended
several studies which would be crucial to any analysis
conducted during a CCN proceeding.

The Hearings Examiner approved the application
and stated in her report that the regulatory standards
established by the Commission in Docket No. 6397
applied to this case. On a two-to-one vote, a final
order approving the application was issued by the
Commission in August 1991. Commissioner Greytok's
dissent focused on the utility's premature award of a
contract for generating turbines and the process of
soliciting bids for power from qualifying facilities.

Docket No. 10400
TU Electric filed its NOI application in June 1991.

The Company sought approval 2,162 megawatts of
capacity including a coai plant and natural gas-fueled
simple-cycle and combined-cycle combustion turbines.
The application brought intervention from industrial
customers and their representatives, an environmental
group, citizen groups, and a renewable energy
organization. The hearing explored the alternatives
including demand-side management and purchased
power. The parties differed as to the meaning of the
portion of the new NOI rule which addresses the
quantification of externalities.

The Administrative Law Judge recommended
denial of the application on the grounds that
TU Electric failed to reasonably consider the
environmental costs and benefits or any cost and
benefits accruing to persons other than the utility and
its ratepayers. The Commission overturned the report
and approved the application on a two-to-one vote. In
his dissent, Chairman Gee emphasized that the need to
adequately consider externalities is required by the
Commission's recently adopted rule.

Docket No. 10473
Houston Lighting and Power Company (HL&P)

filed its NOI application for 598 megawatts of capacity
in July 1991. The Company sought NOI approval for

the certification of a cogeneration plant and the
refurbishment of four natural gas-fUeled generating
units.

The Hearings Examiner recommended approval of
the application and recommended against requiring
certain studies urged by the General Counsel. The
Commission unanimously approved the application by
HL&P and overturned the examiner's recommendation
against additional studies. The Commission identified
those issues which warrant a detailed examination in
the certification proceeding, particularly regarding how
environmental costs must be considered in the resource
planning process.

In addition, the Commission initiated an inquiry
into three significant policy issues: a) demand-side
management, b) purchased power (including purchases
from qualifying facilities), and c) environmental
externalities. This inquiry was subsequently combined
with a request for rulemaking.8

Summary of Evolving Standards
The Commission has dealt with the definition of an

appropriate regulatory standard for NOI proceedings
since the creation of the NOI in 1983. During 1985
and 1986 the Commission made decisions on a case-
by-case basis. The standard during that period was
summed up in the conclusions of law cited above. The
version which was used twice (in Docket Nos. 6055
and 6190) was modified for Docket No. 6397. The
difference between these two standards is related to the
height of the regulatory hurdle (preferable vs. suitable)
and to the scope of the criteria used to make a
decision. Docket No. 6397 expanded the scope to
include environmental, health, and safety impacts
which had previously been left for consideration in
CCN proceedings.

It is useful to mention here that in the 1980s,
regulatory oversight of resource plans was comprised
of the biennial filing requirement, the setting of
avoided costs, a review of demand-side management
programs, and the two-step certification process for
power plants. Public intervention in the proceedings is
relatively costly and generally limited to a criticism of
past planning decisions. Public input into discussions
regarding the regulatory standard for the NOI has thus
been limited.

With the end of the recession in Texas and the start
of a new decade the Commission took on the task of
writing a rule for NOI proceedings. Before exploring
the standard which came out of that process it is
instructive to look at several related events which took
place in 1990.
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1990: A YEAR OF TRANSITION

From a resource planning perspective the most
important regulatory activity of 1990 was the
development of a draft NOI rule in April 1990. A
discussion of that event is preceded by a chronology of
other important events of 1990 which affect resource
planning. Several of these were the result of the
Commission staffs deliberate process to improve the
quality of forecasting and planning in Texas. Others
arose during the course of regulatory work, that is to
say in response to utility activities.

Avoided Cost Proceedings
During the 1980s avoided costs were set after a

settlement conference in which utilities, the staff, and
representatives of industrial customers agreed on the
avoidable unit, the methodology for calculation of
avoided costs, and the terms and conditions of a
standard contract for power purchases from qualifying
facilities. In Docket No. 9230, however, HL&P
insisted that refurbishment of natural gas-fueled units
should determine the avoided costs. Others could not
agree. Thus 1990 marked the first year in which the
utility, Commission staff, and intervenor groups could
not agree on the avoidable unit. This case marks the
beginning of a new, more competitive era between
utilities and non-utility generators.

Docket No. 8425 Order on Sales Promotion
In June 1990 the Commission ordered HL&P to

cease seven promotional demand-side management
programs and to emphasize the conservation of
resources. HL&P's energy efficiency plans filed in
December 1987 and 1989 projected the use of
demand-side management to increase peak demand
more than 400 megawatts in the 1990s. The programs
focused on the use of electricity through fuel switching
and new uses, typically without regard to the
efficiency of the promoted equipment. As a result of
the June 1990 Order, HL&P is now pursuing a modest
effort to reduce peak demand.

Docket No. 9300 Conservation Bonus
Commission staff recommended an upward

adjustment to TU Electric's rate of return on equity to
provide an incentive for peak-demand-reducing
programs. This was the first such use of Section 39(b)
of the PURA. The Commission adopted this
recommendation as part of the Final Order in Docket
No. 9300 in 1991.

Energy Efficiency Plan Filings
Demand-side management program reporting prior

to late 1989 lacked significant detail. The need for
detail results from the Commission's stated policy
concerns regarding fuel switching and the promotion
of electricity use. The energy efficiency plans
examined in 1990 contained much more information
than previous filings on the current and projected
saturation of appliances, the promoted equipment
efficiency levels, and the likelihood of fuel switching
from natural gas to electricity. Electric utilities are
now expected to increase the sophistication of their
modeling efforts to address these policy concerns.

Commission's Forecast Report
The Commission's official statewide plan was

prepared in draft form in 1990 and included a
recommendation that four critical studies be prepared
by major generating utilities: a) the role of strategic
rate design in resource planning, b) the implications of
the 1990 Clean Air Act Amendments, c) the potential
for increased economical power transactions within the
Electric Reliability Council of Texas, and d) the
appropriate reserve margins for capacity expansion
planning. The studies recently provided to the
Commission will aid in the development of the 1992
statewide plan.

Center for Energy Studies Contract
The Commission made a move toward increasing

the modeling capabilities of its staff in 1990. A
contract with the University of Texas at Austin Center
for Energy Studies initiated a resource planning project
with a simple objective: to put sophisticated resource
planning models into the hands of the staff. Current
plans include implementation of the Electric Power
Research Institute's Load Management Strategy
Testing Model (LMSTM) and the Electric Generation
Expansion Analysis System (EGEAS), and Energy
Management Associate Inc.'s PROMOD and
PROSCREEN/PROV1EW planning models.

NOI Rule Proposed
The Commission staff prepared a draft NOI rule

and issued a committee report in April 1990. The staff
committee was assembled when it became evident that
the Commission needed a formal rule to deal with the
anticipated NOI applications. An important issue
discussed by the staff was the regulatory standard for
the approval of NOI applications. Too high a standard
would turn the NOI proceeding into a "CCN-type"
proceeding in which the stakes and costs are high.
Too low a standard would make a mockery of the two-



step process established by the Legislature. Staff
recommended that the proposed power plant should be
reasonable when compared to the alternatives. This
rule was proposed to the Commission in late 1990 and
was adopted in May 1991.

RECENT AND PENDING RULE CHANGES

The activities in the area of resource planning
since the beginning of 1991 include the adoption of an
NOI rule, decisions in three NOI proceedings, and the
initiation of a formal rulemaking and inquiry into
important resource planning issues.

NOI Rule Adopted
The Commission adopted Substantive Rule

23.3 l(h), the Notice of Intent rule, in May 1991. The
rule brought specific language regarding the criteria for
approval of an NOI.

The commission will approve the NOI if it
concludes that the proposed plant is feasible and
reasonable, is compatible with the commission's most
recent long-term forecast, and should be given further
consideration in light of the alternatives. (Subst. R.
23.31(h)(2).)

The rule is also specific regarding the alternatives
which must be considered by the utility, and the
methods which must be employed to examine the
advantages and disadvantages of the alternatives.

Three NOI Cases Decided
The three NOI cases filed between February and

July 1991 were decided between August 1991 and
January 1992. The Commission's position on the
regulatory standard for NOI proceedings is still
evolving as evidenced by the differing opinions of the
Commissioners in these three cases. Both the BEPC
and TU Electric cases were decided on a two-to-one
vote. The regulatory standard now in effect is the one
stated in the Commission's Substantive Rule 23.31,
although there are some differences of interpretation.

Rulemaking and Inquiry
Beginning in June 1991 informal meetings were

held to explore better ways for the Commission to
handle NOI, CCN, and avoided cost procedures. As a
result of these meetings, the Texas Industrial Energy
Consumers (TIEC) proposed changes to the
Commission's rules governing certification and
arrangements with qualifying facilities. (Substantive
Rules 23.31 and 23.66.) The proposed rules highlight
the need for changes in the manner in which contracts
with qualifying facilities are obtained and propose a
more open transmission system.

In January 1992 the Commission decided to
publish the proposed rules along with a series of
questions which deal with the integrated resource
planning process, demand-side management,
purchased power, and environmental externalities.9

The public input which will result from the inquiry will
lead to a three-day series of meetings at the
Commission in mid-May, 1992. Alternative means of
resolving disputes will be considered as the
Commission formulates its positions on these planning
issues. The written responses and public forum will
help the Commission refine the existing certification
process and address the role of the public in future
planning processes.

FEATURES OF AN INTEGRATED RESOURCE
PLANNING PROCESS IN TEXAS

A large number of state commissions are
considering ways to improve regulatory oversight of
electric utility integrated resource planning. Some
states lack the strong statutory language of the Texas
PURA, yet these states are making changes through
the rulemaking process. This portion of the paper
discusses several features of integrated resource
planning which are not given great importance under
the current regulatory regime in Texas. Not all of
these features may find their way into the regulatory
process in Texas nor would I imply they should be.
Though important, these features may not be essential
to the regulation of integrated resource planning
activities.

Public Involvement
Public workshops and hearings on electric utility

resource plans will allow input from interested parties.
Under current law, the Commission in Texas is
required to conduct an open meeting when it considers
the adoption of its Forecast Report. Comments from
the public are accepted; however, the open meeting is
held at the end of a two-year process. Public hearings
are not conducted on each utility's long-term resource
plan.

In this context the word "public" does not
necessarily refer to individuals. The resource planning
and regulatory processes are complex and only through
an exceptional commitment of time would an
individual be able to participate. "Public" refers to
representatives of individuals. In Texas this may
include environmental and public policy organizations
which garner support from individuals or the state-
funded Office of Public Utility Counsel. These
organizations and agencies will be able to maintain an
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ongoing commitment of time and money to express the
concerns and interests of many individual citizens.

An alternative approach would: a) involve the
public at a much earlier stage in periodic workshops,
b) allow public access to utility planning assumptions
and data prior to important planning decisions, c)
establish a record of public involvement and
recommendations, and d) permit utilities and the
Commission to respond to these recommendations.
Public involvement could arise spontaneously or
formal procedures could be established.

A well-informed and involved citizenry will offer a
unique perspective to the policy questions which
influence multi-million dollar investment decisions.
Early and ongoing involvement of the public should
reduce the cost of regulatory proceedings because the
representatives of the citizens will be involved in the
decision-making process. Those who "own" a portion
of a planning process will not attack the plan later
without risking a loss of credibility. Those groups
which arc interested in the long-term planning process
need to maintain their credibility. An effective process
of public involvement will mean that there is too much
to lose through an "eleventh-hour" attack on the utility
resource plans presented in NOI and CCN
proceedings.

Plan Approval
Some state commissions conduct hearings and

specifically approve each utility's long-term resource
plan. Further, certain states require that new
generating facilities be part of an approved plan prior
to certification. In Texas, no hearings are conducted
nor is specific action taken on each resource plan. A
utility may change its resource plan just prior to filing
an NOI application and merely demonstrate
compatibility with the approved statewide plan.

Resource plan approval and a requirement that a
proposed power plant is in an approved plan prior to
an NOI application or certification would provide
stability to the resource planning process, reduce
utility "gaming" and increase public confidence in the
regulatory process. Approval of a plan would
represent a commitment to that plan and would
eliminate "eleventh hour" changes to the plan.
Utilities are likely to claim that plan adoption would
reduce planning flexibility. Plan adoption requires
careful consideration but it appears that it would give
greater meaning to the long-term planning process.

Plan Implementation
Many states require utilities to implement the

approved resource plan. The approved resource plan

contains both long-term goals and a short-term action
plan with specific near-term objectives. In Texas,
utilities are not required to implement the statewide
plan and may change their plans dramatically from
year-to-year. In major rate cases and CCN
proceedings utilities in Texas are required to
demonstrate the compatibility of their plan with the
statewide plan. The Commission may adjust a utility's
rate of return or deny certification of new generating
facilities if compatibility is not demonstrated. The
advantages and disadvantages of requiring plan
implementation are similar to those cited under "plan
approval" above.

Other Planning Issues
Several other features of an integrated resource

planning process are worth exploring briefly.
Regulatory barriers eliminated and incentives

provided. Current regulatory practice provides
financial incentives for some resource alternatives and
sets up barriers to others. There is general agreement
that the financial incentives differ for traditional power
plant investments, purchased power, small power
production, and demand-side management. The
current debate at many state commissions deals with
whether to make power purchases and demand-side
management expenditures as profitable for electric
utilities as the construction of new generating
facilities. This issue will be an important one as the
Texas Commission considers changes to the current
practice.

Competition. Many states have adopted a
competitive bidding process for resource procurement.
In Texas the establishment of an avoided cost ceiling
and "competitive negotiations" between utilities and
qualifying facilities may be sufficient to attract and
retain a large amount of reasonably-priced, reliable,
cogenerated power. Some people believe that bidding
may lower the cost of purchased power. Demand-side
bidding has not been pursued in Texas. The
Commission staff generally supports the notion of
increased competition as long as the reliability of the
system is not compromised. Federal and state actions
may affect the manner in which the issues are
resolved.

Externalities. A number of states have decided to
formally consider environmental externalities in the
resource selection process. In Texas the statute
requires the consideration of the environmental
integrity of new generating facilities and the new NOI
rule requires the quantification of externalities. There
is likely to be continued debate over the implications
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of assigning costs to the external effects of power
plants.

STREAMLINING THE PROCESS

The current law in Texas requires a two-step
regulatory process for the certification of new power
plants. During the past eight years there has been a
debate regarding the role of the first step, the NOI.
Some believe that the Commission's practice has
resulted in two CCN-type proceedings with the
associated waste of time and money. Others contend
that the regulatory hurdle for NOI proceedings is too
low. Some parties believe that the NOI requirement is
not needed regardless of past practice.

Whether the NOI process remains or is changed in
a future legislative session is an important matter, but
it may not be critical to streamlining of the
certification process. It may be possible to make
improvements under the existing statutes as other
states have done.

The critical improvement in the current process is
the need to involve citizen organizations earlier in the
process. Under the present rules, an interested
individual or a citizen organization has a limited set of
options for involvement in the resource planning
process. As a practical matter in Texas, significant
involvement must occur in one of three forums:
comments at the open meeting for adoption of the
statewide plan, intervention in an NOI, or intervention
in a CCN.10 All three options come late in the
planning process and intervention comes at a
significant expense. Even worse from a planning
perspective is public involvement after the fact — that
is, after a plan has been established and a power plant
has been constructed. Public intervention in a rate
case or prudence hearing to urge disallowance of
investment costs may be necessary in certain cases (for
example, construction imprudence); however,
meaningful public involvement early in the planning
process should reduce or eliminate criticism of past
planning decisions.

The involvement of the public earlier in the
process will require electric utilities to provide a more
open forum as a part of the process to assess planning
assumptions and perform preliminary screening of
resource alternatives. This will increase the front-end
costs of the integrated resource planning process. In
particular, citizen organizations will have to make a
staffing commitment to remain involved in the
planning process. However, by bringing potential
adversaries to the planning table early on, the
regulatory costs will be reduced in certification

proceedings and the potential for prudence review of
planning decisions will be significantly reduced. An
involved public will necessarily present its ideas
regarding alternative energy sources and demand-side
management early in the planning process. Fair
treatment of this input should reduce public criticism
of planning decisions in the future.

Plan approval and plan implementation are critical
elements as well. Public involvement loses meaning if
the Commission does not formally adopt a plan of
require utilities to implement the adopted plans. A
balanced process of public involvement, plan adoption,
and plan implementation will bring the utility and
interested parties to the table and insure that no
credible party will later change the plan or attack the
planning process. It may be important for the
Commission to monitor this interaction.

The Commission has taken several steps recently
to improve the integrated resource planning process in
Texas. With the adoption of an NOI rule and
decisions in three recent NOI cases, utilities and other
interested parties have a good sense of current law and
practice. The Commission has now started an inquiry
into these issues. By the time this paper is included in
the printed conference proceedings the inquiry process
will be well under way.

The rest of 1992 will be an interesting and
hopefully highly productive time at the Public Utility
Commission of Texas. Whether changes in the rules
are an outcome of the current inquiry or not, it is
apparent that increased involvement of all interested
parties will provide an education to generating utilities,
customers, and regulators alike.

1 Texas Public Utility Regulatory Act (PURA), Sections 16 and
54. Tex. Rev. Civ. Stat. Ann. article 1446c (Vernon's 1980), as
amended in 1983 (68th Legislature, S.B. 232).

2 PURA, Section 16(c).
3 PURA, Section 16(b) and (f)- The document is referred to here

as the Forecast Report or statewide plan.
4 PURA, Section 16fg).
5 PURA, Section 39(b).
6 PURA, Section 54(d) and 54(e).
7 Two nongenerating electric cooperatives formed Texland Electric

Cooperative, Inc. with the intent of reducing their dependence on
power purchases from the Lower Colorado River Authority. The
CCN application for new generating facilities was denied after a
significant expense to the two cooperatives.

8 The inquiry questions were prepared under Project No. 10842
and then combined with the Project No. 10780 request for
rulemaking.

9 The rulemaking and inquiry has been designated Project No.
10780. The Texas Register publication date is February 7, 1991.

10 Citizen involvement in rulemaking is ? ' c ' important but this
statement refers to the situation urnler <ne current rules.
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ABSTRACT

The oil price shocks of the 1970s were a precursor to
some fundamental changes in the way the supply and
demand for energy is viewed. One response to the events of
that period is the application of integrated resource planning
(IRP). IRP is, principally, a regulatory prerogative designed
to promote a balance between supply and demand resources
in electricity markets. In this paper we provide a definition
of that concept and discuss two of its main features:
Demand-side Management programs and environmental
externalities. We also examine a number of positions taken
by ELCON with respect to IRP and provide our responses.

The days of sustained high growth in the demand
for electricity and the relatively riskless responses
designed to meet that demand are long over. The oil
price shocks of the 1970s saw to that. The initial results
of the Arab oil embargoes were higher prices, a decline
in demand and many utilities facing excess capacity.
This period also saw an increase in the constaiction of
nuclear powered generating plants to meet fuel
diversification objectives.

A confluence of events, including rising energy
prices, increasing concern with the earth's
environmental conditions, and the failure of some
nuclear projects to be deemed prudent has resulted in
what may be called revolutionary changes in the way
the supply and demand for electricity are viewed by the
public, industry, and regulators. We believe that the
changes we have seen, and will continue to see, have
led to a new approach to planning. This approach is
currently referred to as integrated resource planning

(IRP).l In essence, the evaluation of alternatives to
satisfy demand and supply requirements, are required
to address issues which go beyond the building of
generating units. Planning decisions would now
include alternative energy sources^ and demand side
management. Also very important in the IRP process
is the evaluation of external impacts of any planning
decision with a special focus on environmental effects.

WHAT IS INTEGRATED RESOURCE
PLANNING?

Integrated resource planning (or least cost
planning) requires, in part, that in satisfying the
demand for electricity all options become a potential
alternative. Furthermore, the criteria for resource
selection is the equalization of marginal social costs
and marginal social benefits from the proposed action.
This is hardly a contentious requirement and leaves
practitioners and planning theoreticians without a
quarrel.

Utility planning now is required to consider, along
with the traditional construction of fossil fuel and
nuclear plants, alternative sources of power. And
perhaps even more interesting, utilities are now
considering ways to reduce sales as part of the
planning process. However, rational cost-minimizing
agents would be expected to consider all these options
in the absence of exogenous pressure.

Why is the idea of IRP becoming such an
important topic if planners would, while pursuing
profits, be expected to minimize cost? The answer lies
in the nature of the industry. A firm facing
competitive pressures must least-cost plan or it will not
survive. Utility planners do not face the same regime
that may not provide the rewards for least-cost
planning that we might expect. Any exploration of

The views expressed in this paper are those of the authors and do not necessarily reflect the positions of
the Public Utility Commission of Texas.
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pressures that a competitive firm does^ and are
provided with a set of incentives under the current
these issues would take us far afield but suffice it to
say: The current regulatory environment may not
provide the incentives for planners to follow the
dictates of IRP. That is, some options have just not
been viewed as realistic alternatives because they offer
no financial reward or are seen as being too risky. IRP
proponents seem to focus on two issues in particular.
One, for a given level of comfort, activities to more
efficiently use the marginal kWh may be cheaper than
generating that marginal kWh. For example, from a
societal perspective, it may be cheaper for a consumer
to install a more efficient air-conditioner or attic
insulation than to purchase an additional kWh which
requires the expansion of generation capacity. This is
the logic behind the notion of demand-side
management (DSM) as a resource option. It may be
cheaper to conserve a kWh than to buy one.4

Second, many argue that various supply-side
options yield costs and benefits external or uncaptured
by the participants in the transaction. Consider a
consumer and the utility who generates electricity with
a coal plant. The coal plant emits pollutants into the
air harming (or causing disutility to) individuals other
than the consumer of electricity. The price paid by the
consumer does not account for the harm done to those
who suffer from the pollution. The argument yields the
conclusion that, from a societal perspective, the true
cost of the power generated from the coal plant is
underestimated. If the harm imposed on individuals
other than the consumers of power were taken into
account the coal plant becomes a relatively less
attractive option. It is argued that the cost of these
external effects (externalities) must become part of the
resource cost (that is, become internalized).

Proponents of DSM and externality pricing claim
that if planners recognize conservation opportunities
and externalities the optimal resource plans we see
may be very different than those in the past. For
example, instead of a new plant, the utility may be able
to provide the same level of comfort to consumers by
promoting demand-side management programs. Or, if
externalities associated with the generation of power
with fossil fuel plants are accounted for, solar power
may become viable.

IRP is an elegant statement of intuition. However,
as pleasing theoretically as IRP is, things become very
complex in practice. In the remainder of this paper we
draw out some of the conceptual and empirical
problems associated with IRP by briefly presenting the
Electric Consumers Resource Council's (ELCON) .

positions on the topic as well as our responses to those
positions.

In a series of papers ELCON has commented on
various aspects of IRP.5 In particular they focus on
DSM programs and environmental externalities.
ELCON's general position on IRP is reflected by their
definition of the IRP process as:

. . . a utility's planning process that minimizes
its long-run revenue requirement necessary for
an adequate, reliable and efficient electric
supply at rates based on actual costs. The least-
cost plan should include cost-effective supply
and demand-side resources.

We do not disagree with this definition. However,
there are certain points worth mentioning. A more
detailed look at ELCON's philosophy is explored
below.

ELCON'S POSITIONS - AN OVERVIEW

In this section we provide a brief summary of the
major positions taken by ELCON along with our
comments.

1. The efficient use of all resources, including
energy, is viewed as prudent and environmentally
responsible.

2. Competition should be used on both the supply
and demand sides to obtain more efficient
electricity markets.

3. To create a "level playing field" for evaluating
cost-effective supply and demand-side options,
market barriers should be minimized:

a. On the supply side, increased competition in
bulk power markets should be encouraged.

b. On the demand side, price signals should be set
correctly and end-users should have access to
information on the costs and benefits of their
choices.

4. a. Both supply and demand-side resources should
be subject to prudence and "used and useful"
standards.

b. Costs of these resources should be expensed or
rate-based as appropriate.

c. Utilities should not be given financial incentives
to implement least-cost planning.
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5. Utilities should set cost-based rates which send
appropriate price signals. Utilities should offer a
full range of services including time-of-use and
interruptible tariffs.

6. Utilities should limit DSM program payments to
the avoided cost minus the bill savings.

7. Competitive bids may be used to acquire demand
reductions and conservation as well as supply
options.

8. Environmental costs should not be imposed by
regulatory agencies but by the relevant legislative
body.

a. Piecemeal attempts to price environmental
externalities may be inefficient.

b. Because there is an unlimited number of
externalities, both positive and negative, and
most cannot be quantified, it is not
unreasonable to assume net external costs are
zero.

c. Attempts to internalize selected negative
environmental externalities only in electric
utility resource planning will arbitrarily distort
the relative cost of utility-generated electricity
which may distort price signals in energy
markets.

A recurring theme throughout ELCON's position
papers is that increased competition (and
accompanying efficiencies) in all facets of the energy
industry will lead to optimal outcomes from a societal
perspective. In general we believe that increased
competition can be beneficial. In particular we agree
with ELCON's arguments that one, the efficient use of
resources is prudent and environmentally responsible,
and two, competition should be encouraged on both
the demand and supply sides to promote more efficient
electricity markets.

Consistent with their outlook is the argument that
market barriers need to be minimized to create a "level
playing field" for evaluating cost-effective supply and
demand options. Staff agrees that increased
competition in the bulk power markets should be
encouraged. On the demand side, price signals should
reflect society's valuation of resources and consumers
must have access to information which will lead to
information on the costs and benefits of their options.
ELCON's preoccupation with the value of competition
manifest itself in points five, seven and eight. In point

five ELCON claims that a full range of services are
more likely to send appropriate price signals then a
relatively blunt price aggregate. Point seven focuses
on the need for competitive bidding for all resources
within the IRP framework. ELCON voices justifiable
concern in point 8c that IRP will distort relative energy
prices if decisions are not guided by competitive
pressures. We are sympathetic to that very important
concern. Clearly, the imposition of externality costs
should extend beyond just the electric power
generation industry if efficiency in resource allocation
is a goal. Finally, these views are relatively
uncontroversial and serve as a useful underpinning to
the notion of IRP. We now turn to issues concerning
DSM programs and environmental externalities which
give rise to some disagreement between staff and
ELCON.

DEMAND-SIDE MANAGEMENT

In its paper on demand-side management ELCON
presented many good guiding principles for the
regulation of DSM programs and two positions which
are not in the public interest in our opinion. The first
of these is the statement that the cost of DSM
programs should not exceed the difference between the
avoided cost and the bill savings. The second is a
statement that the regulatory authority should not
provide financial incentives for DSM. Both positions,
if adhered to, would place unreasonable limits on the
manner in which DSM is considered in the IRP
process.

The position that utilities should limit DSM
program payments to the avoided cost minus the bill
savings is essentially the "nonparticipants test"
embodied in the standard cost-benefit analysis
methodology for DSM programs.^ This test, also
referred to as the rate impact measure, examines future
streams of marginal costs and the average costs of
electricity. Its limitations are well documented as a
measure of economic efficiency but it has a use as one
measure of equity. 7

Heavy reliance on the nonparticipant test is unduly
restrictive. During periods of excess capacity this test
would indicate that no conservation programs should
be pursued. During periods of capacity need
conservation would be beneficial but that's the time
when a power plant is needed most. It's too late for
conservation to make a significant impact. It is the
failing of these bulky capital investments which
provide the variabie marginal costs. A reasonable
approach to DSM requires an ongoing commitment to
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program analysis and implementation. If successful
DSM is to be part of a plan to defer expensive
generating capacity, then it must be pursued
consistently, not sporadically. All four perspectives of
the standard cost-benefit analysis should be weighed to
evaluate a DSM program.

Another concern of ELCON is the provision of
financial incentives. Here it may be a matter of
semantics. ELCON must concede that the purpose of
regulation is to act as a replacement for competition
and to provide utilities with an adequate return on their
investments. If an incentive for a fair return on equity
is not provided then regulation will fail because
utilities will undercapitalize. The puipose of providing
financial incentives for all resource options it to
provide a fair return on all investments. Under the
current regime, purchased power and DSM do not
receive a reasonable return. Utilities thus spend less
on these options than they should. Regulatory
commissions should examine the riskiness of all
resource options and reward utilities for each
alternative in an appropriate manner. The allowed rate
of return should reflect the aggregate risk of all
investments.

Financial incentives for DSM may cause rates to
rise as utilities pursue an underutilized resource more
fully. In the long term a balance among resources will
be achieved and rates will decline. Further, if public
policy dictates it, bonuses can be provided to particular
resource options. Section 39(b) of the PURA refers to
adjustment of the rate of return for achievements in the
conservation of resources. Application of this section
may be appropriate to reward excellence and penalize
inaction.

ENVIRONMENTAL EXTERNALITIES

The ELCON position on externalities provides 1) a
definition of externalities, 2) examples of externalities
3) the theoretical basis for attempts to internalize
external costs and benefits, 4) a discussion of recent
attempts to assign monetary values to externalities and
integrate these values into resource plans, and 5) a
discussion of the potential market distortions attendant
to the pricing of externalities. Finally, ELCON argues
that the pricing of externalities is a legislative as
opposed to a regulatory function.

It is clear that the attempts by regulatory bodies to
address the issue of environmental externalities is a
reality. States, including California and New York,
are assigning externality values to resource options and
the Commissioners in Texas have expressed an interest

in studies concerning these issues. This is evidenced
by the treatment of externalities in the recent Houston
Lighting &Power and TU Electric Company NOI's.
There is an unmistakable momentum building that will
see an increase in the attention and resources devoted
to valuing environmental externalities.

Economists have been developing a theoretical
framework for the study of externalities over the last
thirty years. However, environmental externalities
have only recently become a major consideration of
utility regulators. Staff does not doubt the theoretical
and empirical problems associated with these issues.
However, objections based on either do not lead to the
conclusion that it is unwise on either a theoretical or
empirical basis to attempt to value the externalities
associated with the generation of electricity in Texas.
While research in the area of valuing environmental
externalities associated with electricity generation is
nascent, staff believes only by continued work in this
area can improvements be made.

The following definition of externalities put forth
by ELCON is uncontroversial:

Externalities are costs and benefits of
production or consumption activities that are
not borne by producers or consumers.
Externalities are "external" costs and benefits
because they are external to the transaction and
therefore not reflected in the market prices of
goods and services.

ELCON argues that in practice, imposing the use
of selected negative externalities only in the electricity
sector of the economy will severely distort price
signals in retail and wholesale energy markets,
resulting in inefficient investment decisions and
consumption behavior. This may artificially raise the
costs of electricity and distort the process by which a
utility's capacity expansion options are evaluated with
no guarantee that environmental objectives are
achieved (p. 14).

ELCON's most important claim concerning
environmental externalities is that "if [attempts to
internalize any external costs] are to be made at all,
they are the responsibility of legislative, not regulatory
bodies." This conclusion is underpinned by two main
arguments. One, if the Federal Energy Regulatory
Commission or state Public Utility Commissions
attempt to impose the internalization of selected
externalities they essentially usuip legislative
prerogatives to make policy. And two, piecemeal
internalization of costs (the result of state PUC efforts)
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may not be efficient from a societal perspective. We
address each claim separately.

As to the usurpation of legislative power we would
respond by arguing that administrative agencies are
often-times required to inteipret the will of the
legislative body in question. Statutes are often
ambiguous and require interpretation by bureaucratic
agencies. Of course the legislature always has
recourse: They can make law. We believe ELCON's
objections have more to do with efficiency issues than
constitutional ones. We turn to these efficiency
arguments next.

ELCON suggests that states attempts to impose
environmental restrictions beyond those already
existing may fail to maximize welfare because as
economic theory suggests, welfare cannot be
maximized unless, at the margin, social costs equal
social benefits. Externalities may be
multijurisdictional. "State regulators cannot collect
compensation from entities outside their jurisdiction
which receive beneficial effects, nor can they
compensate entities outside their jurisdiction who are
victims of harmful effects." This inability of the
states to capture all aspects of behavior yields a
"residual". This "residual" results in a violation of the
marginal (social) cost = marginal (social) benefit
principle.

We would argue that the "theory of second best"8
suggests that piecemeal imposition of environmental
costs might reduce social welfare, however their
imposition might increase welfare as well. We just
don't know prior to empirical studies being done.

If external costs (and benefits) are
multijurisdictional it might suggest a multilateral
approach to the problem. We have already seen calls
for regional integration of regulatory activity to
address the problems we have discussed.

Finally, ELCON argues that because there are an
unlimited number of externalities, both positive and
negative, and most cannot be quantified, it is not
unreasonable to assume net external costs sre zero.
We contend that it is unreasonable to assume that the
net external costs are zero just as we do not assume
that "[ejven a crude approximation would be
preferable to valuing externalities at zero."9 We do
not accept either characterization of the problem and
believe the gaps in our knowledge require further
empirical efforts.

SUMMARY

Clearly we are heading into relatively uncharted
waters in the power generation industry. Demand and
supply options that, in the past, were not considered
will now receive hearings. Staff believes that
decisions must be guided by the fundamental principal:
Marginal (social) cost = Marginal (social) benefit. We
are in agreement with ELCON that increased
competitive pressures applied to all demand and
supply-side options is crucial to fulfilling the goals of
regulators, producers, and consumers, i.e, reliable
electric power delivered at least cost.

ELCON's position papers highlight the potential
benefits associated with IRP as well as attendant
difficulties. Staff has found many areas of agreement.
However, a fundamental disagreement does remain.
Staff contends that even without perfect knowledge of
DSM or environmental impacts, we can and should
move forward on both fronts.

There is an unmistakable momentum building that
will see the electric utility industry applying the
principles of integrated resource planning. Clearly the
process is in its infancy with major principles
continuing to evolve. Further research and discussion
involving producers, consumers, and regulators should
allow the establishment of principles which embody
increased competition and its attendant efficiencies in
resource use.

Or similarly, least-cost planning.
Alternative, in the sense of alternative to conventional fossil fuel
generation. Alternatives include cogeneration, power plant
efficiency, life extension, bulk power transactions, and renewable
resources such as solar and wind generation.
Although, we do see increasing competitive pressures on
investor-owned utilities from independent power producers as a
result of changes in PURPA and we may see more if PUHCA is
amended.
It is crucial to remember that we are talking about a given level
of comfort.
ELCON uses IRP and least-cost planning (LCP) interchangeably.
ELCON presented their views on DSM in Profiles in Electricity
Issues (number 14) December 1990, on IRP in Profiles in
Electricity Issues (number 15) April 1991, and environmental
externalities in Profiles in Electricity Issues (number 16) October
1991.
The "standard practice" for cost-benefit analysis of conservation
and load management programs was formalized by California
regulators in 1983. It has become the industry standard for the
analysis of demand management programs from various points of
view. See California Public Utilities Commission and California
Energy Commission, "Standard Practice for Cost-Benefit
Analysis of Conservation and Load Management Programs," San
Francisco, February 1983 and "Standard Practice Manual:
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Economic Analysis of Demand-Side Management Programs," page 560. Houston, Texas, June 17-19, 1986.
SanFransico, December 1987. 8 Nicholson, Walter. 1978. Microeconomic Theory: Basic
See for example the list of references provided with a paper given Principles and Extensions. (Holder., Illinois: Dryden Press),
at this conference six years ago: Treadway, Nat, "Electric Utility p.571.
Demand-Side Evaluation Methodologies," Proceedings of the 9 Ottinger, Richard L. 1990. "Getting at the True Cost of Electric
Eighth Annual Industrial Energy Technology Conference, Vol. II, Power" The Electricity Journal. 3:6. p. 15.
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ABSTRACT

Strategic rate design refers to the use of deliberate
pricing strategies that alter customer demand in order to
achieve certain strategic objectives. Often the objective is
to defer or eliminate the need for additional generation
capacity—and, to a lesser extent, transmission and
distribution capacity. In the same way that "a penny saved
is a penny earned," one can say that "demand reduced is
capacity acquired."

In some cases, the strategic objective may be something
other than reduction in peak demand, such as promoting the
economic development of a depressed region. In these
cases some increase in peak demand may be tolerated,
especially if the utility is already in an excess- capacity
situation.

Strategic rate design is also a tool to deal with the self-
generating customer. Over the past 14 years, tremendous
growth has occurred in cogeneration capacity in Texas. The
utilities use their rate tariffs strategically to influence the
growth of self-generation.

This paper will discuss several aspects of strategic
rate design to influence industrial energy sales
(measured in kilowatt-hours) and demand (measured in
kilowatts). The paper is divided into three parts. The
first part provides a general discussion of strategic rate
design. The second part describes some of the strategic
rates offered by utilities in Texas for industrial
customers. The third part considers how principles of
strategic rate design are applied by utilities in Texas in
their dealings with cogenerators.

GENERAL PRINCIPLES OF STRATEGIC RATE
DESIGN

Rate design has long been recognized as more of an
art than a science. Perhaps the major reason for this is
that rates are designed to meet a number of potentially
conflicting objectives. Among the commonly cited
objectives of sound rate design are the following:

• Revenue stability and predictability
• Stability and predictability of the rates themselves
• Promotion of efficiency of both production and

consumption of electricity
• Due consideration of social costs and benefits

("externalities")
• An equitable distribution of the cost of service

among the different rate classes
• Avoidance of undue discrimination
• Understandability and public acceptance

Satisfying all these objectives simultaneously is
usually impossible, which means that trade-offs have to
be made among them. Adding the use of strategic rate
design as a resource to this traditional list means that
additional compromises must be made.

In particular, many utilities have as a primary
objective the goal of setting rates that fully reflect costs.
Even within this constraint, alternative pricing
mechanisms are available to allow the utility to engage
in strategic rate design. For example, time-of-use rates,
demand ratchets, and the provision of interruptible
service are strategic rate design mechanisms that are
consistent with setting cost-based rates.

It should also be recognized that, if not voluntary,
strategic rate designs can be unpopular with customers.

The views expressed in this paper are those of the authors and do not necessarily reflect the positions of
the Public Utility Commission of Texas.
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For example, residential customers with seasonal rates
often interpret higher summer rates (for summer-
peaking utilities) as utility price gouging "just when I
need the electricity most."

Because of the ability of changes in price to affect
behavior, rate design is a potentially powerfully and
relatively inexpensive tool for influencing system load
characteristics in desirable ways, such as peak shaving
and load shifting. Peak shaving occurs when customers
reduce their electricity demand at the time of peak
overall system demand. Load shifting is a type of peak
shaving where the emphasis is on changing the timing
of customer demand so that demand is reduced during
peak periods but increased in other periods.

The successful use of strategic rate design can be
viewed as a resource alternative for the utility. As an
effort to affect end-user demand, strategic rate design is
a particular type of demand-side management (DSM)
program. DSM can be defined as any utility activity
that influences the magnitude and timing of customer
energy usage.

Once employed, it remains difficult to estimate the
impact of strategic pricing on energy sales and system
coincident peak demand. There are a number of
reasons for this difficulty. First, in many instances
utilities do not have sufficient load research capabilities
to estimate the impacts. Second, there is always a
potential "free rider" problem; that is, customers who
take advantage of a strategic rate without that rate
actually having had any impact on the customer's
energy consumption patterns. For example, a printing
facility for a mo'ning newspaper could take advantage
of pricing that is designed to encourage off-peak usage
without changing its total consumption in any way.
Measurement problems are compounded by the
influence of other factors that can change customer
behavior irrespective of any changes in price, such as
unusual weather, customer growth, or changes in area
economic conditions.

Probably the best way to measure the effects of
strategic rate design would be through the estimation of
own-price and cross-price demand elasticities. As yet it
appears that little work has been done in this area, at
least by utilities in Texas.

EXAMPLES OF STRATEGIC RATE DESIGN
FOR INDUSTRIAL CUSTOMERS

InterrupUhle
Jnterruptibie rates allow certain customers of the

utility to purchase electricity at a reduced rate in return
for an agreement from those customers that their service

may be interrupted by the utility when conditions
warrant. The customer benefits through a price
discount. In return for this discount the customer
receives a lower quality of service. Interruptible service
can provide a number of benefits to the utility. The
utility benefits by avoiding the need to provide capacity
that would be required under ordinary conditions to
meet the customer's load, assuming the customer would
have remained on the system in the absence of the
interruptible price discount. Alternatively, the utility
may benefit insofar as the interruptible price discount
serves as an incentive to the customer to remain on the
utility's system, instead of producing its own power.

Instantaneous interruptible is also used as a means
to maintain system frequency at an acceptable level.
Finally, under certain circumstances a portion of a
utility's instantaneous interruptible load may be counted
towards its spinning reserve requirements.

Most of the investor-owned utilities in Texas offer
one or more interruptible rates to industrial customers.
For example, Houston Lighting & Power (HL&P) offers
customers a choice of three interniptible options: IS-1,
IS-10, and IS-30. IS-I is service that is interniptible
instantaneously, without any notice. IS-10 and IS-30
allow the customer 10 and 30 minutes of interruption
notice, respectively. The shorter the interruption notice,
the greater the customer's discount.

Effectiveness of Interruptible Rales
Utilities in Texas estimate a combined reduction in

capacity requirements from interniptible rate programs
of 1,319 MW in 1991. This amount represents the total
projected interruptible loads forecasted by the utilities
to be available at the time of system peak. Implicit in
this projection is the assumption that interruptible load
would have been Finn load in the absence of the
interniptible rate. To the extent that the load would
have left the system entirely in the absence of the rate,
this estimate overstates the capacity savings that will
result from interruptible rate programs.

Ratchets
A ratchet demand clause is often applied in the

determination of billing demands for large rate classes.
A ratchet provision essentially serves to put a floor
under the maximum demand for billing purposes,
holding the billing demand to no less than the highest
demand recorded in some stated period or some
percentage thereof. In the United States, nearly every
utility has some type of ratchet on most large-use rate
schedules. The ratchets range from 30% to 100% and
are effective for periods as short as three months to as
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long as five years. For example, TU Electric's General
Service rate restricts monthly billing demand to be not
less than 80% of on-peak kW, 50% of contract kW, or
50% of annual kW. Contract kW is defined as the
maximum kW specified in the Company's Agreement
for Electric Service with the customer. Annual kW is
defined as the highest 15-minute kW recorded at the
point of delivery in the 12-month period ended with the
current month.

The use of ratchets is intended to serve several
functions. First, it provides a degree of revenue
stability to utilities by limiting fluctuations in billing
revenue that could be caused by large variations in a
customer's peak demand. Second, ratchets serve to
distribute revenue responsibility more equitably by
ensuring that customer's who contribute a certain
amount to the Utility's peak demand requirements are
billed a commensurate amount. Last, minimum
demand levels provide a price signal that encourages
customers to improve their annual load factor.

There are also disadvantages associated with the
application of ratchet clauses. While one of the
purposes of using a ratchet is to improve load factors,
these clauses could induce unnecessary consumption of
electricity during the customer's non-peak demand
periods. Also, charges of billing demands set by
ratchets could impose financial hardship on some
customers, especially those with low load factors.
Finally, it is difficult to determine a cost-basis for
setting ratchet levels, which means that given ratchet
levels may not be cost-justified.

Most of the investor owned utilities in Texas have
ratchets in their large-class rates. The ratchets range
from 60% to 95%, and the period used for the
determination of ratchet demands is usually one year.
Most of the utilities establish their ratchets based on
class load factors or class coincident factors, whichever
is available. For instance, a ratchet might be set either
equal to or higher than the class load factor. Some
utilities use class coincidence factors as a reference for
setting ratchets. The determination of a ratchet usually
results from a subjective assessment of (he class' load
characteristics.

In practice, utilities in Texas use a variety of
methods for setting ratchet levels. For example, HL&P
determines ratchet levels by comparing daily non-
coincident system peak demands (NCP) to the annual
system peak demand. TU Electric's 80% ratchet level
reflects the relationship that exists between the
coincidence factor and load factor for the class. As the
load factor of a customer increases, that customer's
coincidence factor also increases, causing a

corresponding increase in the NCP that the company
prefers to use in allocating demand-related costs to the
class. According to TU Electric, a coincidence factor of
approximately 80% corresponds to the normal range of
load factors for the class. Setting the on-peak minimum
at that 80% level results in demand cost recovery being
representative of class load characteristics, thus
minimizing intraclass subsidization.

Industrial Economic Development Rates
Economic development rates are discounts or

credits offered by utilities in the form of riders or
special contracts. A number of utilities in Texas offer
discounts in order to attract new industry to the state, to
expand existing business, to discourage customers from
switching to alternative fuel sources, to reduce excess
capacity, or to help create jobs in Texas*

The Public Utility Commission of Texas (PUCT)
has not set any formal guidelines for economic
development rates. In practice, the PUCT frequently
takes the position that, after the discount, the rate must
still recover the short-run marginal cost to produce the
electricity. Further, economic development rates are
not usually approved unless the utility has excess
capacity. Allocation of foregone revenue is handled on
a case-by-case basis; i.e., whether it is absorbed by
stockholders, ratepayers, or some combination of the
two.

The Gulf States Utilities Company (GSU)
Experimental Economic Development Service Rider
applies to general service and large industrial
customers, specifically those classified as
manufacturing, research and development, hi-tech work
centers, or prisons. The discount to the customer is tied
to the number of newly created full-time jobs attributed
to the rider. The more jobs created, the greater the
discount, which ranges from 15% to 60%.

The Houston Lighting and Power Company
(HL&P) Economic Redevelopment Service, which will
not be available after 1994, is available only for new or
added load, and is designed to produce a 20% discount
from a Large Overhead Service customer's total bill.
Targeted businesses include basic manufacturing
industries, regional warehousing, scientific and
industrial research, corporate relocations, governmental
projects, and facilities receiving county tax abatements.
As with GSU, the customer must demonstrate that the
discounts offered by the tariff influenced them to
increase their operations in the utility's service territory.

El Paso Electric Company (EPE) has a number of
experimental development riders. In designing levels
for their Economic Development Rate, EPE gathered
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information to estimate the total expenditure range of
medium- to large-sized expansion projects, including
heating costs and building or rental costs. Rates were
designed to take into account the total expenditures of a
business, including energy costs. The EPE Fixed Rate
Rider, designed for businesses adversely affected by
variations in rates, promotes economic development by
guaranteeing fixed rates for two years.

The Central Power and Light Company (CPL)
Experimental Economic Development Rate provides
incentives in the form of demand charge reductions
over a three-year period for large load additions.
Increased benefits are provided when new jobs are
created in the CPL service area and are associated with
the load additions Businesses eligible for service under
this rider are basic manufacturing, regional
warehousing, industrial research, coiporate relocations,
petroleum and chemical refineries, process and storage
industries, agricultural industries, and government.
Again, CPL's rider grants a greater discount if more
full-time positions are created.

In December, 1991, West Texas Utilities Company
(WTU) proposed an industrial economic development
rider designed to encourage business expansion and job
creation in communities served by WTU. WTU states
that the rider is needed to help reverse the economic
hardships suffered by the region during the oil bust of
the 1980s. Discounts are highest in year one, 40%, and
are reduced to 10% by the fourth year. WTU is
proposing that the rider be applicable only to new
facilities or expansions of facilities which have a
minimum electrical lead of 500 kW and an increase of
employment of at least 10 persons. Targeted to both
medium- and large-sized businesses, this rider is
modeled after other economic development rates
already approved by the Commission.

Effectiveness of the Economic Development Rates
Generally, it is difficult to gauge the effectiveness

of economic development rates (EDRs) in creating jobs
and promoting economic development. When
companies are asked whether they were influenced by
the rate, they naturally respond "yes" so that the utility
will keep the rate available, even if other factors were
more important in the company's decision to expand,
such as growth in demand for the company's product or
tax breaks from the city.

El Paso Electric's EDRs have been very effective,
according to the utility. Recently, three large industrial
companies (Phelps Dodge, ASARCO, and Border Steel)
have begun expansions of their existing businesses, and
others are talking about doing the same. According to

the utility, these expansions are the direct result of
EPE's Experimental Economic Recovery Rider.

HL&P currently has 28 customers on its Economic
Redevelopment Service rate. The company reports
being very pleased with the results of the rate.

GSU is also pleased with the results of its EDR.
While the utility has some reservations as to the
effectiveness of the rate due to industrial companies'
incentive to claim that the EDR was a deciding factor in
whether to relocate or expand in the GSU service area,
GSU believes that its EDR has been useful in attracting
new load to its service territory.

CPL currently has four customers on its EDR,
which together have created 520 jobs and a demand of
9.9 MW of electricity. These four customers are a gas
plant, a beef processing plant, a chemical company, and
a petroleum company. CPL is also trying to attract
prisons into their service area. The company reports
working closely with cities in their service area to
attract EDR projects.

Other Strategic Rate Designs
A number of other strategic rate design tools are

available to utilities. One is the use of special blocking
structures, in which rates vary among different kWh
consumption "blocks." Blocked rate staictures usually
provide only a crude approximation of cost variations.

Seasonally-differentiated rates are also widely
employed, with one season being identified as the on-
peak period. Reduced demand and/or energy charges
during the off-peak season are designed to reflect the
reduced costs of providing service as compared to the
on-peak period.

Time-of-day (TOD) rates send a more precise price
signal to consumers than seasonally-differentiated rates.
Electricity is priced at a premium during those specific
periods (such as summer afternoons) when providing
power is most costly. TOD rates are more effective at
achieving desirable changes in customer behavior than
seasonal rates. It is easier to put off running the
dishwasher to the evening than to next October.

TARIFFS FOR THE COGENERATOR IN TEXAS

A special subset of industrial customers, the self-
generating variety, impose particular requirements on
the utility. A utility may see the self-generating
customer as a load the utility should be serving, or as an
opportunity for sales in addition to what the customer
can provide for itself, or even as a capacity resource for
all of its customers. The tariffs offered the self-
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Table 1
1992 Estimates

Total End Use

Utility Total System Sales

Total Industrial End Use

Industrial Sales

Non-Utility Generation Used In-House

Purchases from Cogenerators

Utility Provided Standby

Notes: System Sales, Purchases from Cogenerators and Industrial Sales
from 1991 Load Forecast filings.
"Non-utility Generation" estimated using 60% availability factor.
Standby usage at 3.5% of contract capacity.
Sales are from 13 major utilities only.

generating customer provide insight to each utility's
planning process.

To place the self-generating industrial load in
perspective, tables 1 and 2 below show the size of the
market in Texas. Note that the industrial sector
consumes nearly 40% of all electric end-use, shown in
megawatt hours (MWH), and generates about 17% of
the total end use requirements. If all industrial
generation served only industrial load, shown in
megawatts (MW), then nearly half of that load would be
taken care of by the self-generating customers, or about
14% of the total peak capacity requirements.

The self-generating portion of the industrial sector
can be divided into two segments. One segment can
generate all of the electric power it needs for its
industrial processes. The customers in this group
typically make use of the local electric utility for office
and other non-industrial type needs, and for backup and
maintenance coverage of their own generation capacity.

The other segment sells electricity to utilities from
generating capacity in excess of internal needs. This
group of industrial generators developed primarily
during the 1980s as allowed by the Public Utility
Regulatory and Policies Act of 1978 (PURPA).
PURPA established a procedure to give Qualifying
Facility (QF) status to a cogenerator. It requires the
utility to purchase excess electricity the QF wishes to
sell. The Texas Public Utility Regulatory Act (PURA)
and PUCT Substantive Rule §23.66 establish the
arrangements between utilities and QFs for the purchase
by utilities of QF-produced electricity and the provision
by utilities of special tariff services to QFs.

MWH

263,033,097

241,538,685

103,883,448

82,389,036

21,494,412

25,130,000

551,880

Table 2
1992 Estimates

Total Peak Demand

Utility System Peak Demand

Total Industrial Demand

i , Industrial Demand from Utilities

Non-Utility Provided Capacity

Non-Utility Total Capacity

'.! Net Non-Utility Capacity

MW

51,809

48,742

14,808

11,741

2,947

7,037 •

4,090

Standby Contract Demand 1,800

Notes: "System Peak, Non-Utility Provided, Industrial Demand" from 1991
Load Forecast filings
"System Peak" here is sum of coincident peaks of 11 utilities.
"Industrial Demand" here is sum of 11 utilities' industrial sector
coincident peaks.
Totals include non-utility generation/load at 75%
capacity/coincidence factcr.

The utilities, in turn, have responded to the
development of industrial generation and PUCT rules
with three types of tariffs to address the special needs of
customers who also generate power. The study of these
tariffs provides an interesting perspective on planning
and designing rates for the industrial sector.

Standby Tariffs
The first type of tariff provides for standby services.

Standby services essentially deliver electric power to
the customer when its own generating capacity is out of
service. Serving a forced outage is called backup while
serving a planned outage is called maintenance. All
utilities are required by law to offer standby services
but the rate structures offered are anything but uniform.

Except for Pacific Gas and Electric, HL&P sells
more standby than anyone. HL&P is moving to a
design based on a probabilistic assessment of expected
load. The MW capacity of the largest customer
generating unit plus the expected value MW of the
remaining contracts yields the proportion of total
contract load that will be paid for by the class of
standby customers.

The backup service demand charge functions as a
reservation of capacity. The demand rates are
differentiated by demand level and voltage level. The
rate structure distinguishes three levels of demand
charges based on the relative size of the customer
contract. Since the larger size (MW) increases utility
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costs for backup service compared to the same M W
made up of several smaller-sized units, the larger-sized
contracts are charged at a higher rate.

The rate for the energy charge depends on time of
use and a liberal tilt of the capacity costs into the energy
charge provides the customer a reason to reduce outage
time. That is, the service is more of a "pay as you use
it" type than the standard industrial tariffs that bill the
ratchet id demand charge. The high rate per k Wh for
backup service energy encourages the customer to get
the failed generation equipment back on line quickly.

Maintenance service offers a low-per-kWh energy
charge with no additional capacity charge because the
maintenance is scheduled in advance, presumably
placing little or no peak capacity requirements on the
utility.

With the low rates for capacity reservation, low
charges for maintenance, and high energy charges for
backup service, the tariff serves as an incentive for
efficient operation of cogeneration facilities.

At the opposite end of the scale, TU Electric merely
places a clause in a couple of industrial tariffs stating
that they may also be used for standby services, if
needed. Because the demand charge is ratcheted, the
standby customer in effect prepays for the service. The
effect may be a disincentive to efficient operation of the
cogeneration facility.

Other utilities in Texas lie between HL&P and TU
Electric in the sophistication of standby rate design.

Supplementary service is delivered to the customer
who needs more than it can, or* wishes to, generate by
itself. Although supplementary service is a form of
standby service that a utility must offer, supplementary
demand tends to resemble a typical industrial load. It is
usually delivered under the terms and conditions of a
"normal," full-requirements industrial tariff.

Avoided Cost
The second type of tariff for the self-generating

customers presents the rates for energy and capacity
payments by the utility for the electricity it purchases
from the customer. The standard tariff applies to QFs
of 100 kW or less.

Non-firm energy (kWh) rates are based on hourly,
day-night, or on-peak-off-peak utility fuel costs plus
conversion, or energy costs. Non-firm capacity rates
are zero.

Every two years, the utilities file an avoided cost
calculation. Filings for major utilities are docketed
with the Commission. Out of these cases comes a
schedule showing the annual prices the utility must pay
for purchases of electricity compelled under PURPA.

If the utility needs additional capacity within the next
10 years, a schedule is also developed showing the
maximum price the utility could pay for avoiding the
addition of that planned capacity and energy. This
price is the ceiling used to start negotiations with
individual cogenerators for payment for use of their
capacity to serve the utility's system.

Firm payments are made by four utilities: HL&P
(956 MW), SPS (39 MW), TNP (300 MW), and TU
Electric (1,982 MW). The utilities negotiated with
cogenerators to arrive at a payment stream over the
term of the contract. Because of fuel diversification
efforts, the utilities were constructing solid-fuel
generating units at the time many of those contracts
were entered into. As a result, the avoided capacity
costs were high; and the capacity payments to the
cogenerators are high. New contracts entered into this
decade will likely reflect the lower capacity costs of the
natural-gas generating units the utilities now
contemplate building.

Load Retention
A third type of tariff sometimes offered has been

called an anti-cogeneration tariff, or a "cogen-kill" rate.
In this situation, the utility competes for the customer's
dollars by offering power at a price favorable enough
that the customer would rather continue buying from
the utility than install its own generation capacity. A
broader conception of this idea is load retention. As
noted earlier, the PUCT allows load retention rates if
some contribution to fixed cost above short-term
marginal cost is collected.

The GSU tariff SUS is a clear example of the load-
retention type of tariff aimed at potential cogeneration
drop-off. It is offered to customers using a minimum of
10,000 lbs steam/hour. It will be withdrawn when GSU
system reserve margin drops below 18% (not projected
to happen within the next 15 years). And, it is initially
priced just over GSU's short-run marginal cost. GSU,
at least, is pleased with the results: retaining four large
customers for now; and by discontinuing the tariff when
its reserve margin drops, reserving cogeneration
resources for use in the future.

New Developments in a Competitive Context
A new development in competitive relations with

the industrial-generation market occurred in the HL&P
Notice of Intent to apply for a Certificate of
Convenience and Necessity case, Docket No. 10473,
where the utility won the first round with an innovative
proposal.



The utility proposes to build, own and operate an
energy-efficient cogeneration facility and sell steam to a
DuPont plant. The concept represents a new
development in load retention, as the customer
continues electric service from the utility under its
standard industrial tariff. The bargain price it pays for
steam allows this to occur. The utility protects its
shareholder's interests by gaining a return on a facility
that might otherwise have been built by a third party.
Ratepayers pay lower fuel costs because the revenue
HL&P receives from the sale of steam will be applied to
its fuel account. It seems that co-production is a
winning proposition for everyone.

The proposal does place the PUCT in the awkward
position of de facto regulating steam sales. It also
means electric ratepayers are paying for non-electricity
producing equipment. The ratepayer is better off
paying for the steam-generation equipment and
receiving some benefits from the sale of the steam, but
may or may not appreciate the utility making the
decision as to which non-electrical investment to make
on their behalf.

More importantly, there may be some danger of
giving the utility a competitive advantage over private

developers in the cogeneration-installation market. This
may occur because the utility can sell the electricity at
the higher retail price while the cogenerator cannot.
The utility would raise more revenue from sales of
electricity from the same installation than would the
private developer.

These and other issues will be more closely
examined during the CCN-phase of the project. If my
analysis is correct and the proposal comes to fruition,
future cogeneration project developers may find stiffer
competition than they previously faced.

The industrial tariff, like any other electric utility
tariff, should return to the utility its costs of providing
service. The tariff also does more, however. Among
these additional effects, it provides price signals, affects
the timing of usage, and encourages or discourages
certain economic activities. In strategic rate design, the
idea is to lay out these added qualities on purpose—at
least be aware of them. The tariffs for the self-
generating customer illustrate this aspect of rates more
clearly than most non-industrial tariffs. Just like the
customers they are intended to serve, the industrial
tariffs are complex and sophisticated.
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INDUSTRIAL DEMAND-SIDE MANAGEMENT IN TEXAS

Danielle Jaussaud
Economic Analysis Section

Public Utility Commission of Texas
Austin, Texas

ABSTRACT

The industrial sector in Texas is highly energy
intensive and represents a large share of many utilities
electricity sales. Utilities may intervene to shape the load
of their customers through demand-side management
programs. In doing so, they can improve the efficiency
of their system. Historically, utilities in Texas have
offered industrial customers energy audits and other
technical assistance.1 Few incentive programs have
targeted industrial customers specifically. Other types of
programs, such as shared savings, request for proposals
and bidding have not been used. Overall, the demand-
side programs offered by Texas utilities to their industrial
customers are not structured to generate the energy and
demand savings needed to reduce utility loads and affect
future resource planning.

INTRODUCTION

The industrial sector is a highly energy-intensive
sector. Nationwide, it accounts for 35% of annual
electricity use.2 In Texas, the industrial sector
purchased 79,377,313 MWH, or about one third of
all electricity purchases from the generating utilities
in 1989.3 Industrial customers use energy for power,
lighting, and processes. In each of these activities,
the potential for energy savings exists.

Over time, the energy intensity of different
manufacturing industries varies. All industries
exhibit a trend toward higher energy efficiency as
technology improves. In some instances this trend is
moderated by new uses of energy which result in
improved productivity and/or higher product quality.

The pace at which these changes take place
normally depends on the economics of the new
technologies and on the pressures of competition.
When utilities intervene to speed up the adoption rate

of new, energy efficient technologies, they engage in
demand-side management.

Demand-side management programs may promote
efficient technologies and advocate efficient energy
practices. They may also provide incentives to
influence the shifting of customers' operations from
on-peak to off-peak periods. This paper reviews the
demand-side management activities of the major
generating utilities in Texas as they apply to the
industrial sector.

Utilities have different motivations to engage in
demand-side management and may offer either load
decreasing, load shifting, or load increasing
programs. The first two types of programs result in
lower consumption and/or lower peak demand, and
ultimately reduce the need to build new capacity.
Hence demand-side management can be used as a
resource option to be considered alongside more
traditional supply-side resources in a utility resource
plan. This paper will assess whether industrial
demand-side management programs in Texas can help
meet future demand growth and contribute to reduce
the need for capacity addition in the state.

ENERGY CONSUMPTION OF
MANUFACTURING INDUSTRIES IN TEXAS

In some service areas in Texas, industrial sales
account for close to 50% of total sales. Table I
shows the importance of industrial electricity sales by
utility.

For utilities that reiy heavily on industrial sales, it
is important to retain industrial customers on the grid.
If an industrial customer's energy costs increase, the

The views expressed in this paper are those of the authors and do not necessarily reflect the positions
of the Public Utility Commission of Texas.
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customer may be tempted to self-generate, or he may
lose his competitive edge. In both cases, the utility
loses a large source of revenues. Utilities have
responded by helping their industrial customers be
more energy efficient. Demand-side management
programs have been used as a way to provide
industrial customers the assistance needed to control
their energy costs.

TABLE 1

INDUSTRIAL DEMAND AND ENERGY USE IN
TEXAS, BY UTILITY

Utility

TU

GSU
HL&P

CPL
SWEPCO
SPS
WTU
EPE
TNP

Note

MW

2,82
J

665
4,22

A

4
548
466
802
126
118
224

MWas
%
of

system

16.00%

28.65%
34.58%

16.58%
28.41%
34.55%
11.36%
15.75%
21.50%

MWH

22,315,237

5,894,987
26,216,991

3,546,159
3,394,587
6,275,056

737,419
766,838

1,790,433
Numbers are for fiscal year 1990-91,

MWH
as %

of
system

27.00%

44.00%
44.00%

17.60%
41.55%
48.00%
14.26%
21.20%
35.70%
except for'

Sales as
%
of

revenues

18.54%

35.86%
34.15%

19.53%
36.92%
36.07%
16.70%
10.31%
20.27%

fUEC and
GSU's MWs which are for fiscal year 1988-89.

CONSERVATION OF RESOURCES OR SALES
PROMOTION?

Utilities may direct their demand-side
management programs so that they result in load
reductions (the effect of conservation programs), load
shifts (through programs that shift load from on-peak
to off-peak periods), and load increases (through
valley filling and load growth activities).

A utility that has a shortage of capacity may
benefit from using demand-side management to slow
down the rate of grcwth of elecricity demand while it
seeks to expand capacity. This utility will promote
load decreasing technologies and activities. In Texas,
many utilities have been faced with excess capacity
for several years, which has prompted them to use
demand-side management for sales promotion rather
than conservation.

Although sales promotion efforts continue, Texas
utilities are currently at a point where capacity
margins are shrinking, and plans are being made to
acquire new resources. It is therefore possible that
DSM programs will increasingly be used to promote
the conservation of resources as we approach the end
of the 1990's.

PROGRAM TYPES

Whether a demand-side program promotes new,
energy efficient technology or induces customers to
change the timing of their operations, incentives are
usually provided to move customers to action.
Diverse approaches have been used. Nationwide, in
the industrial program area, the most common
approaches have included technical audits or technical
assistance programs, informational programs,
financial incentives such as rebates and loans, shared
savings arrangements, request for proposals, and
bidding programs. In Texas, most of the generating
utilities provide industrial energy audits and
engineering assistance, and have informational
programs. A few utilities offer financial incentives to
industrial customers. Shared savings, request for
proposals and bidding programs are not currently
used.

TECHNOLOGICAL OPPORTUNITIES FOR
DEMAND-SIDE MANAGEMENT

New technologies may offer opportunities to
decrease load, shift load, or increase load, while at
the same time improving the energy efficiency and/or
the productivity of industrial operations.

High-efficiency motors that replace
conventionally wound electric motors, and adjustable
speed drives are promising load decreasing
technologies. Nationwide, motors account for
approximately 70% of manufacturing electricity
consumption.4 Savings of 3% to 10% are thought to
be obtainable through the introduction of high
efficiency motors, and additional potential savings of
up to 35% may be achieved through adjustable speed
drives.5

High-efficiency lighting is also considered an
important source of electricity savings in the
industrial sector. The potential savings from high-
frequency ballasts, efficient lamps such as high
intensity discharge (HID) lamps for outside
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applications, reflectors, sensors and controls have
been estimated at 35% of the existing industrial
lighting load.6

High-efficiency heating/ventilation and cooling
(HVAC) systems are a less important source of
electricity savings in the industrial sector than in the
commercial secior. It is estimated that HVAC
systems represent no more than .5 % of total
industrial load.7

Motors, lighting and HVAC systems are
commonly found at all industrial facilities. They can
be addressed by programs that target a technology, or
an end-use, such as a motor rebate program, or an
efficient lighting program. By contrast,
electrotechnologies are often industry specific and do
not lend themselves to this type of program. They
may be included in a flexible, multiple end-use
program, but they are more likely to be addressed as
part of a customized assistance program.

While some new electrotechnologies reduce
electricity consumption in industrial processes, many
do not. In some cases, consumption is shifted from
inefficient fossil fuel applications to more efficient
electricity applications. In other cases, new
electrotechnologies introduce new uses of electricity
and thus increase the energy intensity of an industrial
process. (An example is the paper industry where
mechanical processes are being introduced to
replaced chemical processes.) Thus, when a utility
promotes only electrotechnologies through demand-
side management, it often fulfills a load increasing
objective.

One technology, the industrial heat pump,
deserves special mention because it has applications
in many industries and most utilities considered in
this paper promote it. Heat pumps have an important
role where process heat is used. By recycling heat,
the heat pump reduces the need for gas fired boilers
and provides savings in the customer's total energy
bills. At the same time, the heat pump increases
electricity consumption and thus increases utility
sales.

This technology presents economic advantages in
several industries -- food, chemicals, paper and
petroleum ~ and its applications are expanding. But
in spite of these advantages, the industrial heat pump
is not well accepted. One reason is that heat pump
needs differ with each application, and technical
analyses are necessary before knowing whether a heat

pump opportunity really exists. By providing
technical assistance, utilities can facilitate a wider
acceptance of industrial heat pumps, while at the
same time increasing their sales.

DEMAND-SIDE PROGRAMS BY UTILITY IN
TEXAS

The programs of nine investor-owned generating
utilities are reviewed in the following sections. The
utilities are referred to by their acronym, as listed
below:

TU Texas Utilities Electric Company
HL&P Houston Lighting & Power Company
GSU: Gulf States Utilities Company
CPL Central Power and Light Company
SWEPCO Southwestern Electric Power Company
SPS Southwestern Public Service Company
WTU West Texas Utilities Company
EPE El Paso Electric Company
TNP Texas-New Mexico Power Company.

1 - ENERGY AUDITS
All Texas generating utilities considered in this

paper offer free energy audits and/or technical
assistance to their industrial customers. Energy
audits are used to identify areas where energy
efficiency improvements may be obtained. There are
different types of energy audits. A walk-through
audit usually provides recommendations on the basis
of a visual inspection of the facilities and an interview
with the plant energy manager. It does not include
detailed engineering assessments. Crude estimates of
the costs and savings of the recommended measures
are usually provided. Computerized audits include
more detailed analyses based on information collected
on site. A few utilities provide additional engineering
analysis to the customer if a follow-up is requested
after the original walk-through audit is conducted.
Also provided is a bill analysis. EPE includes a
break-down of energy consumption by end-use or by
type of equipment. EPE, SWEPCO, SPS, and TU
provide two levels of Industrial Audits: walk-through
and detailed. GSU and HL&P do not have an energy
audit program per se but offer on-going technical
assistance to their industrial customers through their
customer service department.
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An audit report is usually issued to the customer
with recommendations on energy saving practices and
measures. Follow-up services may be more or less
extensive. They may include assistance in installing
the recommended measures. EPE, WTU, TUEC, and
SPS follow-up with visits by a utility representative to
verify the implementation of the recommendations
and measure the savings achieved.

An initial audit may be a way for a utility to
introduce and market its other demand-side
management programs. TU, for example, educates
the customer about its rate structure, load shifting
opportunities, and incentive programs as part of an
audit visit. EPE has started informing customers
about its load shifting rates during an audit.

Other information routinely provided includes
technical documentation on energy efficient
technology. Utilities that are members of the Electric
Power Research Institute (EPRI) distribute EPRI's
technical briefs to keep customers updated on the
newest developments in electrotechnologies.

Utilities that have large excess capacity tend to
promote electrotechnologies that can replace fossil
fiiel equipment or introduce new uses of electricity in
industrial processes. CPL's Efficient
Electrotechnologies Program, for example, offers
engineering assistance in analyzing the benefits to the
customer of new electric equipment applicable to
industrial processes.

The electricity consumption and demand impacts
of industrial audit programs vary. SWEPCO, GSU,
HL&P and TNP consider their audit programs or
technical assistance to be purely informational and do
not monitor the impacts. CPL emphasizes
electrification over conservation and reports increases
in consumption as a result of its program. TU
provides recommendations both on load decreasing
and load increasing measures and reports both
savings and load increases.

Table 2 summarizes the activities of the nine
utilities that were analyzed for this presentation. The
programs reported in Table 2 are listed below.

TUEC
HL&P
HL&P
GSU

Technical Services Program.
Business Audit Program.

technical assistance on request.
technical assistance on request.

CPL Better Thermal Utilization Program.
SWEPCO C&I Walk-Through Energy Audit
SWEPCO HVAC Design for Commercial/Industrial

Applications
SWEPCO Industrial Assistance Program
SWEPCO Lighting Design Assistance for

Commercial/Industrial Applications.
SPS Industrial Energy Audits Program.
WTU Industrial Energy Audits Program.
EPE Commercial & Industrial Audit Program.
TNP technical assistance on request.

It is difficult to make a general statement about
the industrial audit programs offered by Texas
utilities because of the disparity in data reporting.
While some utilities do not record participation
and/or program impact, others lump together
commercial and industrial customers. Overall, audit
programs in Texas are customer service oriented and
do not seek to achieve important load reductions.
About one-half of the utilities have load increasing
activities as well as, or instead of, load decreasing
activities. Finally, participation in energy audit
programs provided by utilities in Texas has been low,
and the impacts very small compared to total
industrial demand and energy consumption.

2 - END-USE INCENTIVE PROGRAMS
Historically, most utilities in Texas have offered

industrial customers energy audits, but have not
provided them with incentive programs to further
encourage the adoption of efficient measures and
equipment.

Several utilities offer night lighting programs
open to all classes. These programs have had a load
building objective.

For a short period (1989-1990), HL&P offered an
Industrial Motor program, also with a load building
objective. The program promoted efficient electric
motors to replace non-electric drives and was
cancelled by order of the Public Utility Commission
in Docket No. 8425.

TU had three incentive end-use programs open to
commercial and industrial customers between 1982
and 1991. They were: a lighting program, a heat
pump program for the new construction market, and
a HVAC program for existing buildings. In these
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TABLE 2

INDUSTRIAL ENERGY AUDIT PROGRAMS
IN TEXAS.BY UTILITY

Utility

TU
GSU
HL&P
HL&P
CPL
CPL
SWEPCO
SWEPCO
SWEPCO
SWEPCO
SPS
WTU
EPE
TNP

(I)
Program

Type

WT/DET
TECH ASST
WT
TECH ASST
WT/DET
TECH ASST
WT/DET
DET
DET
DET
WT/DET
WT
WT/DET
TECH ASST

(2)
Start/End

Date

on-going
on-going
1984-87
1987-

1988-91
1991-
1975-
1975-
1975-
1980-
1991-
1984-
1988-

on-going

(3)
LI/LD

LD/LI
LD/LI

LD
LD/LI

LI
LI

LD/LI
LD/LI
LD/LI

LD
LD

LD/LI
LD
NA

(4)
savings

monitored

Y
N
Y
N
Y
Y
N
N
N
N
Y
Y
Y
N

(5)
Nber

Eligible

22,169
6,360

162,000
1,821
6,884
6,884

23,386
23,386

5,687
23,386
10,589
7,560
3,800

All cust.

(6)
Nber

(7) (8) (9) (10)
Cum. Peak Cum. MWH Cum. Peak Cum. MM

Participants MW Saved

51
-

1757
-

NA
25

300/yr
250/yr
200/yr
200/yr

.
72

400

12.38
-

28.81

3.57
1.43

Saved

256
-

150,154

23,915
8,689

_

MW incr.

24

0
1.76

_

lncreas

NA
-
-
-
0

10,168

-

KEY:

(1) WT is a walk-through audit, DET is a detailed audit, TECH ASST is indicated when no formal audit program is in place

but some technical assistance is provided.

(2) on-going: specific dates have not been provided.

(3) LD- the audit provide recommendations on load decreasing measures and equipment.

LI: the audit provides recommendations on load increasing equipment.

(5) Eligible customers may include industrial customers only or commercial and industrial customers (HL&P, SWEPCO, EPE).

(6) The number of participants is for the life of the program, except for TUEC (1991 only), and SWEPCO (annual).

(7)-(10) The program impacts are cumulative, except for TUEC (1991 only).

programs, efficient technologies were prescribed, and
cash incentives were determined for each technology.
For example, an incentive of $1.00 may have been
paid to the participant for the installation of an
efficient 34-watt fluorescent tube replacing a standard
40-watt fluorescent tube.

TU is now taking a new approach. Instead of
limiting the choice of end-uses within a program,
customer flexibility has been introduced. Incentive
payments are no longer linked to the measure, but to
the savings achieved. This approach is put in
practice through two new programs:

1) the On-Peak Efficiency Improvement Cash
Incentive Program provides a cash incentive of up to
$50 per KW saved for installations that result in

permanent peak KW demand reductions. Measures
which qualify for the incentive include: HVAC
equipment, chillers, efficient motors, lighting
efficiency, thermal integrity measures. Other
applications, including industrial end-use applications,
are eligible if approved by TU personnel;

2) the On-Peak Load Shift Cash Incentive
Program provides a cash incentive of $100 per KW
shifted to offset expenditures by customers who,
through the purchase of capital equipment, are able to
move electricity usage from the peak time period to
the off-peak hours (8 p.m.-noon, weekdays, June-
September). In both programs, TU field
representatives are available to assist the. customer.

102



Following TU, HL&P is now proposing an
identical program with cash incentives of $50 per KW
saved, and $100 per KW shifted to the off-peak
period. HL&P's Industrial Efficiency Improvement
Program would apply to industrial customers only.
In addition to the cash incentives, the program would
provide information to assist the customer in
identifying energy efficient technologies, and an
energy audit.

This new approach includes several strong
elements: customer flexibility in the choice of
measures; comprehensiveness; financial incentives to
motivate participation; and customer assistance. The
programs do not have enough history to assess the
customer response at this point (TU's programs
started in 1991; HL&P's program is scheduled for a
1992 implementation date). It remains to be seen
whether the cash incentives offered are sufficient to
attract participation. A rebate of $50 per KW saved
may be too low. Considering that the utilities'
avoided costs are around $650 per KW, a large
margin exists that should allow for a higher
compensation for KW saved through energy
efficiency.8

Most utilities in Texas do not have incentive
programs to promote the adoption of energy efficient
measures. Two utilities that provide cash incentives
for the installation of energy efficiency measures may
not be offering sufficient payment per KW saved to
attract substantial participation. Thus, industrial
incentive programs cannot be expected to contribute
significantly to demand-side management energy
savings.

SHARED SAVINGS, REQUEST FOR
PROPOSALS AND BIDDING PROGRAMS

A shared savings program is an arrangement
between the utility and a customer or third party,
whereby the customer or third party takes the
responsibility to install energy conservation measures
and receives in payment a share of the dollar savings
obtained through the installed measures. Request For
Proposals (RFP) programs allow customers to submit
specific conservation projects to utilities for funding.
Bidding programs are similar. They differ from
RFP's in that with RFP programs, the utility
prescribes the installations that can or cannot be
proposed, whereas bidding programs allow for more

flexibility in the choice of energy efficient
installations.

Utilities in Texas do not provide these types of
programs at this point in time. Utilities in other parts
of the country have experimented with them, in some
cases extensively.9 The advantage of these programs
is that they are well suited for large customers with
engineering expertise such as those found in the
industrial sector. They also require a high level of
commitment on the part of the customer or third party
responsible for providing the savings. These types of
programs tend to involve large projects which result
in high savings per customer. There is at the present
time sufficient experience with these types of
programs at utilities in other states, and it may be
time for utilities in Texas to learn from these
experiences and tap into the potentially large sources
of demand and energy savings offered by these
programs.

CONCLUSION

The industrial sector in Texas, because it is
highly electricity intensive, presents a high potential
for demand and electric energy savings through
demand-side management. However, most utilities
have limited demand-side management activities
targeting industrial customers. When they provide
industrial audits or technical assistance, it is as a
customer service, rather than as a way to tap into
these potential savings.

Energy audits and other technical assistance
programs offered by Texas utilities often have load
increasing objectives. Effective audit programs must
be backed by strong management commitment to
demand-side management as a resource option rather
than a marketing tool. They must be supported by
follow-up activities and complemented by programs
that facilitate the adoption of the measures and
equipment recommended in the audits. Finally, they
must secure high participation through adequate
marketing activities.

Shared savings, request for proposal and bidding
programs are types of programs that are not being
used in Texas. These programs may be the key to
significantly increase electric energy and demand
savings obtainable in the industrial sector. Utilities
should consider implementing such programs in
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Texas, taking advantage of the experience acquired
by other utilities around the country.

1 The program information used in this paper was obtained from
the December 1991 Energy Efficiency Plans filed with the
Public Utility Commission by nine large, investor-owned
generating utilities in Texas.

2 Energy Information Administration, 1989, Annual Energy
Review 1988 (Washington, D.C.: U.S. Government Printing
Office), p. 13.

3 Public Utility Commission of Texas, March 1991, Long Term
Electric Peak Demand And Capacity Resource Forecast For
Texas, 1990, Volume H, page 1.7.

4 Source: Electric Power Research Institute, Impact of Demand-
side Management on Future Customer Electricity Demand: An
Update, September 1990.

Source: see note # 4. The range of savings attributable to high-
efficiency motors varies with different sources. A study
conducted by SRI International for HL&P puts the potential
savings at 2% to 6%, while other studies predict a higher range
of potential savings.

Source: See note #4, p. C-6.

Source: See note #4, pp. C-3 and C-6

Source: Public Utility Commission of Texas, A Summary of
Utility Load Forecasts and Resource Plans for Texas, February
1992, pp. 17 and 19.

See for example Northeast Utilities' Customer Initiated
Program, or Central Maine Power's Efficiency Buy-Ba.k
Program and Power Partners Program.
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MICROWAVES AND CHEMISTRY : THE CATALYSIS OF AN EXCITING MARRIAGE

JEFF WAN, PROFESSOR OF CHEMISTRY, QUEEN'S UNIVERSITY, KINGSTON, CANADA

ABSTRACT

The potential of microwave power as a tool to
facilitate chemical reactions has not whetted the
chemist's appetite in the past and the phenomenon and
uses of microwaves have remained in the corner of
spectroscopists and engineers for a long time.

The possibility of microwave initiating chemical
changes has nevertheless excited our imagination for the
past ten years. We will present the original development
of the concept of microwave catalysis/sensitization in
chemistry and the coming of age of the techniques as an
enabling technology in the industrial world. A number
of demonstrated applications ranging from hydrocarbon
oxidations to environmental technology will be
illustrated.

BACKGROUND

The concept of using microwaves as an energy
source for chemical reactions has only recently been
appreciated. Part of the reason for this has been the bias
of chemists, raised on the principles of quantum
mechanics, who concluded that the energy provided by
microwave radiation was too low to cause bond breaking
or electron transfer reactions. In the past ten years we
have adapted a microwave catalysis/sensitization
technique to overcome these problems.

The simple fact that most organic chemicals do
not absorb microwaves in the S band had guided us to
the idea of using a "sensitizer", i.e., a suitable material
which strongly absorb the microwave radiation and
subsequently transfers the energy required to initiate the
chemical reactions to the desired substrate. A further
advantage of this concept follows when some very
suitable materials, such as amorphous paramagnetic
metal particles supported by a non-absorbing medium,
can serve the dual purposes as a "chemical catalysts" as
well as an "energy converter". This concept leads to the
development of a technique which we call "microwave
catalysis". The rapid transient heating of the amorphous
metal surfaces by high power pulsed microwaves is
probably due to the enhanced scattering of charged

particles such as electrons. By using a proper
microwave pulse train, it is further possible to control
the much desired chemical selectivity in the products
formed. In an ideal situation, one would have an instant,
transient high temperature to provide the energy for
chemical activation and immediately after the primary
reaction (which usually is less than a microsecond) the
temperature is cooled off below the activation barrier to
minimize any secondary reactions leading to undesirable
products. The actual rates of temperature increase and
decrease depend on several factors, including the nature
and configuration of the metal surfaces, the peak power
and the duration of the microwave pulses, and the
thermal conductivity of the catalyst. For each chemicaL
sysiem there exists a unique activation energy barrier for
the forward reaction to proceed. A corresponding
activation temperature also exists for a particular set of
reaction conditions. The microwave pulses supply the
required energy for the catalyst surface to reach the
activation temperature rapidly. During the off cycle
between each pulse, the surface and the support medium
would conduct the excess heat away from the "hot" spots
and thus reduce the "dark" temperature which in turn
minimize the secondary reactions.

EXPERIMENTAL DEVELOPMENT

An older version of our millisecond pulse
microwave waveguide reactor system with an average
power of 3 kW has been described in literature [1]. The
current model of our system incorporated more precise
power monitoring devices, as well as a number of
improved reactor designs. Our theory suggests that the
modification of the microwave system upgrading it to
microsecond pulse width and megawatt peak power level
should improve the chemical selectivity and efficiency.
Still, the basic system provided remarkable success in
demonstrating the concept of our technology, including
our first major success in cracking methane to ethylene
and hydrogen [1,2], the destruction of chlorinated
hydrocarbons [3,4], the hydrodcsulfurization of
hydrocrackcd pitch [5], and the microwave treatment of
some Alberta oil sands and bitumens in heavy oil
recovery.
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Currently our effort is focused on two fronts. The
first one is to search/discover new catalysts and
composite material which may work better with
microwaves than the conventional styles of supported
metal catalysts, or metal wires. Of equal importance is
the development of a "super" catalyst which would
enhance the chemical reactivity as well as selectivity.
Some preliminary results recently obtained in our
laboratory show some encouragement that we are on the
right track.

The second front is the continuing exploration of
new and novel chemical reactions which can benefit from
using our technology. We present here brief illustration
of a few current microwave catalysis systems which
involve the recognition of two significant facts: the use
of water as an effective and efficient reaclant; and the
potential of microwave catalysis in chemical reduction of
air pollutants, such as sulphur dioxide, nitrogen oxides
and carbon dioxide to produce environmentally safe and
desirable products.

MICROWAVE INDUCED CATALYTIC REACTIONS
OF CARBON DIOXIDE AND WATER: A MIMICRY
OF PHOTOSYNTHESIS

In an attempt to emulate the highly successful,
abiet less energy efficient, photosynthetic recycling of
carbon dioxide to produce useful fuels in nature, we have
carried out a series of' microwave induced calalysis
experiments with carbon dioxide and water in a
continuous flow system using a supported nickel catalyst
and pulse microwave radiation.

The major reaction products were methane,
methanol, acetone, C3 and C, alcohols. In the absence of
water, no organic products were detected. As well, no
products were detected with CO2 and water when
irradiated in the absence of the nickel catalyst. A typical
product distribution analysis performed after 29 seconds
of microwave irradiation in a flow system is given in the
following Table:

Table I. Product distribution of microwave catalysis of
carbon dioxide and water.

Product

Methane
Methanol
Acetone
C3 alcohols
C. alcohols

Relative % yield

55.1
5.5
4.7
5.8

28.4

0.5

2
C 0.3

.2 0.2 -

-

-

• Methanol
O Acetone

0 10 20 30 40
Irradiation Time (s)

Fig. 1 Relative yields of methanol and acetone vs lime

We expect that methanol would be a direct oxidized
product of methane which is the largest, primary
product. Acetone would probably be the oxidized
product of the C3 alcohols. The dependence of methanol
and acetone yields upon time is shown in Fig. 1. After a
brief induction period of about 10 s, the production of
both methanol and acetone increased with time. The
presence of an induction period indicates that a reaction
steady state has to be reached on the catalyst surfaces
before these secondary products can be observed in the
flow. While we can understand that methane is the
primary major organic product, we do not have a good
accounting why the CA alcohols are selectively produced
in large yields. Nevertheless, these higher alkyl alcohols
are valuable organic compounds and they offer better
fuel values than methanol.

As a comparison the conventional heating method
in the syngas (CO + H2) conversion to organic
substances produced similar products but vastly different
distributions under different catalytic and experimental
conditions. [6]. Needless to say that the starting material
in our experiment, CO, and water is much cheaper than
that of the syngas. At this time we unu^rstand that a
coordinating effort by the Alberta Oil Sands Technology
Research Authority in Canada has been initialed to
design plants to capture large volumes of CO, from
power plants in western Canada. Such a design could
provide the front-end supply of CO, for our processes
and the accompanying benefits to the environment can
not be overstated.

We do believe that we would never be able to
mimic the living system in the biochemical synthesis of
carbohydrates. However, we have accomplished the
transformation of inorganic material to organic
substances of high value in this process by imitating
nature's way of recycling.
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MICROWAVE INDUCED CATALYTIC OXIDATION
OF HYDROCARBONS BY WATER

Direct oxidation of both aliphatic and aromatic
hydrocarbons has been widely studied for decades due to
the impetus of the chemical flexibility of the oxygenated
products as well as the relative abundance and low costs
of the hydrocarbon precursors. However, conventional
oxidation methods (especially with methane as substrate)
still suffer, in general, from poor conversion yields, lack
of product selectivity, and the requirements of the use of
toxic, corrosive and expensive oxidants [7]. We have
applied our microwave catalytic technology to the
oxidation of methane by using water as the oxidant and
obtained good conversion yields [8]. We are able to
established water as a desirable, cheap, environmentally
friendly, and effective source of oxygen in the
microwave catalysis.

The product selectivity is strongly dependent upon
the type of microwave catalysts employed. We should
emphasize that water as a reactant is in the adsorbed
state on the catalyst's surfaces. Indeed, both the
hydrocarbon and water are adsorbed on the surfaces and
the primary reaction of the oxidation takes place on the
surfaces at a transient high temperature induced by
microwave pulses. The product selectivity in this case is
not only influenced by the temperature effects on
secondary reactions but also mainly by the chemical
catalytic functions of the surfaces. For this reason, it is
important to realize that the methods of introducing and
maintaining the concentrations of adsorbed water on the
surfaces effectively control the efficiency and the
selectivity of the oxidation products. This is equally true
for the conditions of the microwave catalytic reaction of
CO2 with water, illustrated above. In that particular
reaction system, we believe that most of the alcohol and
other oxygenated organic products are formed via
secondary microwave catalytic reactions of methane
(and/or other lower hydrocarbons initially formed) with
excess adsorbed water.

A number of common hydrocarbons have been
used as feedstock in a series of microwave catalytic
oxidation experiments. Some typical results are
briefly summarized in Table II. Good selectivity was
noted for the oxidation of propylene and its conversion
yield was substantially high, even in single pass flow
experiments. Hydrocarbons such as hexane and
cyclohexane are also oxidized readily by microwave
catalysis with water but with a much lower overall
conversion yield. However, addition of less than

Table II. A summary of typical results in the microwave
catalysis of some hydrocarbons by water.

Substrate Catalyst Products

Propane

Propylene

n-Hexane

Cyclohexane

Ni

Ni

CuO

v,os

Methanol, propanol,
butanol

Propanol, acetone,
propylene oxide

Hexanones, propanol

Cyclohexanol,
cyclohaxanone

3 % hydrogen peroxide to the water feed greatly increase
the overall conversion yields.

The chemical mechanisms of these reactions are
not at all understood. In view of the current elegant
development of supercritical water research, we are
encouraged that the whole range of chemical reactivity of
water, in whatever states, may one day be better
understood.

In the mean time, the commercial potential of this
technology should be explored.

SOME ENVIRONMENTAL APPLICATIONS OF
MICROWAVE INDUCED CATALYSIS: REDUCTION
OF SO, AND NOX AND DEHALOGENATION OF
CHLOROHYDROCARBONS

In recent years we have been directing a major
part of our efforts to the development of some "green
technology" based upon our original concept of
microwave induced catalysis. For example, the existing
technology for the removal of SO2 from air is based
upon chemical oxidation which down stream would
create many problems due to the acidic products. Our
approach to the removal of these acidic gaseous
pollutants from air is directly opposite to the oxidation
method: we apply the microwave catalytic technique to
chemically reduce the acidic gases to their elements.
Thus, the reduction of SOj will produce sulphur and
oxygen; NOX to nitrogen and oxygen (clean air.'). One
of the major reason why chemically reduction of these
gases has not been common is the endothermicity and
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the slow chemical reaction rates.
The simplest method of reducing SO2, for

instance, is to break up the molecules. In our
technology the acidic gases are adsorbed on the metallic
surfaces which probably lowers the activation energy of
the initial bond-breaking steps:

SO, (adsorbed)/metal = S (adsorbed) + O, [1]

While the product oxygen will desorbed from the
surfaces at the transient high temperature induced by
microwave pulses, the elemental sulphur is likely to react
further with the active amorphous metal to form the
more stable metal sulphide. The overall thermodynamics
of the whole "surface" process may indeed be less
endothermic and more efficient than the decomposition
of the molecule in the gaseous phase. Indeed, a
chemical analysis of the catalytic surfaces containing
nickel in the microwave catalytic reduction of SO,
confirmed that most of the product sulphur is in the form
of NiSx. We have, however, demonstrated that the
process removed better than 99% of SO2 in air samples
containing a range between 5 to 90% of SO, [9].

The problems of the formation of metal sulphides
on the catalytic surfaces are not as critical as one might
anticipate. Metal sulphides themselves are fairly good
microwave catalysts, and, if recovered, are more
valuable than the elemental metal alone.

Similarly, we have demonstrated that the
microwave induced catalytic reduction of NOX leads to
the most desirable products, nitrogen and oxygen :

NOX (adsorbed)/metal = (x/2) O2 12].

We have also demonstrated that the metal catalysts do
serve the dual functions of enhancing the chemical
reactivity and converting the microwave energy to
chemical energy. For example, using a supported Cu
catalyst, NO, is effectively reduced but not SO2. On the
other hand, a supported Ni catalyst can reduce both
acidic gases efficiently. This fact provides us with
interesting thoughts on the design of a multiple and
cascading microwave catalysis systems for selective
removal/reduction of pollutants at different stages.
It is our intention to develop such a cascade system for
the a coordinated green process to remove CO2, SO,,
NOX, and some aromatic hydrocarbon contaminants in
air.

The ideas of decomposing NO, have also been
explored recently by a number of laboratories using

various photocatalysis techniques [10]. These
independent photocatalytic studies will certainly bring
cross fertilization to the fields of microwave catalysis.

Since the early work on the microwave catalytic
decomposition of aromatic chlorinated hydrocarbons [3],
we have carried out a more definitive series of study
using various model organic halides to obtain a better
understanding of the chemical mechanisms involved [4].
With alkyl halides, our study showed that the microwave
catalytic decomposition is 100% efficient. Using the
electron spin resonance spectroscopic detection we are
able to establish the primary step of the reaction as the
bond-breaking reaction:

RC1 (adsorbed)/metal = R + Cl (adsorbed) [3]

The organic free radical R spontaneously undergoes
further reactions to form a number of organic products.
The Cl atoms adsorbed on the surfaces react readily with
metal to form metal chloride, a harmless and more stable
product than chlorine or HCI. Analogous to the
decomposition of SO, by microwave catalysis, the
overall endothermicity is much lowered on the surfaces
and the stable metal chloride product can be readily
recovered simply by washing the catalysts with water.
We have further shown that the presence of traces or
small amount of water in the catalysts does not inhibit
the decomposition. Rather, it is more beneficial and the
oxygenated organic products are produced.

It is worthwhile to note that again in current
research on supercritical water, PCB was found to
decompose, oxidize readily in a solution of supercritical
water.

CONCLUDING REMARKS

In our opinion this is not the time to make
conclusions. Rather, this is the time to look forward to
the coming of age of the microwave catalysis as an
enabling technology. We are certain that we have not
yet discovered all the possibilities and potentials of
microwave catalysis applications; nor have we made all
the right mistakes. Our immediate goals are to
understand better the basic mechanisms of the technology
so that we can develop better microwave catalysts for
better catalysis.

We have provided the catalysis for an exciting
marriage between microwaves and chemistry. We shall
look forward to their many happy and profitable returns.
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IMPULSE DRYING OF PAPER: A REVIEW OF RECENT RESEARCH
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ABSTRACT

Impulse drying is a new process for drying paper
that holds great promise for reducing the energy
consumed during the manufacture of paper and similar
web products [1-4].

About half of the paper manufactured in the U.S.is
comprised of heavyweight grades. Early attempts to
commercialize impulse drying for these grades were
complicated by the occurrence of sheet delamination
[4-6]. Research at the Institute of Paper Science
and Technology (IPST) has demonstrated that ceramic
coated press rolls have the potential for
controlling heat transfer to the wet sheet, thereby
allowing delamination-free impulse drying [7-16] .

Recent pilot dryer experiments demonstrate that
heavyweight grades can be impulse dryed to 60%
solids in a 40 millisecond nip, resulting in a 300
kwh per ton energy savings over conventional drying
[13-16] . With full implementation, at least
6,000,000 barrels of imported oil could be saved
each year. These studies also confirm a 25%
improvement to critical paper physical properties
which will allow energy saving fiber substitution
strategies.

This paper reviews many of the key research findings
that form the basis for plans to commercialize this
important new technology.

BACKGROUND

In conventional drying, a series of steam heated
cans raises the temperature of the sheet and removes
water by evaporation. Evaporative drying represents
a major fraction of the total energy used in
papermaking.

Impulse drying was conceived to increase papermaking
energy efficiency by reducing the amount of water to
be removed by evaporative drying. To achieve this,
the heated press roll 3hown in Figure 1 would be
used in combination with a long nip press. In the
press nip, a small amount of steam is produced which
assists in moving water from the paper to the felt.

•oil B*tt*r

- - Felt

One application of the impulse dryer would be to
place it between the third pres3 and the cylinder
dryers of a paper machine, as shown in Figure 2. In
new machine installations about half of the number
of conventional cylinder dryers would be required
resulting in a 300 kWh/ton energy savings. In
retrofitted installations, where the machine is
dryer capacity limited, an impulse dryer could be
used to achieve simultaneous machine speed and
energy efficiency improvements.

46 to 52X
Solids

Vet End Presses Cylinder Dryers Baal

COPEniOUl LIBEBBOABD PAPER 1UCHIHE

60 to 65X
Solids 95%

Solids

Impulse
Dryer

Cylinder
DryersPresses
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Beel

Figure 1 Impulse Dryer Concept.

Figure 2 Conventional Paper Machine And Paper
Machine Modified With An Impulse Dryer.

SOLVING THE SHEET DELAMINATION PROBLEM

Review Of Laboratory-Scale Experiments

A troublesome component of the impulse drying
process is sheet delamination. Ac the nip
depressurizes, superheated water remaining in the
sheet flashes to vapor and escapes through the sheet
surface, when excessive amounts of energy are
transferred to the sheet, drag forces resulting from
the escaping vapor can be high enough to overcome
the cohesive forces holding the sheet together and
the sheet delaminates.

To eliminate sheet delamination, IPST has taken the
approach of controlling energy transfer to the
sheet. Low "thermal mass" ceramic press roll
coatings were developed to reduce heat transfer to
the sheet while maintaining high surface
temperatures during early stages of the process.
Hence, most of the transferred energy is used to
form steam which displaces liquid water, while
excessive steam formation leading to delamination is
avoided.
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Early laboratory scale work with a machinable
(Cotronics) ceramic showed the sheet exit
temperatures were reduced by replacing the steel
platen with a low "thermal mass" ceramic [7,8,12].
Figure 3 shows internal sheet temperatures during
impulse drying as measured by thermocouples placed
at various locations within a sheet of linerboard.
The steel platen resulted in internal sheet
temperatures in excess of 100°C in as short as 10
milliseconds. The machinable ceramic restricted heat
transfer to the sheet so that internal sheet
temperatures were substantially reduced.
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Figure 3 Sheet Internal Temperature During Impulse
Drying Using Steel and Machinable (Cotronics)
Ceramic Platens.

Using a more practical plasma sprayed ceramic coated
platen, water removal was found to be dependent on
initial temperature and impulse while being
independent of platen thermal properties [12] . This
is a key result, as it suggested that high water
removal rates could be maintained while reducing
excessive energy transfer to the sheet that was
suspected to cause sheet delamination. Figure 4
shows a comparison of water removal, normalized to
the dry weight of the sheet, as a function of
impulse drying temperature and peak impulse pressure
for steel and plasma sprayed ceramic platena.
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Figure 4 Water Removal Achieved With Steel And
Plasma Sprayed Ceramic Platens At Similar Process
Conditions.

Figure 5 The Effect of Platen Material And Peak
Pressure (Impulse) On Critical Impulse Drying
Temperature.

To help explain this effect, additional laboratory
scale experiments were conducted in which surface
thermocouples were used to determine how platen
thermal properties effect energy transfer to the
sheet [10] . Figure 6 shows that energy transfer was
dependent on peak pressure (impulse) for high
"thermal mass" steel surfaces and independent of
peak pressure (impulse) for the low "thermal mass"
prototype platen. Notice also that at a given
temperature and impulse, the ceramic surface
transfers less energy to the sheet than the steel
platen. We have postulated that ceramic surfaces
avoid sheet delamination by decoupling heat transfer
from wet pressing effects. A3 a result, the ceramic
surface can be operated at higher pressures without
overheating the sheet. Concurrently, by transfering
less energy, the ceramic surfaces can be operated at
higher temperatures.
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Figure 6 The Effect Of Platen Material and Peak
Pressure (Impulse) On The Energy Transferred To The
Sheet During Impulse Drying.

In the same laboratory scale experiments, critical
impulse drying temperature, above which sheet
delamination occurs, was found to be influenced by
platen thermal properties and by peak pressure
(impulse). As shown in Figure 5, the ceramic
surface could be operated at higher temperatures and
pressures than the steel platen, without inducing
sheet delamination. As a result, more water could be
removed from the sheet.

Laboratory experiments showed that ceramic platens
could be operated at higher temperatures and
pressures without inducing sheet delamination. Dried
under these conditions, apparent sheet density could
be increased to higher levels resulting in higher
strength as measured by elastic modulus, STFI
compression strength, and burst strength. Figure 7
demonstrates that while ceramic surfaces achieve
higher density, the relationship between bond
strength (specific elastic modulus) and apparent
sheet density was independent of platen material.
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Figure 7 Bond Strength As Measured By Specific
Elastic Modulus As A Function Of Sheet Density For
Different Platen Materials.

Micrographs of crosssections of impulse dried sheets
were analyzed using an image analyzer to determine
the effect of platen material, temperature, and
pressure on out-of-plane density profile. Figure 8
shows density profiles for sheets impulse dried
using a steel platen. It was observed that as long
as temperatures were below the "critical
temperature" no internal bulking was observed. It
was also observed that the average density and
density in contact with the heated platen both
increased when the platen temperature and pressure
were increased.
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Figure 8 Internal Density Profiles Of Sheets
Impulse Dried With A Steel Platen At Various Peak
Pressures And Temperatures.

A3 shown in Figure 9, similar results were observed
U3ing the prototype plasma sprayed platen,
suggesting that sheet density profiles are
independent of platen thermal properties.
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Figure 9 Internal Density Profiles Of Sheets
Impulse Dried With The Prototype Ceramic Coated
Platen At Various Peak Pressures And Temperatures.
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Over the past year, the focus of impulse drying
research has shifted to demonstrating the process on
the Institute's pilot impulse dryer. A schematic of
the pilot impulse dryer is shown in Figure 10. The
internal structure of the plasma sprayed ceramic
roll coating was similar to the platen prototype.
The ceramic coating had an effective "thermal mass"
of 2000 W-s1/'2/m2-oC. The roll was heated by an
external source of infrared radiation as controlled
by an infrared sensor. The sensor was positioned
just prior to the nip (within 0.38 m) to record the
temperature of the roll and to serve as the input to
the temperature controller. The controller adjusted
the output of the infrared roll heaters to maintain
a constant ingoing roll surface temperature.
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Figure 10 Schematic Of The IPST Pilot Impulse Dryer
Roll Pre^s.

Sheet preheat temperature was adjusted using a steam
box in combination with a vacuum box. The steam
preheating system was calibrated for each change in
furnish and refining level to control ingoing sheet
temperature between 90°C and 100"C and to account
for water addition to the sheet.
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Felts used in the experiments were constructed of a
nylon base and a Nomex working surface. The felt was
conditioned by spraying water on both of its sides
and removing e:eess water with a vacuum. This
washed and cooled the felt and provided a consistent
felt moisture- ratio of between 0.15 and 0.20.

In the experiments, the nip was set and balanced to
a peak pressure of 6.2 MPa as verified using Fuji
pre-scale LW pressure-sensitive film. Based on a
measured nip width of 20 mm at 6.2 MPa, a dryer
speed of 30 m/min corresponded to a dwell time of 40
ms.

To show the benefit of impulse drying over single-
felted wet pressing, impulse drying experiments were
typically conducted over a range of ingoing roll
surface temperatures from 100°C to 430°C. To prevent
the web from sticking to the heated roll at low
temperatures, a polymeric release agent was applied
to the ceramic roll.

To simulate oriented commercial linerboard, a slow
speed web former was used to produce rolls of wet
paper to be used as feed to the pilot dryer. After
pressing the paper to a desired starting drynes.':,
the paper was threaded into the pilot impulse dryer
at slow speed with the nip open. After threading,
the nip was closed, and the steam and vacuum were
turned on. Once the paper was threaded through the
press, the controller would uniformly and quickly
bring the machine up to the desired speed and hold
that speed until the conclusion of the run. At the
conclusion of the run, samples of the impulse dried
sheet were tested for outgoing solids and finish
dried so that sheet physical properties could be
determined.

A key Objective of the pilot trials was to determine
the influence of furnish variables on impulse drying
performance. As sheet permeability influences
conventional pressing processes, sheet permeability
was investigated. Using sheet permeability test
equipment developed at the Institute, the out-of-
plane permeability of single-ply linerboard was
measured over a range of refining and pressing [14].
From permeability vs. sheet porosity data, hydraulic
specific surface was determined. A low specific
surface means that the sheet is highly permeable.
Figure 11 shows the important result that increased
refining increases specific surface, while pressing
decreases specific surface. It is desirable to
increase the permeability of the sheet as introduced
to the impulse dryer. Therefore, refining should be
minimized and pressing should be maximized.

01
0.5 0.9

Figure 11 The Effect Of Refining And Pressing On
The Permeability Of Single-ply Linerboard Sheets.

Pilot experiments performed at ingoing solids of
less than 40% resulted in outgoing solids not
significantly above that which can be obtained from
conventional pressing technology. At ingoing dryness
above 40%, substantial improvements over
conventional pressing were demonstrated. Figure 12
shows the results of permeability measurements made
on two different linerboard furnishes obtained from
two different paper manufacturers (16]. The
furnishes were refined to freeness from 550 ml CSF
to 740 ml CSF and pressed to 42% solids prior to
testing.
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Figure 12 The Permeability Of Sheets Formed From
Two Furnishes Refined To Three Levels And Pressed To
42% Solids.

The single-ply linerboard 3heets for both furnishes
were impulse dried on the IPST pilot impulse dryer.
As shown in Figure 13, the critical impulse drying
temperature decreases with increasing sheet specific
surface [14,16]. Also shown is a comparison of
impulse drying at the critical temperature to
single-felted wet pressing at the same impulse.
Clearly, the maximum benefit from impulse drying
occurs when sheet specific surface is minimized.
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Figure 13 The Effect Of Sheet Specific Surface On
The Critical Impulse Drying Temperature And On •
Outgoing Solids.

Water removal is dependent on press surface
temperature, impulsel, and the specific surface of
the sheet. With a ceramic press surface, energy
transfer during impulse drying is only dependent on
press surface temperature as shown in Figure 14
(15,16].
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Figure 14 Energy Transferred To The Sheet During .
Impulse Drying For Various Furnishes, Peak Pressures
and Sheet Specific Surface.

nf Pror.fiss Simulation

Figure 15 Schematic Of A Proposed Commercial-Scale
Impulse Dryer Showing: A) The Start Of The Nip, B)
Mid-Nip, C) The End Of The Nip, D) The Start Of The
Roll Heating Zone, E) The End Of The Roll Heating
Zone.

By using experimental heat flux measurements, a
numerical model of heat transfer in the ceramic
coated roll was developed [15] . The model was used
to explore the potential benefits of various way3 of
heating the ceramic coated press roll. Figure 16
shows some of the results of that study. The symbols
represent various locations along the circumference
of the press roll as shown in Figure 15. Figure 16
shows that heating the roll near its outer surface
reduces the magnitude of temperature fluctuations -at
the ceramic/iron interface. As thermal stresses are
dependent on these temperature fluctuations,
external heating would be preferred for maximum
coating durability. Because the interface
temperature is reduced, external heating also
reduces heat loss to the inside of the roll which
improves roll heating efficiency.

Application of impulse drying to commercial width
and commercial speed paper machines will require use
of a crown-compensated roll and a long press shoe as
shown in Figure 15. In order to achieve nip
residence times of 40 milliseconds at commercial
machine speeds of 2500 fpm, press 3hoes will need to
be 20 inches long. As the current state of the art
is about 11 inches, longer shoes will require
development. To achieve uniformly high pressures
across the width of a commercial paper machine,
internal hydrostatic support elements will need to
be developed to withstand high temperature and high
pressure.
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Figure 16 Calculated Temperature Profiles In A
Ceramic Coated Press Roll As Heated By External And
Internal Sources.

From the model, energy savings were calculated as
the energy content of steam that does not have to be
used to heat conventional cylinder dryers minus the
energy content of the fuel used to produce the
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electric power required to heat the impulse dryer.
It was assumed that 1.5 kg of cylinder dryer steam
are required per kilogram of water evaporated by the
cylinder dryer. It was also assumed that the roll
would be electrically heated. The production and
distribution of electricity were assumed to be 30%
efficient.

Figure 17 shows that energy savings of about 350
kWh/metric tons of paper can be saved over
conventional drying. These significant energy
savings can be realized at even low internal
temperatures corresponding to roll heating
efficiencies of only 50%.

Figure 17 also shows the results of a similar
calculation in which the reference process was taken
as single-felted extended nip pressing as predicted
by our impulse drying experiments at 106cC reference
temperature. In che calculations, the critical
impulse drying temperature was chosen at each value
of specific surface. The figure shows that relative
to single-felted extended nip pressing, energy
savings can be realized up to a specific surface of
about 10 rn̂ /g.
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Figure 17 Energy Savings As A Function Of The
Outgoing Solids Of The Reference Pressing Process
And The Specific Surface Of The Sheet.

In Figure 18, the results of Figure 17a are
expressed as a production cost savings in units of
U.S. dollars per metric ton of paper produced.
Clearly, the cost savings depends on the cost of
electric power to heat the roll and to a lesser
extent on the efficiency of roll heating. In the
U.S., the cost of on-site electric power production
would be calculated as the cogeneration fuel cost
ranging from 0.01 to 0.02 U.S.$/kWh. Therefore,
compared to conventional drying, energy cost savings
of about 5.00 U.S.$/metric ton could be realized.
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Figure 18 Energy Savings As a Function Of Cost Of
Electricity And Roll Heating Efficiency For Various
Reference Pressing Processes.

PLANS FOR COMMERCIALIZATION

Based on the results of these studies, a plan for
commercialization of impulse drying has been
formulated. As it is currently envisioned,
commercialization will require a joint technical
effort between IPST, paper machine builders, and
paper manufacturers with the support of the U.S.
Department Of Energy and other interested
organizations such as the Electric Power Research
Institute and the American Paper Institute.

Commercialization of impulse drying will require
continued research. Research is needed to further
improve the thermal properties of the ceramic
coating and optimize the design of the press roil
for maximum energy efficiency and roll durability.
Research is also needed to provide a strong base of
understanding from which users can predict process
performance.

Continued development will be required since impulse
drying technology utilizes relatively extreme
operating conditions close to the present limits of
support technology. Technical issues associated with
the use of longer press shoes, higher press loads,
higher internal press roll temperatures, and more
durable felt designs will need to be addressed.

Transfer of impulse drying technology to the pulp
and paper industry will require that the needs and
concerns of machine suppliers and paper
manufacturers be identified and met. Machine
builders will need to develop confidence that they
will be able to guarantee the performance,
durability, and cost-effectiveness of the technology
to their customers. Similarly, their customers, the
paper manufacturers, will need to see that impulse
drying performance, durability, and cost-
effectiveness is superior to conventional technology
yet compatible with their raw materials, facilities,
and the requirements of their product.

Impulse drying is a leading edge technology.
Consequently, predicting all of the technical issues
that will have to be faced during the process of
commercialization is very difficult. By involving
machine builders and paper manufacturers, the
Institute will not only minimize the risk of
overlooking import issues but also effect technology
transfer.

The commercialization of impulse drying can be
divided into a three part program. The first part
can be described as a series of proof of principle
experiments that are designed to demonstrate that
the principles of the process are sound and that
there are sufficient potential benefits to be
derived from the process. While additional
experiments will be carried out in the 1992-1993
time frame, the major proof of principle experiments
will be completed by the second quarter of 1992.
The second part of commercialization focuses on
perfecting the process. Conditions that closely
conform to commercial practice will be used to
develop a practical commercial process. Issues such
as component durability, operating procedures, and
limitations will be explored. This part of the
project will identify equipment modification
requirements for implementation in the commercial-
scale phase. It is important that fundamental
process research and development continue during
this part of the program so that the results can be
codified into the existing knowledgebase. A key
objective will be the development of machine vendor
and paper manufacturer confidence in the performance
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of the process and the various equipment subsystems.
A key aspect of this part of the program will be
developing a contir-.-jous commercial speed impulse
dryer for experiments on a pilot paper machine. As
significant quantities of paper will be produced in
these experiments, the paper manufacturer will have
a good opportunity to investigate the performance of
the paper in various converting operations. Pilot
paper machine trials could be completed by the
fourth quarter of 1994.

The third part of commercialization consists of
full-scale experimentation and evaluation of the
technology in a commercial environment. The purpose
is to document the performance of the process and to
solve technology transfer problems as they arise.
From the paper manufacturers viewpoint, the key
issues will be process performance in terms of paper
property development, water removal, energy
utilization, and equipment uptime. Paper property
development will be assessed in terms of measurable
properties and also in teiflis of the performance of
the paper in its final application. Water removal
and energy utilization will also be monitored to
provide a clear understanding of the economic impact
of the process. Finally, the impact of the process
on paper machine uptime will be assessed. This part
of the commercialization plan will be completed at
the end of a 360 day/year commercial demonstration
by the fourth quarter of 1997.
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VOLUMETRIC IN SITU ELECTRICAL HEATING: AN UNEXPLOITED ELECTROTECHNOLOGY

J. E. BRIDGES, SENIOR SCIENCE ADVISOR, IIT RESEARCH INSTITUTE, CHICAGO, ILLINOIS

ABSTRACT

The use of electrical energy to heat
large volumes of earth in place ("in situ")
offers significant advantages over
conventional in situ heat-transfer methods.
For example, where properly applied, the
near-wellbore application of electrical
energy can triple flow rates from heavy-oil
wells for an incremental operational cost
of only a few dollars per barrel. The
electrically enhanced oil recovery (EEOR)
single-well stimulation method produces 15
barrels of oil for every barrel of oil
consumed at the electrical power plant.
The EEOR process can be used in concert
with other enhanced oil recovery systems to
reduce air pollution and to provide a
market for excess electrical power
generation capacity. Other applications of
the EEOR technology include the in situ
decontamination of hazardous waste spills
and the disinfection of hospital wastes.

INTRODUCTION

The use of electrical energy to heat
large volumes of earth in place ("in situ")
offers major advantages over conventional
in situ heat transfer methods. Where hot
fluids are used, the steam or hot gases
must access the entire volume of the
formation to be heated. However, such
access is not always possible, because
steam tends to flow in the direction of the
greatest fluid permeability and also tends
to override the deposit. In some cases,
hot gases from in situ combustion are used
for heating, but such gases tend to dilute
the desired product.

A relatively unexploited alternative,
electrical energy can be used to heat the
deposit volumetrically, in a manner similar
to the heating that takes place in a
microwave oven, but in situ. To do this
requires access to only one or two sides of
the deposit to be heated; further, the
location of the volume of earth to be
electrically heated can be more easily
controlled. There are environmental
advantages to the process: on-site
combustion is not required; any on-site
fluid emissions are more easily treated;
and the fluids or environment around the
heated volume can be controlled independent
of the heating, thereby eliminating
dilution of the product or combustion of
the more volatile products of the process.

In the mid-1970s, we at IIT Research
Institute (IITRI) became interested in
heating warehouse-size blocks of oil shale
with electrical energy principally in the
shortwave radio-frequency (RF) band. A
thermally efficient method to do this was
demonstrated in a series of small-scale
field tests in the late 1970s and early
1980s, but most of the activity with
respect to oil shale was shelved because of
the drop in oil prices and the shift in
national priorities from energy
independence to the Strategic Defense
Initiative, or "Star Wars."

We then modified our electrical in
situ heating technology into a cost-cutting
method for enhancing production from
flowing heavy-oil reservoirs and into a
more environmentally benign method for
decontaminating, in situ, warehouse-size
blocks of earth near the surface. Further,
we extended the technology to treat volumes
of material such as hospital wastes and
radioactive materials.

When properly applied, all of these
approaches offer major advantages over
existing conventional heat-transfer
technologies. The most interesting aspect
is that they can be highly energy-
efficient. In the case of heavy-oil well
stimulation, the approach is capable of
producing 15 barrels of oil or more for
every equivalent barrel of oil consumed at
the electrical power plant. Further, these
approaches offer avenues for considerable
cost savings. For example, the electrical
enhanced oil recovery (EEOR) method for
heavy-oil wells has been demonstrated in
field tests to triple flow rates from wells
in heavy-oil reservoirs for an operational
cost of only a few dollars per incremental
barrel of oil produced. All of these
approaches offer environmental advantages
inasmuch as no on-site combustion is
required and water use, if any, is minimal.

In many cases, the EEOR method can
complement existing heavy-oil recovery
methods by providing a market for off-peak
power supplied either by cogeneration
facilities or by the electrical utilities.

• To illustrate these benefits, this
paper focuses primarily on the use of the
EEOR approach to enhance flow rates from
heavy-oil wells. Although this paper
provides only a summary of the various
other approaches, the references cited
provide an in-depth technical discussion.
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Single-Well Method of Electrically Enhanced
Oil Recovery

The single-well method of electrically
enhanced oil recovery (EEOR) triples the
flow rates and doubles the economic life of
heavy-oil wells, and could add
significantly to the nation's proven
reserves. The single-well stimulation
method uses low-frequency electrical power
to heat the reservoir pay zone over the
near-wellbore area (1-8). The effect is to
reduce the pressure drop near the wellbore
by decreasing oil viscosity and improving
oil mobility; this is shown schematically
in Figure 1. The overall result, as has
been demonstrated in Canada, Brazil, and
the Netherlands, is to increase two- or
threefold the primary production rate of
flowing heavy-oil wells.

RADUUY FROM WELL

Figure 1 Effects of electromagnetic stimulation on
reservoir characteristics.

Three main components are required:
an electrode assembly, a power delivery
system, and a power conditioning unit. The
electrode assembly injects power into the
pay zone and isolates the electrode in the
pay zone electrically from the over- and
underburdens. The assembly is run as part
of the production casing string and
cemented in place. The bare steel
electrode, which injects the electrical
energy, is placed directly opposite the pay
zone. Immediately above and below it are
steel sections that are coated with a high-
temperature electrical insulation; these
act as temperature buffers to protect the
isolating fiberglass sections.

The electrical current is introduced
into the formation via two electrodes, the
smaller one next to the formation to be
heated, and a larger one formed by the
upper part of the exposed casing. Most of
the heating occurs next to the smaller

electrode, because the current density and
consequently the heating is greatest near
the smaller electrode, and also because the
current diverges rapidly away from the
smaller electrode. The heating mechanism
in this case is ohmic, similar to the
manner in which the filament of a light
bulb is heated, except that in this case
the "filament" is the formation in the
immediate vicinity of the smaller
electrode.

The power delivery system carries the
power from the power conditioning unit
(PCU) at the surface to the electrode,
which directs it into the reservoir.
Modifications to the wellhead assembly and
the addition of some fiberglass components
in the tubing and rod string are needed to
maintain an electrically "cold" wellhead,
while electromagnetically stimulating the
well. A downhole thermocouple wire is used
to obtain the temperature information
needed to regulate the power input.

The PCU provides the means of
modifying the line power (generally 480 V,
3 phase, 60 Hz) to a form suitable for
delivery to the reservoir. It adjusts the
frequency of the electrical power and
regulates power delivery to the well using
manual power level set points and the
temperatures obtained by the thermocouple.
A range of frequencies can be produced to
optimize power consumption and delivery
efficiency. The PCU is equipped with
sophisticated control and safety features,
including automatic restart after power
outages and automatic shutdown in case of
flowline pressure that is either too high
or too low.

Performance Prediction
Not all reservoirs are suitable for

single-well electromagnetic stimulation.
In general, the conventional reservoir
characteristics—pressure, permeability,
and viscosity—should indicate an
unstimulated flow rate of at least 15
barrels per day (bbl/d). There should also
be some indication of reduction in
viscosity or increased solubility of
paraffin accumulations in or near the
wellbore in response to the application of
heat. The spatial distribution of the
resistivity of the deposit within and near
the producing formation and the salt
content of the water cut also have a
bearing on whether electromagnetic
stimulation can be applied with a
reasonable expectation of increasing
production.

Preliminary evaluations of the
probable success of an EEOR system in new
well installations and open-hole retrofits
can be done on a desk-top computer with a
user-friendly computer code called EOR-SIM.
The code considers two-dimensional
multiphase flow, thermal diffusion, thermal
convection, resistivity distribution, and
the common reservoir parameters. A more
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sophisticated (but less user-friendly) code
has been used for specific detailed design
applications, for example, at Schoonebeek,
in the Netherlands. This code incorporates
a large number of additional design data.
Both of these computer codes have been used
successfully to design haating systems and
to predict performance for heavy-oil
reservoirs and those prone to paraffin
accumulation.

Fiald Activity and Rasults
Figure 2 shows the results of applying

near-wellbore low-frequency electrical
heating for a Pan Canadian Petroleum Ltd.
heavy-oil well in the Frog Lake field of
Alberta, Canada. The base line data are:
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Figure 2 Results of applying near-wellbore heating
in the Frog Lake area of Alberta, Canada.

reservoir temperature, 75°F; pressure,
550 psi; gravity, 12.5"API; formation
thickness, 13 ft; permeability, 8000 mD;
viscosity, 7000 cP; formation depth,
1815 ft. The downhole exciter was
installed as part of the original well
construction, and the well was put into
production long enough to establish a
stabilized primary production of about
68 bbl/d. Electrical heating was begun on
January 2, 1991, at 50 kW, and after a
brief time lapse the pumping rate was
increased to realize a total production
rate of 17 0 bbl/d. The energy required for
the incremental production was about 18 to
20 kWh per barrel. For a typical power
plant thermal efficiency, this results in a
net energy ratio of about 15. The variable
cost of producing the incremental oil has
been about $2 per barrel in Canada.

Perhaps the most significant of all
the pilot tests conducted up to now was the
one conducted in the Schoonebeek field in
the Netherlands for NAM, a Shell affiliate.
There, the problem was paraffin. A single-
well electric heating stimulation test was
conducted from November 1989 through
December 1990. The sands in this area are
102 ft thick, with 0.3 porosity and
permeability in the range of 0.2 to 4
darcies. The oil has an in situ viscosity
of 160 cP and is waxy, with a cloud point
very close to the reservoir temperature of
104°F. Reservoir pressure of about

1000 psi is supported by a strong edge
aquifer.

The objective of this test was to
stimulate oil production with heat and,
particularly, to melt or dissolve the
suspected waxy skin from the near-wellbore
vicinity. The unstimulated production rate
was 80 bbl/d at a water cut of 35%. As
surface power was increased above 60 kW,
oil production rate increased abruptly to
195 bbl/d. It is interesting to note that
computer simulation of these conditions
showed the sudden increase in oil
production to be compatible with the
melting of wax at 140°F. The test
demonstrated between 120 and 150 bbl/d of
incremental premium oil production for the
entire time. Overall production was three
times the unstimulated production rate.

Additional Canadian tests are under
way or planned with sponsorship by Amoco,
Norcen, Mobil, and Texaco. The Alberta Oil
Sands Technology and Research Authority is
a participant in the Texaco Frog Lake
three-well test program. Tests also have
been going on the United States. One of a
series of pilot tests being conducted in
Utah is going forward under contract with
Coors Energy, and is aimed at enhancing the
economics of wells installed in paraffin-
prone reservoirs by heating both the
reservoir adjacent to the borehole and the
tubing. Another multi-well pilot in the
Uinta Basin is under way for the G.H.P.
Corporation.

A four-well pilot test has been begun
in Brazil, with drilling and completion of
wells for Petrobras in the Potiguar Basin
in the state of Rio Grande do Norte. This
is the second project for Petrobras in this
field. EEOR projects also are under way in
Venezuela and Oman to stimulate very-high-
flow-rate heavy-oil wells.

Cost of EEOR Single-Wall Stimulation
Probable cost experience in the United

States can be estimated based on Canadian
results for new well completions, either
cased or retrofit. The data in Figure 3
summarize this cost picture, assuming an
expected unstimulated flow rate (after
flush production) of about 25 bbl/d. About
$30,000 (one-half the incremental
investment of $60,000) must be expended
prior to determining the unstimulated flow
rate potential. Should the well indicate
an acceptable production rate (in this
example, 25 bbl/d), the remainder of the
incremental cost is expended. The actual
cost will vary, depending on location,
depth, pay zone thickness, and the cost of
electrical power. For example, shallow
wells producing as little as 5 bbl/d may be
acceptable candidates for EEOR stimulation
in Brazil. The incremental per-barrel cost
in Canada is somewhat less than in the
United States because of lower electrical
power costs in Canada.
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Figure 3 Economics of electromagnetic stimulation.

The thermal efficiency of the EEOR
single-well application is quite high,
because once the reservoir adjacent tc the
wellbore is heated, the principal thermal
loss is the heat needed to raise the
temperature of the ingressing fluids. This
results in producing about 15 barrels of
oil for every equivalent barrel of oil
burned at the power plant. Where EEOR
single-well installations are applicable,
the overall generation of C02 at the gas- or
coal-fired power plant is about 1/10 of the
CO2 emitted from typical steamflooding
processes.

EE0R/St«am Hybrids
EEOR single-well near-wellbore heating

can be used to enhance flow rates for both
steam sweep or water flood, as long as a
thermally responsive impediment remains
near the production well, such as prior to
steam breakthrough. Typically, as shown in
Figure 1, most of the reservoir pressure in
the case of heavy-oil is expended in the
immediate vicinity of the wellbore.
However, by localized near-wellbore
heating, the pressure gradient near the
wellbore is removed, thereby enlarging the
effective borehole diameter in the
formation. As a consequence, more oil can
be produced for the same fluid injection
pressure, thereby increasing the efficiency
of the steam sweep or water flood. In
California, steam may override the
reservoir and form a steam "chest," which
is often at atmospheric pressure due to
past well-completion difficulties. In such
circumstances, the near-wellbore heating
should also enhance the flow rate.

OthT War-Wllbor« EEOR tfthoda
Another near-wellbore electrical

heating production enhancement method would

simply substitute electrical energy to
generate steam downhole in place of the
thermal energy derived from the direct
combustion of natural gas or oil. This
substitution is usually energy inefficient,
and is best considered only where
conventional combustion cannot be used for
environmental reasons or for situations
where downhole transmission of steam is
seriously inefficient.

As opposed to the previous examples,
which rely on ohmic or conduction heating
at low frequencies, another method uses
higher radio frequencies. This results in
both ohmic and dielectric heating, and can
achieve extended heating in thick
reservoirs. In this case, water is
evaporated in the upper two-thirds of the
near-wellbore region. This allows the RF
energy to have a greater "reach," thereby
heating outward through a region equal to
twice the thickness of the deposit.

Advantages
The pilot tests have demonstrated that

the EEOR ohmic heating process has a number
of advantages compared to other thermal
stimulation techniques. The EEOR near-
wellbore process:

• is more controllable and
predictable than heating
with the most common thermal
technique, cyclic steam
injection.

• can heat multiple production
zones either simultaneously
or sequentially.

• has no practical depth
limits.

• is ecologically benign as
compared to the water and
air pollution created by
other techniques.

• can be used in extremely
cold climates.

• is more efficient in terms
of energy expended per
barrel of oil recovered than
other thermal stimulation
processes.

• applies heat without having
to bring a hot fluid into
contact with the reservoir.

• can be used in problem
reservoirs, where faults,
high-permeability "thief
zones," or water-sensitive
clays exist, which prohibit
the use of steam.

• eliminates the visco-skin
effect and reduces the
effect of near-wellbore
damage.

• prevents the paraffin
precipitates from forming,
by heating the oil as it
flows to the wellbore or is
pumped to the surface.
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• can be used in concert with
other enhanced oil recovery
systems.

Applicable Reserves in the United States
The major heavy-oil reservoirs in the

United States that might be expected to
benefit from the EEOR heating technology
are found mainly in Alaska, California,
Wyoming, Oklahoma, Texas, Louisiana, and
Mississippi. There are also light-oil
paraffin-prone oil deposits in some of
these states as well as in some others.
The EEOR technologies, when mature, could
place in production a sizeable fraction of
the 25 billion barrels of heavy-oil in
place in Alaska by mitigating the
permafrost difficulties associated with
steam stimulation. Further, mor.e than one-
half of the 80 billion barrels of oil in
place in the United States exist below.3000
ft, a depth that is generally' inappropriate
for steam stimulation but fully reachable
by the EEOR method. Further development by
steam of the 40 billion barrels of heavy-
oil reserves in California is severely
impeded by air quality considerations. The
EEOR method could greatly reduce harmful
emissions whether used alone or in
conjunction with conventional steam-
assisted methods.

Other Near-Wellbore EEOR Uses
There are additional applications of

electromagnetic heating technology. For
example, it can be used to heat the
production tubing to eliminate flow rate
impediments caused by paraffin, gas
hydrates, or sulfur, or by rod drop or
pumping problems associated with high-
viscosity crudes.

EEOR installation can accept off-peak
power and, in some cases, can even
withstand a delay in power application for
a few days. This energy-storage ability
may also offer attractive EEOR options when
used in conjunction with cogeneration
facilities or for load leveling strategies
for electrical utilities.

LARGE-BLOCK EEOR

Oil Shale
When IITRI began to investigate EEOR

heating in the mid-1970s, we hoped to
determine whether an EEOR process, in this
case the RF dielectric heating version,
could overcome some of the environmental,
economic, and social concerns inherent in
the conventional shale oil extraction
processes.

During our initial examination of an
approach suitable for in situ RF heating,
we discovered that the simple dropping of
antennas into boreholes would not work, in
part because of the wasteful use of energy,
which overheated the oil shale near the
borehole and both underheated and under-
retorted it some distance away.

To overcome this limitation, we
developed a method of uniformly heating the
oil shale by dielectric heating within the
confines of multiple rows of parallel
conductors placed into the deposit (9).
These rows of conductors simulate parallel
conducting plates, which create a uniform
field and therefore result in largely
uniform heating. As opposed to antennas,
these arrays contain virtually all of the
electromagnetic energy when the spacing of
the conductors is properly chosen. In such
a case, significantly more energy is
produced in the form of a high-grade
syncrude than is consumed in the coal-fired
power plant that supplies the basic ac
power, typically three barrels of syncrude
for every equivalent barrel of oil consumed
at the power plant.

Based on the advantages of this
unexploited technology, a cooperative
program was initiated in the late 1970s by
IITRI, the U.S. Department of Energy, and
Halliburton Services. During this multi-
million-dollar program, four successful
small-scale field tests were conducted, two
in oil shale and two in tar sand. These
tests established that RF in situ heating
could be successfully accomplished and that
permeability could be induced in oil shale
as the kerogen decomposed and formed
interlocking void spaces. Considerable
laboratory and analytical work, much of it
independent of IITRI, established that a
very large fraction of the high-Btu gas and
high-quality liquids could be recovered if
large oil shale blocks were properly heated
with RF energy. This aspect, however,
remains to be demonstrated on a large
scale.

In 1984, the Bechtel Group (10), under
contract to Occidental, developed a
preliminary conceptual design for a
commercial-scale integrated RF retorting
plan. The results of this study
demonstrated that upgraded shale oil
produced by the RF process could be
profitably sold at a price between $25 and
$3 5 per barrel, and that this process was
the least environmentally damaging. More
recently, by taking advantage of the more
efficient gas-fired, combined-cycle power
plants and other factors such as lower
retorting temperatures, this cost range
could be reduced to around $20 to $30 per
barrel for 25 gal/ton assay oil shale (11).

Large-Block EEOR for Thick, Rich. Shallow
Heavy-Oil Deposits

Based on the uniform heating
technologies developed for oil shale, IITRI
has developed and tested on a limited scale
several large-block in situ heating
versions (12-14). Figure 4 shows one of
these versions. The concept is implemented
by emplacing electrode arrays around the
wellbore and energizing these electrodes
such that the deposit is more or less
uniformly heated to a larger radius than is
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possible by the EEOR near-wellbore heating
method previously described. The number of
electrodes used determines how uniform the
heating pattern will be; the fewer the
electrodes, the more concentrated the
heating pattern will be around each of the
electrodes. To obtain a uniform heating
pattern, two rows of three or four
electrodes each may be required. However,
as few as two or three non-producing
electrodes can be considered if the
reservoir is pressurized and some flow
exists in the producing well.

POWER SOURCE

HtSULATHKl SHEATH OF CABLE

CONOUCIOR OF CABi£

Figure 4 Large-block heating array around
wellbore.

The large-block versions, similar to
that shown in Figure 4, can perform in
flowing reservoirs in a manner similar to
that described for the near-wellbore
heating method, except that the diameter of
the heated zone is radically increased.
The version shown in Figure 4 can also be
used for shallow deposits where very little
unstimulated flow occurs. Flow is
stimulated by using ohmic currents to heat
the block of heavy-oil to the point where
solution gas drive is developed by the
vaporization of volatiles and water. By
such a process, the deposit can be
repressurized. In other cases, the heating
could be taken to a point where the oil
becomes sufficiently mobile that it could
be produced by gravity drive.

The cost of installing the non-
producing electrodes can be small if the
deposit is sufficiently thick and not too
deep. The spacing between electrodes, as
well as their length, is determined by the
deposit thickness. As a result, the amount
of the deposit that is heated by one
electrode is proportional to the cube of

the thickness of the deposit. As a result,
deposits with thicknesses over 40 ft and
down to 1500 ft depths are attractive
candidates for this version.

Typical energy requirements are in the
order of 2 0 to 30 kWh per ton of formation
heated. For thick, rich oil-bearing
formations that are capable of being
produced by gravity, the energy cost per
barrel of oil recovered is in the order of
100 kWh per barrel of oil recovered.

The large block approaches can be used
in conjunction with hot water floods to
preheat the deposit. The approach can be
modified to preheat certain sections of the
deposit to guide steamflooding pathways.

Large-block heating systems can also
be used in conjunction with various types
of oil mining, particularly when the oil
viscosity can be substantially reduced by
the heating technique. Mined galleries are
formed beneath the heavy-oil deposit, and
electrodes are installed. The heat
developed via exciting the electrodes
reduces the viscosity of the oil, thereby
permitting a more rapid recovery of the oil
than otherwise would be possible.

The system shown in Figure 4 can also
be considered as a way to retrofit existing
wells. The advantage of this version is
that the existing completion is not
disturbed; therefore, the well operator
would be more willing to install the
retrofit.

Cost studies have been conducted for
typical shallow (<1000 ft). rich (>8% wt
oil), and thick (>50 ft) heavy-oil deposits
where electrical power costs less than
$0.04/kWh. Overall production costs
including capital charges can range from $6
to $10 per barrel.

RF Soil Decontamination
The EEOR technology has been modified

for in situ cleanup of soils contaminated
by volatile, semivolatile, and high boiling
hydrocarbon-like compounds (15, 16).
Dielectric heating is used by applying
electrically derived energy in the lower
shortwave RF band. The energy is delivered
via rows of electrodes placed in holes
drilled through the soil as shown in
Figure 5. The mechanism of heat generation
is similar to that in a microwave oven, and
does not rely on the thermal properties of
the soil matrix. The power source for the
process is a modified radio transmitter.
The exact frequency of operation is
selected after evaluation of the dielectric
properties of the soil matrix and the size
of the area requiring treatment. The gases
and vapors formed in the soil matrix can be
recovered at the surface or through the
electrodes used for the heating process.
Condensation and collection of the vapor
stream are used to capture the contaminant
above ground.

A field test was performed at the Volk
Field Air National Guard Base, Camp
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Figure 5 RF in situ soil decontamination.

Douglas, Wisconsin. This test revealed
that 94% to 99% decontamination of a 500 ft3

block of soil was achieved during a 12-day
treatment period. The block of soil,
measuring 6 x 12 x 7 ft, was heated to a
temperature range of 150° to 160"C.
Analysis of numerous pre- and post-test
soil samples indicated that, on average,
99% of the volatile aromatics and
aliphatics had been removed from the 500 ft3

heated volume; 94% of the semivolatile
aliphatic^ and 99% of the semivolatile
aromatics were also removed.

Evaluation of the RF decontamination
version of the EEOR technology is currently
under way at several sites, some of which
will consider larger-size soil blocks.
While commercial-scale versions of the RF
above-ground decontamination technology
remain to be tested, current cost
assessments suggest processing costs on the
order of $40 to $70 per ton of in-place
soil.

Above-Ground applications
Both microwave and RF or dielectric

heating have been used extensively over the
past five decades in above-ground
facilities, generally to heat small volumes
of material, or to treat thin sections.
IITRI's activities, however, have
emphasized the electrical or dielectric
heating of large, thick volumes of material
to temperatures of up to 500°C, with high
energy efficiency (17, 18). One example of
such an above-ground approach was the
development of a RF heating method to treat
infectious hospital waste. A commercially
operating plant that uses the IITR1
technology is now treating up to 30 tons of
infectious hospital waste per day. Other
large-volume, above-ground applications
include the volume reduction and
stabilization of low-level radioactive ion-
exchange resins.
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ABSTRACT

The experimental data showed that viscous and
stable water-in-oil emulsions can be separated by
microwave radiation, providing an opportunity for
oil recovery and waste reduction. At optimal
conditions, the separation of water can be accom-
plished at 30% or better, without using deimilsi-
fying chemicals. The experimental data also
indicated that water-in-oil emulsion can be heated
uniformly by microwaves, if the pathlength is not
too long. Temperature profiles and microwave
heating can be predicted reasonably well from di-
electric properties and the theory of electro-
magnetic waves.

INTRODUCTION

Viscous and stable water-in-oil emulsions are
generated in various industrial operations, such
as petroleum refining, natural gas pipeline opera-
tion, and cutting or grinding in equipment fabrica-
tion. Since it is no longer permitted by law to
discharge emulsions to a dump site, it is necessary
to break the emulsion, and separate water from oil
to discharge water. The recovered oil can be
recycled. If it must be disposed of, its volume is
less than that of original emulsion, and conse-
quently the disposal cost is reduced.

Demulsification and separation of emulsions
are accomplished by application of demulsifying
chemicals, such as alkyl substituted benzene
sulfonic acids and alkyl phenolic resins, followed
by gravity sedimentation [1]. In some cases,
heating by steam or fired tubes, centrifugation and
vacuum filtration are used. Since the viscosity of
water-in-oil emulsions is high, applications of
these methods are difficult and energy intensive.
When a high dosage of chemicals is used, the sepa-
rated water may contain too much chemicals for its
discharge to public water. Addition of chemicals
and slow room-temperature gravity sedimentation
hinder the in-process oil recovery.

As an alternative, microwave heating was
studied. The concept of microwave heating of emul-
sions was first suggested by Klaila [2] and Wolf [3]
in their patent applications. Following his patent
award, Klaila conducted two field tests [4,5].
However, its theoretical interpretation is virtually
nonexistent.

In addition to demonstration of microwave
enhanced separation of water-in-oil emulsions, this

presentation shows theoretical prediction of micro-
wave heating and separation.

THEORY OF MICROWAVE HEATING

Energy Balance Equation
When microwave radiation is applied to water-

in-oil emulsion, all or a part of the microwaves
are absorbed and converted to heat by "lossy"
emulsion. The amount of microwaves being converted
to heat depends upon dielectric properties of emul-
sion and the local intensity of microwaves. If
emulsion is in a cylindrical container, exposed to
uniformly distributed microwave radiation, as shown
in Figure 1, the lumped energy balance equation is
given by:

C ppvf + hA (T-Ta) = (1)

where T is the bulk temperature of irradiated emul-
sion inside the container and g ^ is the volume rate
of heat generation by microwaves.

Thermocouples(9)

Aluminum Shield

800 ml
Glass Jar

Water-in-Oil
Emulsion

Aluminum Shield

Figure 1 Emulsion Sample and Its Container

The theory of electromagnetics suggests that
the dissipation of microwave power in its
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propagation through a lossy material is given by
[6J.

/ E • J dV

where B and J are electric field and conduction
current density, respectively. For one dimen-
sional microwaves, the expression is simplified
to the following equation [6]:

27TfoEoer tanS E (2)

where E is the local amplitude of microwaves
propagate in the r-direction inside the irradiated
emulsion, f is the microwave frequency (2450 MHz in
this work), E r is relative permittivity (more
commonly known as dielectric constant), and tancS
is loss tangent. Since E is not a quantity which
can be measured easily, the following alternative
equation is used. The equation is developed from
Beer-Lambert's law [7]:

= 2 (3)

where P is the local time-average microwave power
flux and aE is the electromagnetic attenuation
factor.

Experimental measurements show that the temper-
atures of emulsion are nearly constant in the radial
direction. Therefore, it is reasonable to consider
g^- to be independent of r. Then, the rate of heat
generation in the volume V is simply q^ V.

After rearrangement, Equation (1) gives the
following difference equation for calculations of
temperature histograms of irradiated emulsion
samples:

T = T
1 L ^ - C p V (T-Ta» (At» <4)i-1

where Tj_ and At are, respectively, temperature at
the i-th step and time increment in computations.

Physical Properties
Physical properties of emulsion, pand C p,

depend on tsnperature and composition. For water
[8], Cp is 0.9987 cal/g cm3, and

p = 1.000665-2.4682xl0"5T-4.9108xl0"6T2 (5)

+8.6495xl0~9T3

For SAE 30 motor oil [9],

p ., = 0.93386-0.0006275T (6)

oil
and

C ., = [(0.6811-0.308S)
p,oil

+(1.8T+32)(0.81S-0.306S)S/1000]

(0.055K+0.35) (7)

where S is specific gravity at 60oF/60°F, and K is
characterization factor (=11.8).

Attenuation Factor
The electromagnetic attenuation factor, OIE, of

lossy substances is related to dielectric constant,
e r, (relative permittivity), loss tangent, tani,
relative permeability (permeability of material
divided by permeability of free space), and
frequency of incident microwaves, as shown in the
following equation [6,10]:

2?rf e 1/2
a* = -IT- [ <77-> -f < l + tan 2fi-D] (8)

where c is the speed of light. For many substances,
including water and oil, in the microwave frequency
range, the relative permeability, u/uo, is very
close to unity, and may be omitted from Equation
(8K

To calculate «Eof water-in-oil emulsions, the
following mixing rule is used, as suggested by
Mudget [11] Expressing relative permittivity in
complex-number form, e* :

cr,mix ~ Crc
[e*cU+<C)+c*s(l-<t>)]

(9)

where <$> is volume fraction of suspended phase
(water or aqueous solution), and subscripts mix, c
and s indicate emulsions, continuous phase (oil) and
suspended phases (water droplets), respectively.

When complex relative permittivity er is used,
dielectric properties used in previous equations
can be obtained as follows: the loss tangent is
equal to Im(er) divided by Re(e£); and dielectric
constant er is equal to Re(er) divided by EQ,
permittivity of free space (8.854 x lO"1^ F/m). The
relative dielectric loss, a term sometimes used in-
stead of loss tangent, is equal to dielectric con-
stant multiplied by loss tangent.

Dielectric properties of pure water at various
temperatures and frequencies can be predicted from
the Debye model [12,13]. Dielectric properties of
various petroleum oils is given by von Hippel [14].
Dielectric properties of motor oil is assumed to
be approximately equal to that of kerosene. Figures
2 and 3, respectively, show dielectric constants and
loss tangents of water and oil. For water-in-oil
emulsion with 50% emulsified water, attenuation
factor varies from 0.00876 cm"1 at 28°C to 0.00588
cm"1 at 69.3°C. For water-in-oil emulsion with 30%
water, attenuation factor varies from 0.00463 cm~l
at 28.8°C to 0.00341 cm"1 at 99.2°C.

Heat Generation
Both the volume rate and the total rate of heat

generation induced by microwave radiation are of
great interest, as indicated previously. The volume
rate is given by Equation (3). At 50 watts/cm-*
power flux, the volume rate of heat generation of
50-50% water-in-oil emulsion varies frcm 0.209
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c a l / s e c a n 3 a t 28°C to 0.141 cal /sec-an3 a t 69.3°C.
For 30-70% water-in-oil emulsion, i t varies from
0.221 cal/sec-cm3

 a t 28.8°C to 0.163 cal/sec-cm3 a t
99.2°C. These values are in close agrefanent with
experimental values.
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balance and property equations. Equations (5)
through (9), temperatures of irradiated emulsion at
various times were calculated. Figure 4 shows the
calculated temperature rises of 50%-50% water-in-
oil emulsion from 0 to 100 seconds of microwave
radiation. The power flux was assumed to be 50
watts/cm^ through the bulk of emulsion body.

50

u Computer Calculation

100 200

ltediation Time, sec.

Figure 4 Temperature Rises of 50-50%
Water-in-Oil Emulsion

Similar calculations were performed for 100
watts/cm2 of power flux on 30%-70% water-in-oil
emulsion. The results are shown in Figure 5. Both
histogram curves agree well with experimental
values.

EXPERIMENTAL STUDY

Experimental Apparatus
A Kenmore domestic microwave oven (Sears Model

566.8878611) was used in heating emulsion samples.
Its maximum microwave power produced by the
Magnetron was 700 watts at 2450 MHz frequency* with
1400 watts of electric power supply. The actual
rate of microwave power received by a sample in its
cavity depended on the sample size and the reflec-
tivity of the sample-air interphase. Figure 6 shows
the experimental apparatus used.

A 800 ml cylindrical container was used. Since
it was significantly smaller than the volume of
microwave oven cavity, a calibration was made for
the size adjustment factor. The factor was used in
the data processing. The container was covered with
aluminum plates at its top and bottom surfaces to
allow microwaves to enter and propagate in the emul-
sion only in the radial direction. The diameter and
height of emulsion sample in the container were.
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Figure 5 Temperature Rises of 30-70%
Water-in-Oil Bnulsion
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Figure 6 Experimental Apparatus

respectively, 8.8 cm and 13.2 cm, as shown in
Figure 1.

Nine J-type suhminiature thermocouples (OMEGA
Model SICSS-020U-6) were inserted into different
locations to measure local temperatures of emulsion.
These locations were three positions on the top
layer, three on the middle layer and three on the
bottom layer. The bottom, middle and top layers
were, respectively, 1.5 cm, 6.5 cm, and 11.5 an
from the bottom of the container. The locations of
thermocouple tips on each layer were 1.0 cm, 2.5 cm
and 4.0 cm from the center of the container. The
diameter of the thermocouples was 0.010 inch. These
thermocouples were connected to thermocouple ampli-
fiers (Cole-Parmer No. J-8109-00, Model 20B) and a
data acquisition analog/digital interface card
(Cole-Parmer No. J-8109-27, Model 134) in a desk-
top personal computer.

Small subminiature thermocouples and a computer
were used for fast reading and recording of temper-
atures. A data logging computer program, written in
BASIC, was used to specify the data storage interval
and adjustment factors developed frcm calibrations.
The overall system accuracy in temperature measure-
ments was +1.5°C with 0.1°C resolution.

Samples and Procedures
Samples of water-in-oil emulsion were prepared

using the Golden State SAE-30 motor oil and dis-
tilled water. This particular nutor oil was used
because it did not contain additives. As indicated
previously, to assure the stability of emulsion,
NaOH was added to distilled water in preparation of
samples. The first step in preparation was to pre-
pare 0.95N NaOH aqueous solution. After oil had
been poured into a domestic blender (Sears, Kenmore
Power 10), the blender was turned on at "3", which
provided agitation and shear of liquid at 12,400
rpm. Then, NaQH solution was slowly added to oil
while agitation continued. After ail solution was
added, agitation continued until the mixture became
too viscous for the blender to continue mixing. The
pH values of samples were measured with Chemcadet
pH meter (Cole-Parmer Model J-5986-60). The 50-50%
water-in-oil emulsion was prepared initially by
using the same volumes of oil and aqueous NaOH
solution, but the actual volumetric composition be-
fore microwave radiation was 46.50% emulsified water
and 53.5% oil. The 30-70% water-in-oil emulsion
was prepared with 30% aqueous solution and 70% motor
oil, by volune, but the actual composition was
22.50% emulsified water and 77.50% motor oil. The
pH value of 50-50% emulsion samples was 12.6-12.8.
A drop of water soluble ink (Pelikan brand) was
added into a small volune, about 5 ml, of the pre-
pared emulsion sample in a test tube. No dispersion
was observed. Therefore, the emulsion was confirmed
as water-in-oil emulsion. With a microscope, the
size of water droplets was found to be in the range
of 1 to 100 van. Most of them were in 10 to 40 \m.

After the data acquisition system was logged
on, a container containing 800 ml of emulsion sample
was placed in the Kenmore microwave oven, at the
center of the oven. Then, the oven was turned on to
its highest level, which provided a constant level
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of microwave radiation. Different lengths of
radiation time were applied. They were 30, 60, 80,
120 seconds, or longer. After the radiation had
completed, a layer of insulation was applied to the
surface of the container imnediately. Then, these
nine thermocouples were inserted into the heated
sample. Since they were tightened together to a
plate, all nine thermocouples were inserted at the
same time. The computer started immediately to
indicate and record nine local temperatures.

Experimental Results
The average values and ranges of measured

temperature rises of emulsion are shown in Figure
4 for 50-50% water-in-oil emulsion, and in Figure
5 for 30-70% water-in-oil emulsion. In both
figures, the measured and calculated temperature
rises are in close agreement, indicating the com-
putation procedure and its theory are acceptable.

SEPARATION OF WATER

Temperature Effect
The objective of heating viscous water-in-oil

emulsion is to separate water from oil. The
separation involves two processes: coalescence of
emulsified water droplets and sedimentation of
coalesced droplets. Both processes depend upon
temperature.

According to Osipow [15], the rate of coales-
cence is given by:

Rate =
-B1/RT

(10)

where A^ and Bj are constants. As temperature
increases, the rate of coalescence increases.

Sedimentation of water droplets can be des-
cribed by Stake's law, if the droplet concentration
is not high. Even for the case of high concentra-
tion where hindered settling is significant,
Stoke's law still provides a good indication of
water separation by showing the terminal settling
velocity of water droplets. According to the
Richardson-Zaki correlation [16] the terminal
velocity of hindered settling of water droplets is:

(tV'o i l )g >4.7
18 u'oil

(11)

where <t> is volume fraction of emulsified water. The
first part of the equation is Stoke's law.

The viscosity of oil is very sensitive to
temperature, much more than density difference
(<V('oil) • Therefore, as temperature increases,
viscosity decreases much faster than the density
difference does. The results are a higher settling
velocity and faster separation of emulsified water
from oil.

Experimental Measurements
The experiments of microwave demulsification

were performed. After nine local temperatures of
emulsion were measured at the end of microwave
radiation, the sample was covered with insulation

and set on a bench for water and oil layers to
develop. The amounts of water at the bottom of the
container were monitored. The results of separa-
tion of 50-50% and 30-70% water-in-oil emulsions
are shown in Figures 7 and 8, respectively. The
water separation in percents was calculated as
follows:

Water Separation, % = ̂ - x 100% (12)
o

where V and V o are, respectively, th? 'olume of
water after t s minutes of settling a the original
volume of water in emulsion in ml.

In Figure 7, 120 seconds of microwave radiation
provided a significant improvement in separation of
50-50% emulsion. It took a little more radiation
for 30-70% emulsion to produce separation. In both
cases the separation was made possible by microwave
radiation. Without too much radiation to cause
turbulence in emulsion, the rate of separation
increased when more microwave radiation was applied,
as shewn in Figures 7 and 8.

100

80

60

40

_ A'

120 sec. Microwave
Radiation

100 sec.
• Q—D-

60 and 30 sec.

50 60
t , Settlement Time, min.

Figure 7 Separation of Water From 50-50%
Water-in-oil Emulsion
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100

240 sec. Microwave
Radiation

100 150
t , Settlement Time, min.

Figure 8 Separation of Water From 30-70%
Water-in-Oil Emulsion

CONCLUSION

Microwave radiation can heat viscous water-in-
oil emulsion quickly and uniformly. Temperature
gradient of emulsions with 30%, or less, of emulsi-
fied water is nearly zero in the direction of
microwave propagation. The rates of heat generation
and temperature rise can be predicted reasonably
well from dielectric constant, loss tangent, micro-
wave frequency and incident microwave power flux.

Viscous and stable water-in-oil emulsion can
be demulsified and separated by microwave radiation.
The separation is much faster than room-temperature
gravity separation, and it does not require the
addition of demulsifying chemicals. Therefore, it
provides an opportunity for the in-process oil
recovery and waste reduction.

ACKNOWLEDGMENT

This work was supported by the National Science
Foundation Grant (CBT-8801234) and the joint doc-
toral program of Louisiana Tech University and the
University of Southwestern Louisiana. The NSF
grant is gratefully acknowledged.

NOTATION

A = convective heat transfer area

A, B. = constants

C = heat capacity at constant pressure

c = speed of light

D = diameter of emulsified water droplets

E = local amplitude of microwaves

E = electric field strength

f = frequency of incident microwaves

H = height of emulsion sample

h = convective heat transfer coefficient

Im = imaginary part of a complex variable

J = conduction current density

K = characterization constant

P = local time-average microwave power flux

q ^ = volume rate of heat generation induced
by microwaves

R = gas constant

Re = real part of a complex variable

r = radial coordinate

S = specific gravity

T = temperature of emulsion

T = ambient temperature
a

t = time

tan 6 = loss tangent

t = time of settling
s

at = increment in time

V = volume of water separated

V = initial volume of water in emulsion

v = terminal velocity of water droplets

Greek Letters

a^ = electromagnetic attenuation factor

Ers

*
£r,mix

P

'•'oil

^o

p

poil

Pw

= loss angle

= relative permittivity (dielectric
constant)

= complex relative permittivity

= complex relative permittivity of
continuous phase

= complex relative permittivity of
suspended phase

= complex relative permittivity of emulsion

= dielectric constant of free space

= permeability; viscosity

= viscosity of oil

= permeability of free space

= density of emulsion

= density of oil

= density of water

= volune fraction of emulsified water

Subscripts

= the i-th steb of computations in the
radial coordinate r
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Unit Conversion

1 ft = 30.48 cm

T °F = 1.8 (T °C) + 32

1 Btu/hr = 0.29307 watts

1 Btu/hrft2 = 0.7540 x 10~4 cal/sec cm2

REFERENCES

1. Kermner, F.N., The Nalco Water Handbook, 2nd
ed., McGraw-Hill, N.Y. (1988).

2. Klaila, W.J., "Method and Apparatus for
Controlling Fluency of High Viscosity Hydro-
carbon Fluids/1 U.S. Patent 31,241 (1983).

3. Wolf, N.O., "Use of Microwave Radiation in
Separating Emulsions and Dispersions of
Hydrocarbons and Water," U.S. Patent 4,582,629
(1986).

4. Fang, C.S., B.K.L. Chang, P.M.C. Lai, and W.J.
Klaila, "Microwave Demulsification," Chem.Eng.
Conmunications, Vol. 73, Oct. 1988, p. 227-239.

5. Fang, C.S., B.K.L. Chang, P.M.C. Lai, and W.J.
Klaila, "Oil Recovery and Waste Reduction by
Microwave Radiation," Envir.Prog. (Vol.8, No.4),
Nov. 1989, p. 235-238.

6. Johnk, C.T.A., Engineering Electromagnetic
Fields and Waves, John Wiley (1975).

7. Atkins, P.W., Physical Chemistry, 3rd ed.,
Freeman and Co., N.Y. (1986).

8. Dean, J.A. (ed.), Lange's Handbook of Chemistry,
13th ed., McGraw-Hill, N.Y. (1985).

9. Standards of Tubular Exchanger Manufacturers
Association, 1978, p. 165.

lO.Decareau, R.V., and R.A. Peterson, Microwave
Processing and Engineering, Ellis Horwood (1986).

ll.Mudget, R.E., D.I.C. Wang, and S.A. Goldblith,
"Prediction of Dielectric Properties in Oil-in-
Water and Alcohol-Water Mixtures at 3000 MHz,
25°C Based on Pure Component Properties," J. of
Food Science, 1974, p. 632-635.

12.Mudget, R.E., "Electrical Properties of Foods in
Microwave Processing," Food Technology, Feb.
1982.

13.Smyth, C.P., Dielectric Behavior and Structure,
McGraw-Hill (1977).

14.von Hippel, A.R., Dielectric Materials and
Applications, MIT Press (1954).

15.Osipow, L.I., Surface Chemistry, R.E. Krieger
Pub. Co. (1977).

16.Probstein, R.F., Physicochemical Hydrodynamics,
Butterworths (1989).

131



CHEMICAL APPLICATIONS CF ELECTROHYDRAULIC
CAVITATION FOR HAZARDOUS WASTE CONTROL

MICHAEL R. HOFFMANN, PROFESSOR, CALIFORNIA INSTITUTE OF
TECHNOLOGY, PASADENA, CA 91125

Abstract
We have been investigating the fundamental

chemistry and physics underlying the .spplication of
electrohydraulic cavitation as induced by pulsed-
power plasma discharge in water, by spark-gap
discharge in water (i.e., lithotripsy) and by pulsed
(and/or continuous) ultrasonic irradiation (i.e.,
sonolysis) of water for the elimination of chlorinated
hydrocarbons from water. These three different
applications of electric power share a common
physical thread, which involves hydraulic cavitation,
production of shock waves, release of high energy
light, production of hydroxyl radicals, hydrogen
atoms, hydrogen peroxide and aquated electrons.
The chemical changes of compounds in water pulsed
with these different sources of power are induced in
part by the violent collapse of cavitation bubbles.

Introduction

The elimination of toxic and hazardous
chemical substances such as halogenated
hydrocarbons from waste effluents and previously
contaminated sites has become a major national and
international concern. More than 540 million metric
tons of hazardous solid and liquid waste are
generated annually by more than 14,000 installations
in the United States. Some hazardous wastes, which
are stored in holding ponds or are discharged within
landfills, eventually contaminate ground and surface
waters. Groundwater contamination is likely to be
the primary source of human contact with toxic
chemicals. Some specific chemical compounds of
interest are: 4-chlorophenol, pentachlorophenol,
trichloroethylene (TCE), perchloroethylene (PCE),
carbon tetrachloride, PCB's, dioxins, dibenzofurans,
chloroform, methylene chloride, ethylenedibromide,
vinyl chloride, ethylene dichloride, methyl
chloroform, p-chlorobenzene , and
hexachlorocyclopentadiene. The occurrence of
chlorinated hydrocarbons and chlorofluorocarbons
and other grease-cutting agents in soils and
groundwaters is widespread.

The advanced technologies of sonolysis, spark-
gap discharge and pulsed-power plasma discharge are
intended to be complementary to some of the
existing approaches to the destruction or
transformation of hazardous chemical substances
such as high-temperature incineration, amended
activated sludge digestion, anaerobic digestion and
conventional physicochemical treatment.

Pulsed-power plasma discharge technology
may have additional commercial applications beyond
hazardous compound destruction. Some of the
possible applications include the separation of solids
from water, the disinfection of drinking water and
wastewater and desalinization (due to the extremely
high pressure transients which dramatically shift the
controlling solubility relationships).

We are motivated by the potential economical
application of electrohydraulic cavitation for the
rapid degradation of a wide range of halogenated
hydrocarbons. Current approaches to the treatment
of hazardous chemical, wastes include high
temperature incineration, chemical oxidation with
and UV light, membrane separation, activated carbon
adsorption, substrate-specific biodegration, electron-
beam bombardment, super-critical fluid extraction
and oxidation, fixed-bed high-temperature catalytic
reactors and steam gasification. These techniques are
not totally effective, they are very often cost-
intensive, they are often inconvenient to apply to
mixed solid-liquid wastes and they are not readily
adapted to a wide variety of conditions.

Background

The term cavitation refers to the formation
and the subsequent dynamic life of bubbles which are
filled with vapor and gases, in liquids. Cavitation is
brought about by tension produced by pressure
variations that may be of acoustic, explosive,
hydrodynamic or thermal origin. Cavitation occurs
in water, organic solvents, biological fluids, liquid
helium and molten (Suslick, 1988).
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The application of electrohydraulic cavitation
in its various forms for the pyrolytic and oxidative
control of hazardous chemicals in water has the
potential to become economically-competitive with
existing technologies. In terms of convenience and
simplicity of operation, electrohydraulic cavitation
could prove to be far superior to many of the above
methods. For example, the relative efficiency of
ultrasound in terms of the total power consumed per
mole of p-nitrophenol degraded per liter of water is
far superior to UV-photolytic degradation
(Kotronarou et al., 1991).

The chemical effects of ultrasound have been
explained in terms of reactions occurring inside, at
the interface or at some distance away from
cavitating gas bubbles (Suslick, 1988; Sehgal and
Wang, 1981). In the interior of a collapsing cavitation
bubble, extreme but transient conditions are known
to exist. Temperatures approaching 5000 K have been
determined (Suslick et al., 1986; Mason, 1988; Flint
and Suslick, 1991; Suslick et al., 1991) and pressures of
several hundred atmospheres have been calculated
(Shutilov, 1988). Temperatures on the order of 2000
K have been determined for the interfacial region
surrounding a collapsing bubble (Flint and Suslick,
1991; Suslick et al., 1986; Mason, 1988).

Sonochemical reactions are characterized by
the simultaneous occurrence of pyrolysis and radical
reactions especially at high solute concentrations.
Volatile solutes will undergo direct pyrolysis
reactions within the gas phase of the collapsing
bubbles or within the hot interfacial region. In these
interfacial regions, both combustion and free radical
reactions (e.g., ) are possible. Pyrolysis (i.e.,
combustion) in the interfacial region is predominant
at high solute concentrations, while at low solute
concentrations free radical reactions are likely to
predominate (Kotronarou et al., 1991). In the bulk
solution, the chemical reaction pathways are similar
to those observed in aqueous radiation chemistry (as

induced by aquated electrons, y-rays, or X-rays).
However, evidence for combustion-like reactions at
low solute concentrations has been presented
(Kotronarou et al., 1991).

In our investigation of the ultrasonic
oxidation of hydrogen sulfide gas (Kotronarou et al.,
1992), we have found a linear relationship between
the applied power at a fixed frequency and the
observed rate of loss of sulfide. We have also shown
that a continuous-flow stirred-tank (CSTR) ultrasonic
reactor can attain significant conversion efficiencies
at relatively high volumetric flow rates. Our initial
tests indicate that the use of large high-powered
sonicators in the CSTR mode can result in viable
compound degradation rates.

The pulsed-power plasma discharge process
(Wesley and Ayers, 1984; Weldon, 1985; Edebo and
Selin, 1968; Gilliland and Speck, 1967; Clements et al.,
1987; Lee, 1990; Goryachev et al., 1990) is a technology
which has the potential for the cost-effective
treatment of contaminated wastewaters and soils.
This technology is an adaptation of an existing
technology which has been used in a variety of other
applications such as in the manufacture of beer cans
and automobile springs and in the destruction of
kidney stones via focused high-pressure shock
waves. Pulsed-plasma discharge systems have also
been used to knock barnacles off marine structures, to
form high strength metal alloys and to pressure-test
cannon bores.

Pulsed-power discharge into water or water-
solid slurries is an electrohydraulic phenomenon
characterized by a periodic rapid release of
accumulated electrical energy across a submerged
electrode gap ( 1 - 2 cm). The power source is a bank
of charged capacitors capable of delivering a high
voltage, high amperage electrical current to the
submerged electrodes at a frequency of 20 kHz. Each
electrical discharge produces a short (20 us) burst of at
a high power density within the electrode gap (i.e., 36
kj). This highly ionized and pressurized plasma has
the ability to transfer energy to wastewater via
dissociation, excitation, and ionization (e.g. H2O+, eaq,
OH, H , etc.) with a corresponding increase in
temperature. The plasma produces a very high
pressure shock wave (> 14,000 atm). If the
propagating shock wave is reflected back from either
a free surface or from a material with a different
accoustic impedance, intense cavitation occurs with
the associated chemical changes as described above
for the cavitational effects of ultrasound (pressure
waves in the latter case range from 2 to 200 atm
depending on applied frequency and power). Thus a
pulsed-power discharge in water provides a highly
efficient method for promoting pyrolytic, OH radical,
aquated electron and UV promoted reactions in
water or soil-water slurries. Additional reaction
pathways are likely to result from the direct reactions
of the rapidly expanding plasma gases with the
chemical substrates of interest and from indirect
production of OH radicals due to the release of soft X-
rays and high energy UV radiation from the
energized plasma. In addition., the intense cavitation
events induced by the shock waves emanating from
the plasma discharge can be used to destroy
halogenated hydrocarbons by the above mechanisms,
to separate suspended and dissolved solids from
water (due to the extremely high pressures which
dramatically shift chemical equilibria) and to
disinfect wastewater by killing bacteria and viruses
(Gilliland and Speck, 1967).
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Spark-gap discharge into water with shock-
wave focusing by a metal semi-ellipsoid has been
utilized in several biomedical applications such as
extracorporeal shock wave lithotripsy (Chaussy, 1986;
Gravenstein and Peter, 1986). This technique is used
routinely for the destruction of kidney stones and for
the general treatment of urinary stone disease (e.g.,
calcium oxalate stones and uric acid stones). The
basis of the method is to use an externally-generated
shock wave that enters the body and propagates
without interference because there is essentially no
difference in acoustic impedance between body
tissues and water. At the tissue/stone interface there
is a partial reflection of the shock Wave and thus a
high pressure load which cracks the stone. The
transmitted wave is reflected at the opposite side
with a phase reversal such that it becomes a tensile
wave. Further cracking of the stone results from an
exceedance of the tensile strength of the mineral. In
essence, the pressure amplitude of the shock wave
must greatly exeed the compressive and tensile
strength of the stone.

In a spark-gap lithotriptor, shock waves are
produced by an underwater spark discharge. The
energy stored in a condensor is released within
several microseconds. This rapid release of energy
results in an arc across the electrode gap, which in
turn explosively vaporizes the water around the path
of the arc and establishes a rapidly expanding plasma.
This explosive vaporization of the water yields a
shock wave in the surrounding water which
propagates radially outward. In lithotripsy, the shock
wave is generated by spark-gap discharge at the focal
point of rotationally symmetrical semi-ellipsoid. The
shock wave is reflected off the elliptical wall and
concentrates at a second focal point.

Applications
We are optimistic about the potential of

ultrasonic irradiation and pulsed-power plasma (or
spark-gap) discharge for the practical and economical
treatment of a variety of hazardous chemical
compounds found in contaminated aquatic systems.
However, more research is needed in order to
unravel the relative roles of hydraulic cavitation, soft
X-rays, plasma-initiated free-radical reactions, OH
radical attack and direct pyrolysis toward the
degradation of substrates. We need to explore the
effects of temperature, ionic strength, energy
intensity, energy density, and energy partitioning, to
examine the effects of the chemical and
thermodynamical properties of the dissolved gases
(e.g., Ar vs. O2), to examine the sonolysis of
intermediate products, to establish OH radical
formation rates and steady-state concentrations using
specific scavengers. Fundamental physical theories

of induced cavitation coupled with chemistry need to
be developed.

The core of the pulsed-power reactor system is
the plasma discharge chamber (PDC). This chamber
(5 - 20 L in volume) is a thick-walled alloy pressure
chamber designed to sustain the millions of shock
wave cycles produced by the pulsed plasma power
discharge. The head of the PDC contains a bulkhead
penetration through which the external power
supply can be electrically connected to the two
submerged electrodes. The inlet nozzle is connected
to a pipe through which the solute.water system will
be introduced via pumping from a reservoir. The
outlet nozzle is connected to a second pipe through
which the treated effluent will flow. A control value
at the outlet of the PDC will regulate the flow.

We are currently carrying out experiments to
determine the optimum process conditions for
chlorinated hydrocarbon destruction via direct
plasma contact, UV photolysis and shock-wave
induced cavitation. Once the conditions (e.g., the
nature of the dissolved gases, the role of O2 transfer,
presence of inhibitors, ionic strength, etc.) have been
determined for a given design, the variables used to
control the degree of treatment will be the fluid flow
rate (L min'1) and the plasma pulse frequency (Hz).

Since the high energy-electrical discharges are
of very short duration the projected costs of the
pulsed-power plasma technology are relatively low.
Hazardous waste cleanup costs are estimated by the
DOE to run in the range of $ 4 - 8,000 per 1 m3 of
liquid wastes with typical costs about $ 150 per m3.
Pulsed-power processing should be at the lower end
of the above cost range.

Initial our research into the chemical effects of
confined shock waves have been conducted with a
spark-gap lithotriptor apparatus. The physics of
spark-gap discharge in water is very similar to that
for the higher energy pulsed-power plasma system
described above.

We have been investigating reactions in a
vessel made of polyethylene, which has an acoustic
impedance similar to that of water at a variable
distance between the first and second focal points of
the lithotriptor. The degree of chemical
transformation as a function of integrated shock-
wave pulse time is determined using the techniques
previously employed in this laboratory (Kormann et
al., 1991) for chlorinated hydrocarbon quantification
in water. In this way we have investigated the
oxidation of iodide to iodine and ferrous iron to
ferric iron.
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A polyvinylidene difluoride needle
hydrophone with an end-of-cable capacitance in
water of 208 pF is used to make pressure
measurements in the shock wave field. The
maximum peak pressures at the second focal point of
the shock waves varies between 140 and 300 atm
depending on the discharge circuit inductance. The
peak current at discharge ranges between 10 to 20 kA.
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ABSTRACT

The use of membranes for separating gaseous and liquid
mixtures has grown dramatically in the past 15 years.
Applications have been dominated by light gas separations and
water purification. During this pioneering period, equipment
containing the membrane surfaces has been developed to a point
where failures are minimal and the membranes themselves are
sufficiently rugged. For each application, the membrane
material itself is the key to the separation.

Among the potential application areas of membranes is
that of waste minimization. This area is emphasized in the
paper, with recognition that a combination of membranes and
other separation techniques may represent the optimal design
from a cost-energy point of view.

It is concluded that the use of membranes will expand
further into the field of industrial separations, with membrane
materials being tailor-made to provide both high selectivities and
large throughputs.

INTRODUCTION

The use of perm-selective membranes for separating
mixtures is far from new, and in a sense is as old as the human
race, since the kidney purification process involves selective
passage of materials through membrane walls. For many
decades there has been soine commercial use of membranes for
liquid mixture separation in dialysis and reverse osmosis. More
recently, membrane separations have become big actors on the
stage of separation technology, especially in the area of gas
recovery and purification. The field has grown quite large and
the literature is voluminous. There is now a North American
Membrane Society and there has been for some years the Journal
of Membrane Science. At several academic institutions
throughout the world, including The University of Texas at
Austin, there are major programs in membrane research.

The theme of this conference is industrial energy
technology; the present paper has been developed to include
process waste minimization as well as energy minimization. One
cannot deny the economic as well as environmental importance
of these two topics, and in some ways they are related. As a
further limitation on the scope of the paper, gas separations will
have some emphasis, although liquid separation applications will
be mentioned. Actually, many of the principles discussed will
apply to either phase.

SEPARATIONS TO MINIMIZE WASTE AND
ENERGY

It is rare that a process does not generate one or more by-
products that must be discharged, sold, or recycled to the

processing operation. If the by-product has little intrinsic value,
and is completely compatible with the environment, then
discharge is the course of action likely to be followed. If it can
be recovered and sold at a net profit, and the capital investment
is within the capability of the manufacturer, then good economic
sense dictates that this avenue be taken. If the by-product can be
recycled to the process at an economic advantage, and its
recycling is within the technological capability of the
manufacturer, then prudence calls for doing so. These ideas are
far from new, and will apply to any manufacturing operation.
The problem is that many by-products do not fall into this neat
categorization, or do not meet the premises just stated. Thus,
there is a continuing general problem with process effluents that
remain to be dealt with, and which require energy inputs
for their treatment.

For chemical manufacturing, which represents one of the
greatest opportunities for waste minimization efforts, the
problem by-products are often generated at a reaction step. It is
commonly observed that by taking a lower conversion per pass
in the reactor, quantities of by-products are decreased. At the
same time, energy requirements for recycle of unreacted feed
components increase. Thus it may be deduced that there are
tradeoffs between energy minimization and waste minimization.

A typical chemical process is shown schematically in
Figure 1, where it is clear that separation steps can be important
in recovering by-products for recycling, discharge or (hopefully)
for sale. It has been stated many times that separations are a key
ingredient of any waste reduction effort; it is clear also that
separations consume energy.
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Figure 1. Typical chemical process Hows

It is of interest here to consider the typical separation
problem that is encountered in reducing amounts of
contaminants in streams leaving the process boundary. The
contaminants are often at low concentration and may be present
in discharge gases or in aqueous outflows. This does not
suggest that more concentrated mixtures are not important, but
rather that conventional technologies such as distillation or
extraction, with calculable energy requirements, are likely to
have already been considered. This leads to the question, at least
in the present context, of whether membranes can be useful for
such separation needs.
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MEMBRANE SYSTEMS

When applied to chemical processing, these systems
comprise one or more modules ("permeators") that contain the
membrane surface in a compact, high surface/volume ratio
arrangement. It may be necessary to filter the feed stream in
order to avoid plugging problems. Equipment may be needed
to provide the pressure driving force for flow through the
membrane walls. Pre-heating of gases may be necessary to
avoid condensed materials that might damage the membranes.
Finally, there may be piping arrangements for recycle of streams
back to the feed or to intermediate points in the process. A
schematic flow arrangement is shown in Figure 2, taken from
the paper by Spillman (1989). The application shown in the
figure is for the removal of carbon dioxide from methane gas,
and it should be noted that compression energy is an important
consideration in how the flows are to be arranged.
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Figure 2. Membrane system for treating natural gas.

The permeators used today are of two types. One type
embodies a shell and tube type affair with many hollow fiber
membranes bundled into two tube sheets as shown in Figure 3.
Inside diameters of the fibers are usually in the range of 300 to
600 microns. The other type of permeator is the spirally-
wrapped variety as shown in Figure 4. Both types exhibit large
surface-volume ratios and can be used in either gas or liquid
service. Commonly, the membrane surfaces are of a polymeric
nature; this suggests possible problems of compatibility
between the fluid mixture and the membrane material.

THE MEMBRANE SEPARATION BUSINESS

For liquid mixtures, reverse osmosis applications
predominate, and these for the purpose of water purification.
An osmotic pressure must be applied to force pure water through
a microporous membrane wall, leaving behind the salts or other
impurities entering with the water. Fouling of the wall by these
impurities ("polarization") is a major problem with reverse
osmosis installations and depends, quite naturally, on the nature
and concentration of the impurities.

Separator module may be
staged or run in paraKel

Figure 3. Shell and lube type pcrmealor utilizing hollow fibers typically
300-600 microns inside diameter.
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For gas mixtures there are two large applications of
membranes. One is for the production of inerting nitrogen based
on an air feed. Membranes are available for this oxygen-argon-
nitrogen separation, and membrane systems compete with
pressure swing adsorption systems for the inert nitrogen
business. The other large application, and the one that launched
the modern gas permeation business, is the recovery of
hydrogen from vent streams or recycle streams in plants such as
those producing synthetic ammonia; significantly, these
hydrogen recovery applications have often involved feed streams
that are already at a high enough pressure to make the separation
feasible, and the low pressure permeate has been withdrawn and
used without additional compression. In addition to these major
uses there are hosts of other applications warranting the attention
of membrane researchers.
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MEMBRANE RESEARCH AREAS

The research activity in membrane permeation can be
classified as shown in Table 1. Much of the research could be
more broadly categorized as materials research: work directed
toward finding the right membrane material for a specific
separation problem. For example, of the acid gases, carbon
dioxide is easily separated from natural gas by polymer
membranes; in fact, one of the "standard" test mixtures is
methane/carbon dioxide. Another acid gas, hydrogen sulfide,
has not been as successfully separated with membranes,
although work is in progress and there has been developed a
rubbery polymer that that can effect a good separation without
serious deterioration of the membrane material.

Table 1. Research Areas, Membrane Permeation
*

• Transport through membranes
Rate
Selectivity
Pressure loss
Solubility
Diffusion

• Interaction of solutes with membranes
Enhancement of selectivity
Durability of membrane material

• Preparation of membranes
Casting
Spinning
Conditioning

• Design and fabrication of permeators

• Configuration of membrane systems
Staging
Counterflow
Integration with overall process

For each material under consideration there is a tradeoff
between rate of diffusion and selectivity of the separation, as
shown in Figure 5. The rate of permeation is inversely
proportional to the thickness of the membrane wall, and to this
end asymmetric membranes have been developed that have a thin
(1000 Angstroms) "skin" to make the separation and a more
substantial support (with high porosity) below the skin. Still
other studies of membrane materials involve modeling of the
movement through micropores and the solubility/diffusion
characteristics of molecules moving through nonporous
membranes.

The interaction of solutes with membrane module
materials has been mentioned; some organics, for example,
dissolve the membranes and/or the tube sheet materials that
support hollow fibers or spiral wrapping materials. Fouling of
membranes is always a potentially serious problem, and like the
analogous case of heat exchanges, is not easily tractable. For
bioseparation applications, the crossflow filter is used, and the
fouling with filter cake is avoided by using very high stream
velocities across the surface of the membrane material.

Preparation of membranes has become a major area of
research. Conventional spinning or casting have their
limitations, especially when the asymmetric "skin", mentioned
earlier, is to be used. Should the membrane be formed and then
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Figure 5. Variation of selectivity with rate of permeation for the liclium-
mclhanc system. Membrane materials: PSF = polysulfonc. PPO =
polypropylene oxide. Symbols represent various plaslicizcrs used in the
polymer membranes.

treated to provide the skin? Or should the skin migrate to the
surface during the formation process? Here there are large
possibilities, particularly when co-polymers are being used for
the separation.

Design and fabrication of permeators is a significant
component of overall commercial membrane separation
technology, yet it is one that involves mechanical know-how that
is closely guarded by the vendors of permeators. One has the
problem of arranging hollow fibers such that there can be good
penetration of the shell side fluid into the bundle. There is the
problem of pretreating the fibers or the wrappings such that early
failures do not occur. As alluded to earlier, there is the problem
of selecting a potting material for the fiber tube sheet that can
resist such materials as ketones, aromatic solvents and alcohols.

The final entry'in Table 1 deals with configuration of
membrane systems. Such work is invariably based on process
simulators that can handle a variety of recycle streams and
membrane selectivity/rate characteristics. The fact that this is a
mass separating agent type process means that it is difficult to
generalize on the rate/selectivity criterion. At any rate, research
in the area of configuration is carried out primarily by the
vendors or, to some extent, by processors with a need to
optimize operating equipment; very little of such work is being
carried out in academia.

WASTE MINIMIZATION APPLICATIONS

The question arises as to how membrane systems can be
used in the waste minimization thrust. It should be clear from
the foregoing that membranes must often be tailor-made to fit an
application; this makes it difficult to generalize for waste
management purposes. However, it has often been observed
that membranes are much better for concentration than for
purification. And when a relatively pure product such as
inerting nitrogen emerges from a penneator, it is likely that the
recovery of this material has not been high. Thus, for a
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membrane unit producing high purity nitrogen a good deal of the
nitrogen entering with the air is discarded because of a low
recovery, but considering this special case of a "no-cost" raw
material, and the fact that the by-product (enriched air) is not
deleterious to the environment (and might actually be saleable)
makes the level of recovery only a concern for the energy
expended in compressing the feed stream. Incidentally, when
viewed from the oxygen balance, recovery is very high - but the
recovered oxygen is not in high concentration.

For waste minimization applications, however, recovery
must be high, although "minimization" does not necessarily
equate to "elimination". This suggests that if membranes are to
be used, they might best be used in conjunction with one or
more other separation methods; such a combination has come to
be known as a hybrid separation system. Some examples of
such systems will be discussed in the following paragraphs.

A representative problem of waste minimization deals
with the removal of acid gases from discharge gas streams.
There are several methods available for this removal operation:
condensation, low-temperature absorption, higher temperature
physical absorption and chemical absorption. Figure 6 shows
approximate regions of application of these methods (Blytas,
1986). Thus, it might be economical to make a membrane
separation first, and then follow with a chemical absorption step.
Studies sponsored by the Gas Research Institute have delineated
operating conditions where acid gas removal is cheaper using
membrane-absorption hybrids than using straight absorption.
(Kellogg, 1991). A flow diagram for such an operation is
shown in Figure 7.
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Figure 6. Areas ot general applicability of separation methods for (he
removal of carbon dioxide from gas streams.

Another application of hybrid systems deals with
hydrogen recovery. As discussed earlier, this separation may be
made by membrane permeation, but classically it has also been
made by cryogenic absorption. Researchers at Air Products,
Inc. have found applications where a combination of these
methods can be optimal (Agrawal et at., 1990), as indicated in
Figure 8. As shown, the membrane unit is upstream of the cold
box; alternate schemes have this sequence reversed.
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Figure 7. Hybrid system for the removal of acid gases from natural gas.
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Figure 8. Sequential membrane/cryogenic hybrid process for hydrogen
recovery.

The use of membrane permeation for removing (and
recovering) organics from discharge air has been explored by
Peinemann et al. (1986). Their proposed industrial flow
diagram is shown in Figure 9. The flows appear to be similar to
those of an adsorptive type recovery system. The problem is
that the membranes may not be as selective as activated carbon
for separating the organics from air. Permeabilities measured by
Peinemann et al. for several organics in nitrogen, using a
neoprene rubber membrane, are shown in Figure 10, and clearly
are quite high. If selectivity is defined as a ratio of
permeabilities, then removal of acetone, for example, from
nitrogen would appear to be quite easy. Here one needs to
consider the basic flux equation for membrane permeation:

N| = (1)

where N, is the molar flux of component i per unit area, P; is the
permeability of component i through a thickness z of the
membrane, with a driving force of Apj partial pressure. The
ratio of permeabilities of two components i and j in the feed
mixture may be called a selectivity ratio:

= Pi/Pj (2)
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Figure 9. Membrane system for removing and recovering organic
solvents from discharge air.

In Figure 10, the indicated selectivity ratio,
acetone/nitrogen, is in the range of 1000. A convenient
relationship for making use of this selectivity has been
developed by Peinemann et at. and is shown in Figure 11. The
curves are based on an entering feed composition of 0.5 vol-%
organic (remainder air or nitrogen). The abscissa scale is the
ratio of total pressures of permeate and feed streams. Thus, for
the case of acetone removal from atmospheric air, and a vacuum
of 50 mm Hg absolute, the permeate (material passing through
the membrane) would contain about 20 vol-% acetone,
remainder air or nitrogen. This might require excessive energy
consumption for the vacuum pump as well as for the
refrigeration needed to condense the acetone from the permeate
gas. It is unlikely that such a process could compete
economically with a conventional carbon bed adsorption
process. However, a combination of membrane permeation
followed by an activated carbon system might represent an
economical operation.
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Figure 10. Permeabilities of several organics compared with ihe
permeability of nitrogen at 40'C.

Figure 11. Pcrmcale vapor composition as a function of permcalc/fccd
pressure ratio and selectivity.

The use of membranes for the removal of small amounts
of organics from water is a potential liquid-phase application
with waste minimization implications. Here one would need to
use a polymeric membrane in which the organics would
selectively absorb and diffuse to the permeate side of the
membrane wall. Microporous membranes with a hydrophobic
treatment would also be a possibility. Work in this area is
known to be in progress, utilizing the process of pervaponition,
in which the permeate is taken off as a vapor. Pervaporation is
often used to break organics-water azeotropes, with the water
selectively transferring to the vapor side; this requires
vaporization energy, but in a relatively small amount.. Thus, as
is the usual case, a materials development problem emerges: one
must find (or design) the proper membrane material that can
resist attack by the organics, yet allow those organics selectively
to move through the membrane material. It would be completely
infeasible to use the reverse osmosis approach, where large
amounts of pumping energy as well as large surface areas would
be required for transferring the water through the membrane.

FORWARD RESEARCH
TECHNOLOGY

IN MEMBRANE

Continuing research in the membrane area will
concentrate on finding and developing better membrane
materials. Although there may be some indication in this paper
that all membranes are made from polymers, this is not the case.
Membranes of ceramics and carbon are very much under
investigation, especially for higher temperature applications.
The ability to tailor-make membranes for specific separation
needs is a key research goal. There are a number of academic
institutions with research concentrations in membranes, and one
of these is at the author's university, as part of the Separations
Research Program. Some of the more recent accomplishments
in this particular program are indicative of research
accomplishments in the general field:
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The ability to make ceramic-supported polymeric
composite thin film membranes.

A new process for making ultrathin (less than
1000 Angstroms), defect-free gas separation
membranes.

Methodology for pre-conditioning membranes to
improve rate without loss of selectivity.

Development of fully aromatic polymers that
have high oxidation and thermal stability.

Improved understanding of how thin structure
affects transport as well as physical properties of
membranes.

Ability to fabrication composite membranes.

Ability to form defect-free asymmetric
membranes directly as opposed to using coating
techniques.

SUMMARY AND CONCLUSIONS

This paper has emphasized waste minimization
applications of membranes, with the chemical process as the
example application and with the recognition that the treatment of
process effluents requires energy. The mixtures involved
typically have small concentrations of contaminants which must
be removed almost quantitatively if exit waste restrictions are to
be recognized. Characteristically, membranes serve as
concentrators, which could mean that the majority materials
(e.g., water or air) must be removed from the mixture with
minimum amounts of contaminants taken along. Thus, at first
glance one would suspect that membranes might have a minor
role to play in waste minimization efforts. At least this has been
the reputation of membrane separations in the past.

Through continued and intensive research, this picture is
changing. Coupling membranes with other separation
techniques to provide hybrid systems is proving to have
economic advantages in some cases; the concentration capability
of the membranes provides a more cheaply-separated mixture for
the associated separation technique located downstream. Special
polymeric materials are being developed that can remove
selectively organic contaminants in waste waters. In general,
there is a strong thrust to find or design special membrane
materials that can be used for separating particular molecules
from mixtures. While most of the effort seems to be devoted to
gas mixtures, backgrounds in reverse osmosis separations are
leading researchers toward the large potential of removing low-
concentration level contaminants from liquid streams.

The research in membrane technology is taking place
both in industry and in academia. Naturally, more is heard from
the academicians and reviews such as the present one must rely
largely on published works or in-house research. There are
large areas of research and development that are the special
domain of industry: how the membrane separator is integrated
with the rest of the plant; how the membrane devices are
constructed and installed; how the membrane surfaces are
formed most economically. Partnerships between industry and
academia are flourishing, and the end result can only mean one
thing: more and better ideas for minimizing wastes, and definite
progress toward the ultimate zero-discharge plant.
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TWO STAGE VAPOR COMPRESSION HEAT PUMP WITH SOLUTION CIRCUITS:
CATERING TO SIMULTANEOUS CHILLING AND WATER HEATING NEEDS
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ABSTRACT

The benefits of using a two stage
vapor compression heat pump with ammonia
water solution circuits (VCHSC) to
simultaneously provide chilled water for
air conditioning and hot water for various
uses are reviewed.

The performance results for a two
stage VCHSC are summarized. Experimental
results indicate that the two stage VCHSC
can achieve cooling coefficient of
performances as high as 1.04 while pumping
heat through a lift of 194°F (1O8°C) .

Comparison is made with a system
consisting of a vapor compressor chiller
and a gas fired furnace. The basis for
comparison being primary energy usage,
energy cost and initial cost of the
systems.

Energy saving at various operating
conditions is estimated. In some cases,
energy saving could be as high as 31%.

Based on the national average energy
prices in 1991 and the projected prices
for 1995, suitable applications for the
two stage VCHSC have been identified.

INTRODUCTION

Concern for global warming and ozone
layer depletion has increased the need to
look into various energy conservation
opportunities and CFC alternatives.
Integrating cooling and heating systems in
industrial, commercial and residential
installations has significant potential to
reduce the energy demand. One such
example would be to utilize the heat
rejected from condensers of refrigeration
and chiller units for heating water.

Although there is significant
potential for such a scheme, high
temperature lifts required in most of the
applications preclude the use of simple
single fluid systems. The use of cascade
systems with two separate refrigerant
loops (with different working fluids) and
compressors, has restricted the use of
such schemes.

A two stage vapor compression system
with solution circuits (VCHSC; has the
potential to pump heat through high
temperature lifts using one compressor
without encountering high pressure ratios
across the compressor. A two stage VCHSC
with ammonia/water as the working pair has
the potential to pump heat through lifts
as high as 216°F (12O°C). Its important to
note that this would also provide an

Rcinhard Rad«rraach«r
Associate Professor
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alternative to the ozone depleting
refrigerants used in the conventional
cascade cycles.

CYCLE DESCRIPTION

The first stage of the two stage
VCHSC, as shown in Figure 1, pumps heat
from the lower temperature in desorber A
to an intermediate temperature in absorber
B. Heat is exchanged internally between
the absorber B and the desorber C. The
second stage pumps heat from the
intermediate temperature in desorber C to
the higher temperature in absorber D.
Thus, heat is pumped from the lower
temperature in desorber A to the higher
temperature in absorber D.

This is very similar to a
conventional cascade vapor compression
cycles using two different compressors.
As heat is pumped through a smaller
temperature difference in each stage the
pressure ratio in the two stage VCHSC can
be 4 0 to 65% lower compared to that in a
single fluid Rankine cycle heat pump. The
option of using one large compressor
rather than two small ones reduces the
cost and increases the reliability of the
system.

The reduced pressure ratio improves
the volumetric and overall efficiency of
the compressor, which in turn improves the
COP and offers the possibility of using a
centrifugal compressor, where, otherwise a
reciprocating compressor would be
required. The highest temperature and
pressure in the compressor of a two stage
VCHSC can be significantly lower than that
in a single fluid heat pump operating
between the same source and sink
temperatures.

Using only one compressor to compress
the vapor for both the stages leads to the
need for rectification. This is because
the vapor concentrations at the outlet of
the low and the high temperature desorbers
are not the same. The vapor at the outlet
of the high temperature desorber has more
water vapor than that at the outlet of the
low temperature desorber. If this excess
water vapor is not removed, it ends up in
the low temperature solution loop. This
reduces the difference between the average
concentrations in the high and the low
temperature solution loops, which
adversely affects the performance of the
heat pump by increasing the pressure ratio
required to pump heat through the required
temperature lift.
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A new scheme to significantly improve
the performance of the two stage cycle by
eliminating the rectifier was first
investigated with the help of computer
simulation (1), and then incorporated in
the experimental setup. The need for a
rectifier is eliminated by incorporating a
bleed line. Water balance in the high and
the low temperature circuits is maintained
by bleeding 2 to 5% of the weak solution
flow from the low temperature solution
circuit to the high temperature solution
circuit.

A 1.42 Ton (5 kW) bread board unit
was setup to test the two stage VCHSC
(Figure 2).

SUMMARY OF EXPERIMENTAL RESULTS

The unit was operated successfully
under stable conditions and the necessary
control mechanisms and strategies were
developed (2). Data from some of the
experimental runs is summarized in Tables
1 and 2.

Operating Conditions:
The heat pump was operated with an average
glycol-water temperature in the desorber
of 32°F (0°C), and that in the absorber of
212°F (100°C). The temperature of the
glycol-water leaving the low temperature
desorber was around 24°F (-4.4°C) and that
leaving the high temperature absorber was
around 218°F (103.5°C). The weak solution
mass flow rate was varied from 6.6 to 22.8
g/s in the low temperature stage and from
0.04 to 0.072 lb/s (18 to 32.7 g/s) in the
high temperature stage. Data were
collected at different weak solution
concentrations in the low temperature
stage ranging from 4 3.0 to 56.0 wt%
ammonia. The mass flow rate of the
glycol-water mixture in the desorber and
the absorber was fixed at about 0.275 lb/s
(125 g/s).

Performance Calculations;
The desorber and the absorber capacities
were calculated using the ammonia solution
concentrations, the flow rates, the
temperatures at the inlet and the outlet
of the desorber and the absorber, and the
vapor temperatures at the inlet and the
outlet of the compressor. These
capacities were found to be within +5
percent of the capacities calculated based
on the glycol-water mixture. The cooling
capacities reported here are based on the
calculations made using the enthalpy
balance on the glycol-water mixture.

The cooling COP of the heat pump is
based on the measured values for the power
consumption of the compressor (after
backing out the losses due to the
electrical efficiency of the motor (85%)
and the transmission efficiency of the
belts (95%)). Thus the cooling COPs are
based on the compressor shaft work and the
heating COPs will be one higher than the

cooling COPs. As the pump work is only
1-4% of the compressor work, it is not
considered in the COP calculation.

Results:
Test results of the two stage heat pump
are very encouraging. Cooling COP in the
range of 0.69 to 1.04 were obtained for a
temperature lift of 194°F (108°C) . The
cooling capacities were in the range of
0.57 to 1.2 ton (2.02 to 4.22 kW). The
pressure ratios encountered at various
operating conditions range between 6.9 and
11.0. High temperature lifts are achieved
at pressure ratios which are less than
half as large as those for conventional
systems (pressure ratio for a conventional
vapor compression heat pump using pure
ammonia as the working fluid would be
about 20 and the cooling COP would be
about 0.6 for the same temperature lift).

ECONOMIC CONSIDERATIONS

In the preceding sections, the
performance of the two stage VCHSC has
been reviewed and the feasibility of
operating it at steady state has been
demonstrated.

In this section, the benefits of
using a two stage VCHSC (option 1) to
simultaneously provide chilled water for
air conditioning and hot water for various
uses will be assessed. Comparison is made
with a system consisting of a vapor
compressor chiller and a gas fired furnace
(option 2). The basis for comparison
being:

a) the total primary energy usage,

b) the cost of energy required to run
the systems and

c) the initial costs of the systems.

Comparison Based on Primary Energy:
The COP of the two stage VCHSC while
simultaneously providing chilled water at
44°F (7°C) and the hot water at 158°F (70°C)
will be 1.5. This based on interpolation
of experimental data. This means for a 20
Ton cooling load (70.4 kW), the work input
(at the compressor shaft) for the two
stage VCHSC will be 46.9 kW, the heat
delivered to the hot water stream will be
117.3 kW and the power input to the
compressor motor will be 55.2 kW (this
includes the motor and the transmission
efficiencies). Compared to this, the
chiller operating between 44°F (7°C) and
95°F (35°C) will have a COP of 2.83 (3).
This includes the condenser fan power (3
kW). Thus, the chiller will consume 24.9
kW of electricity. The gas fired water
heater operating at 85% efficiency will
consume 138 kW of primary energy to
deliver 117.3 kW of heat. It is assumed
that all the heat delivered by the two
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stage VCHSC is used.
Thus, the tradeoffs of operating a

two stage VCHSC instead of the combination
of a chiller and a gas fired water heater
will be the extra electricity (30.3 kW) as
compared to the extra gas used (138 JcW of
primary energy). At a fuel to electric
conversion efficiency of 351 (includes
conversion and transition efficiencies),
the extra electricity needed to operate
the two stage VCHSC will be generated
using 86.6 kW of primary energy where as
the electric chiller/gas hot water system
will use 138 kW of primary energy to heat
the water. Thus, the comparison shows
that the two stage VCHSC can save about
(138 - 86.6) / (138 + 24.9 / 0.35) = 24.6%
of the primary energy used by the
combination a electric chiller/gas water
heater.

Table 3 shows the effect of variation
of the chilled or the hot water
temperature on the energy savings.
Lowering the chilled water temperature
increases the lift and results in decrease
in COP. However, the percentage decrease
in COP of the two stage VCHSC is smaller
than the percentage decrease in COP of the
chiller. This is because the change in
chilled water temperature represents a
smaller (percentage) change in the lift
for the two stage VCHSC as compared to
that for the chiller. Thus, primary
energy savings will increase if lower
temperature chilled water is required.

On the other hand, if the hot water
temperature is increased, the COP of the
two stage VCHSC decreases and as a result
of this the primary energy required by
this option increases. But, the primary
energy required for the combination of the
electric chiller/gas water heater remains
unchanged. This means that the primary
energy savings for the two stage VCHSC
will decrease with increase in the hot
water temperature. In fact, for high heat
delivery temperatures of above 257°F
(125°C) while simultaneously providing
chilled water at 4A°F (7°C) , the system
using the chiller and gas heater would be
the choice for saving primary energy.

Comparison Based on Energy Costs:
Based on the national average energy
prices in 1990, Holtberg et al. 1991,
(residential: electric 0.0793 $/kWh, gas
0.5813 $/therm; commercial: electric
0.0723 $/kWh, gas 0.4821 $/therm; and
industrial: electr-ic 0.0495 $/kWh, gas
0.2709 $/therm), the two stage VCHSC has
net energy cost savings for the
residential and commercial applications
(Table 4). But, the rate structure for
the industry makes this option costlier
than the combination of the electric
chiller and a gas fired water heater.

Similar calculations at the projected
prices for electricity and natural gas in
1995, Holtberg et al. 1991, (residential:
electric 0.0945 $/kWh, gas 0.8625 S/therm;

commercial: electric 0.0859 $/kWh, gas
0.7393 $/therm; and industrial: electric
0.0613 $/kWh, gas 0.4712 $/therm),
indicate that the energy costs for the two
stage VCHSC will be less for residential
and commercial sectors. For this
temperature regime the industrial sector
may use option 2.

Table 4 also lists energy cost
estimates for an application where the
cold stream leaves the system at -27°F (-
33°C) while the hot stream exits at 158°F
(70°C) . For this application at the 1995
energy price estimates, the two stage
VCHSC is the low cost option for all the
three sectors (residential, commercial and
industrial).

Comparison Baaed on Initial Costs:
The initial costs of the two systems can
be estimated to be comparable to each
other. Although the electric chiller
requires a smaller compressor compared to
the two stage VCHSC, the added cost will
most likely be offset by the cooling tower
required by the chiller (the chiller will
require a water cooled condenser to
operate at the assumed COP of 2.25). The
added cost of the two SHX in the two stage
VCHSC will partly be offset by the cost of
the gas water heater. With the above
considerations in mind the added initial
cost of the two stage VCHSC may not be
high. If used in an application with
reasonable operating cost savings the
payback period on the added initial cost
may be less than two years.

CONCLUSIONS

Experimental results for the two
stage VCHSC demonstrate that
* High temperature lifts (194°F) can be
achieved at pressure ratios (as low as
6.9) which are less than half as large as
for conventional systems (about 20).
* The heat pump can be operated under
stable conditions using the control
mechanisms incorporated in the
experimental setup and strategies
developed.
* Cooling COP as high as 1.04 can be
achieved while pumping heat through a lift
of 194°F (108°C).

The potential of the two stage VCHSC
too reduce primary energy demand (compared
to the combination of an electric chiller
and a gas water heater), while
simultaneously catering to cooling and
heating loads is depicted.

Based on the energy costs of 1991 and
the projected costs for 1995, possible
applications for reducing operating energy
costs have been identified.
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Figure 2 Layout of test setup in the two stage VCHSC.
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Data Set
1) Name

1) 121990.2

2) 010391.2

3) 010391.4

Solution
Flow Rate (g/s)

swl

19.2

10.2

10.6

swh

29.6

30.7

19.6

ssl

23.0

13.9

14.1

ssh

33.2

34.3

22.8

Solution
Cone, (wtt)

dol

S6.0

51.1

53.1

aol

63.3

67.0

64.9

doh

25.4

24.1

22.6

a oh

33.1

31.7

33.0

SMX
Eff. (*)

xl

87.6

92.9

92.9

xh

86.8

81.8

80.5

PR

6.9

7.1

7.7

Cool ing
Load(kW)

4.10

4.17

4.22

COPC

0.99

1.00

1.04

Table 1 Summary of results. In the abbreviations swl (h): weak solution in low (high)
temp, loop, ssl (h): strong soln. in low (high) temp, loop, dol (h): desorber outlet low
(high) temp, loop, aol (h): absorber outlet low (high) temp, loop, PR: pressure ratio.

Data Set
J) Name

1) 121990.2

2) 010391.2

3) 010391.4

Absorber and Desorber
Temperature Glides (°C)

wdl

B.6

8.7

8.7

sdl

3.3

7.2

7.8

sal

11.6

13.5

18.0

sdh

7.9

7.7

11.4

sah

6.0

8.4

10.6

wan

8.2

7.7

7.3

MSB

(9/s)

bleed

.235

.273

.281

T5

(°c>

vco

100.7

102.9

94.5

Eff. (*)

vol

70.6

70.2

71.4

ise

68.6

70.2

71.9

P 1
(bar)

dl

1.48

1.49

1.36

Cooling
Load(kW)

4.10

4.17

4.22

COPC

0.99

1.00

1.04

Table 2 Summary of results. In the above abbreviations w stands for water, s for
solution, 1 (h) for low (high) temperature loop, a for absorber, d for desorber, vco
compressor outlet temperature and PI for low side pressure.

20 Ton (70.4 kW)
-27 9 44
151 151 15*
95 95 SS

44
194
95

1.09
64.6
76.0
135.0

1.25
56.3
66.2
126.4

1.50
<6.9
55.2
117.3

1.25
56.3
66.2

126.4

1.02
69.0
69.0

13*.4

184.6 160.* 157.6 160.* 197.2

Coding Load
Kin. Cold stream Ttsp. <*F)
Max. Hot Stream Temp. ("I")
Aebient Air Temp. (*F)

Option l: Two Stag* VCHSC
Ceding COP
conjressor shaft work (kW)
Electric Pover Input (kK)
Energy Delivered to Hot
Stream (ktf)
Total Primary Energy
for Option 1 (kW)

Option 2: Chiller and Gas
Cooling COP
Electric Power Input (kW)
Equivalent Primary Energy
(required by the chiller)
(kW)
Energy Delivered to Hot
stream (kK)
Equivalent Pri&ary Energy
(required by the gas water
heater) (kW) [them]
Total Primary Energy
for option 2 (kK)
Primary Energy Saving
(Option 2 - option 1)
Percentage Saving Using
Option 1

Table 3 Comparison of two stage VCHSC with the combination of a
chiller and a gas heater at various operating conditions.

Fired water Heater
1.26 1.11 2.13
55.9 31.9 24.9

159.6 111.1 71.1

2.13 2.13
24.9 24.9
71.1 71.1

135.0 126.4 117.3 126.4 13*.4

158.» 148.7 131.0

[5.41] (5.07) (4.70]

311.4 259.1 209.1

101.3 7D.5 51.4

31.» 27.1 24.6

1(1.7 164.0

[5.07] [5.59]

219.1 235.1

51.9 37.9

13.9 1.3

20 Ton (70.4 kW)
-27'F <-33*C) 44*F ( 7'C)
15I*F ( 70'C) 15«'F (70'C)

95«F ( 35*C) S5'F (35'C)

Cooling Load
Kin. Cold Strean Temp.
Hex. Hot Stream Tcnp.
Ambient Air Temp.

Option I 1 2

1991 Energy Price* (nominal dollars)
Residential Sector:
electric 0.0126 S/kWhr 6.21 4.62
natural gas 0.5520 $/them — — 2.9*
total cost/hr 6.21 7.61
percentage saving 17.5
Commercial Sector:
electric 0.075S $/ktfhr S.74 4.22
natural gas 0.4443 S/therm 2.41
total cost/hr 5.74 6.63
percentage saving 13.4
Industrial Sector:
electric 0.0513 s/kwhr 3.90 2.17
natural gas 0.2334 S/therm 1.2c
total cost/hr 3.90 4.13
percentage saving 5.6

1995 Energy Prices (nominal dollars)
Residential Sector:
electric 0.0916 $/kWhr 6.56 5.12
natural gas 0.7171 S/ther» 3.If
total cost/hr 6.96 *.00
percentage saving 22.7
Commercial Sector:
electric 0.0X0 s/kwhr 6.31 4.70
natural gas 0.5956 $/therm 3.22
total cost/hr .6.31 7.S2
percentage saving 19.4
Industrial Sector: -
electric 0.05J5 S/kwhr 4.45 3.27
natural gas 0.3563 $/thera ---- 1.93
total cost/hr 4.45 5.20
percentage saving 14.5

Table 4 Operating cast (energy onlv) comparison of the two stage
vc.;SC with the combination of * chiller and a gas heater.

4.56

4.56
2.3

4.17

4.17
-4.7

2.<3

2.13
-11.»

5.06

S.06
10.*

4.64

4.64
5.6

3.23

3.23
-2.*

2.0C
2.61
4.67

l.lt
2.10
3.M

1.2S
1.10
2.3(

2.21
3.3*
5.67

2.0*
2.(2
4.SI

1.46
1.6*
3.14
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ALTERNATE FUELS: IS YOUR WASTE STREAM A FUEL SOURCE?

. COERPER, MANAGER ALTERNATE FUEL SYSTEMS, CLEAVER-BROOKS, MILWAUKEE, Wl

ABSTRACT

Before the year 2000, more than one quarter of U.S.
businesses will be firing Alternate Fuels in their boiler
systems. And, the trend toward using Process Gases,
Flammable Liquids, and Volatile Organic Compounds
(VOC's), to supplement fossil fuels, will be considered a
key element of the management strategy for industrial
power plants.

The increase in interest in Alternate Fuels and demand for
proven Alternate Fuel technology is being driven by three
factors —

* The requirement of U.S. firms to compete in a global
market.

* The improvements in Alternate Fuel technologies.

* The increasing federal regulations encompassing
more types of waste streams.

This paper will provide an overview of the types of waste
utilized as fuel sources in packaged boilers and the
technology available to successfully handle these waste
streams.

BACKGROUND

Twenty years ago, at the onset of the energy crisis,
facility engineers and plant managers were wedged
between an "either-or" predicament. Either pay spiraling
costs for expensive, traditional boiler fuels or invest in
unproven specialty equipment to bum Alternate Fuels.

More often than not, the facility engineer opted lo pay the
price for oil or gas. At that time Alternate Fuel
technology was not advanced enough to reliably handle
the variable composition of waste streams. Specialty
burner and control technologies were considered
embryonic.

Furthermore, the specific composition of waste streams
was not well documented. If was difficult to design a
special fuel system because there was insufficient data
available regarding the type of waste, hearing value,
contaminates, and consistency.

Today firms producing waste streams are required to
document the waste they produce and find alternates to
the more hazardous waste streams they have been
producing or utilizing.

Advancements in the burner equipment, controls, and
improved definition of the available waste streams have
lead to Alternate Fuel systems that are reliable and cost
effective.

The focus of development of Alternate Fuel Systems has
been on three main waste fuel types - Waste Gas
Streams, Flammable Liquid Streams, and Contaminated
Air Streams.

Each of these waste streams represents a unique set of
engineering and design issues along with a unique set of
environmental and permitting issues.

WASTE GAS STREAMS

Examples of Waste Gas streams include Landfill Gas,
Digester Gas, Hydrogen, and mixtures of Propane Ethane
and other Gaseous hydrocarbons produced by industry as
a by-product.

Many times these gas streams contain contaminates that
can be corrosive to the fuel handling or boiler equipment.
Therefore, the fuel handling equipment must be selected
based on a thorough review of the waste fuel
specification. These gas streams also are typically
different in heating value and specific gravity when
compared with conventional fuels like Natural Gas.

The burner design must take into account the flow rates
and velocities of the fuel when entering the combustion
chamber to mix with air for combustion.

Burner development that has taken place to address this
issue includes utilization of "Dual Canister" burners that
include separate orifice rings designed based on each fuel
specification. In this way the waste fuel can be fired
without loosing the ability to fire the standard fuel as a
back-up.

Waste Gas streams can usually be fired as a stand alone
fuel without the need for a constant pilot or supplemental
Natural gas.

The Dual Canister type burner design provides the
flexibility to fire the waste gas simultaneously with
Natural Gas if the waste fuel is not available in sufficient
supply to meet the demand of the boiler.

Figure 1 shows a drawing of a Dual Canister Burner.
Note: the two fuels are supplied through completely
separate burner paths. The individual orifices allow for
maximum combustion efficiency while preventing high
CO levels, boiler sooting, and burner overheating. The
burner is also adaptable for Propane vapor firing.
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FIGURE 1
DUAL CANISTER BURNER

When a boiler is utilized to burn a gas stream produced
by a process that utilizes the steam from the boiler, it is
important to review the relationship between the amount
of waste gas produced and the steam demand on the
boiler.

A key difference between a boiler and other combustion
devises like incinerators is that a boiler will only fire the
amount of fuel required to meet the load (steam) demand
put on the boiler system.

For this reason, a boiler burning waste gas streams that
can not easily be stored typically includes controls that
more closely integrate the boiler with the process
producing the waste.

These control options can include a revision to the way
the process in designed. For example, if a process
includes ten batch vessels that produce a waste gas when
vented and the plant normally vents five vessels at a time,
the Alternate Fuel system design may include a change in
the procedure of the plant to vent two vessels at a time so
the amount of gas produced at a given time does not
exceed the demand of the boiler.

Proper design of a boiler to handle a gas waste stream
should include a review of the process that supplies the
waste stream to the boiler.

FLAMMABLE LIQUIDS

Flammable Liquid waste streams include Alcohols,
Toluene, Ketones, and other light end hydrocarbon
fractions typically used by industry as solvents or
produced as by-products.

Unlike Waste Gas streams. Flammable liquid streams
should be burned simultaneously with a standard fuel
(typically Natural Gas) to provide good flame stability
and proper combustion. The Natural Gas and Flammable
Liquid stream should be metered through separate fuel
handling and burner systems. This provides for separate
control of each fuel, full standard fuel back-up, and
propsr materials of construction for the Flammable
Liquid system.

It is not recommended that a Flammable liquid be fired
utilizing a standard fuel oil burner and fuel train or be
mixed with fuel oil. A standard fuel oil burner is not
designed to properly combust a.waste liquid.
Furthermore, the fuel train components on a standard fuel
oil system contain brass and Buna materials that may not
be compatible with the waste liquid.

New EPA regulations regarding burning waste fuels in
boilers were enacted in August of 1991. These
regulations require a formal permit procedure for these
systems. The regulations also require the boiler to
produce less than 100 PPM Carbon Monoxide (CO) to
assure that the waste stream is properly burned.

As with any Alternate Fuel source, a comprehensive
evaluation of waste fuel, boiler, and emissions is
important to the success of the project.

CONTAMINATED AIR STREAMS

Waste Gas and Flammable liquids ane typically "high fuel
value" streams. They contribute substantial heat input to
the boiler and significantly reduce standard fuel costs
when fired.

A third type of Alternate Fuel that can be fired in a
packaged boiler includes air streams containing Volatile
Organic Compounds (VOC's). VOCs are organic vapors
like the vapor that escapes from your gas tank when you
fill it with gasoline. These streams are typically low in
VOC concentration and, therefore, low in heating value.
New technology has been developed to mix
Contaminated Air streams with boiler combustion air as a
means of disposing of the air stream.

The key to the development of this technology has been
the advancement of programmable controls that assure
that the maximum amount of VOC's are used without
compromising the proper operation of the boiler.

As new regulation require industry to reduce the amount
of VOC's emitted, the boiler option will be one
alternative available.

ENGINEERING STARTS WITH THE
BURNER

The basis for successful combustion of any of these waste
streams begins at the burner. An integral front head
burner design is a key advantage in the development of
special fuel handling systems.

High inherent combustion efficiencies and an adaptable
boiler/burner design are prime influences in the
development of the Dual Canister burner, simultaneous
firing of Flammable Liquids, and mixing of VOC air
streams with combustion air.

The advancement of programmable controls has also
dramatically increased the capability and reliability of
Alternate Fuel Systems.
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IS YOUR WASTE A BOILER FUEL?

A successful Alternate Fuel project includes a complete
review of the waste stream, boiler plant, and the process
that produces the waste. The regulatory requirements to
bum special fuels also must be reviewed and understood.
The payback for these projects can be substantial.
Reductions in fuel costs between 50% and 100% and
substantial reductions in waste hauling cost make the
return on investment very attractive.

Today's economic climate incorporates rising costs amid
tougher competition. To compete, you nvist produce
quality products. To be profitable, you must control
costs. Reducing waste and turning waste into energy
savings, are two areas where significant opportunities still
exist to cut costs. In looking for cost-cutting, industrial
managers should look at their waste stream. It could be a
fuel source.
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STYRENE PURIFICATION AND RECOVERY USING FREEZE
CRYSTALLIZATION

(Abstract Only)
James A. Heist and Patrick J. Wrobel, FTC Acquisition Corp., Raleigh, NC

Lab tests have demonstrated the ability to separate
styrene from ABS and SAN plastics wastes by cooling the
waste until the styrene begins to crystallize. The same process
that recovers styrene from these wastes can be used to purify
styrene, in place of conventional distillation columns, with
substantial reductions in energy consumption. The impact on
plant energy balances for a typical styrene plant will be
presented, along with the results from lab testing.
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GAS SEPARATION MEMBRANE USE IN THE REFINERY AND
PETROCHEMICAL INDUSTRIES

(Abstract Only)
Joe Van, Hoechst-Celanese, Charlotte. NC

Membranes have gained commercial acceptance as
proven methods to recover valuable gases from waste gas
streams. This paper explores ways in which gas separation
membranes are used in the refinery and petrochemical
industries to recover and purify hydrogen. Several case studies
using Separex® membranes to recover hydrogen from
hydrocracker offgas, ammonia purge gas, and methanol purge
gas are discussed.
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ENERGY EFFICIENCY IN CRYOGENIC FRACTIONATION
THROUGH DISTRIBUTIVE DISTILLATION

C. R. CARRADINE, PRINCIPAL ENGINEER, OLEFINS BUSINESS DEVELOPMENT
R. H. MCCUE, VP OLEFINS TECHNOLOGY

STONE & WEBSTER ENGINEERING CORPORATION, HOUSTON, TEXAS

ABSTRACT

The Advanced Recovery System (ARS) is a
patented process that uses the principle of distri-
buted distillation to achieve energy efficiency
in the olefins process. This paper describes the
concept of ARS and how, by integrating the chill-
down and cryogenic fractionation steps, the
technology can significantly reduce refrigeration
power requirements. ARS technology can be applied
to revamps of existing plants as well as new plant
designs. Additional applications are now being
considered in the integration of refinery off-gas
streams with the olefins process.

BACKGROUND: THE OLEFINS PROCESS

The process for the production of high purity
light olefins (ethylene and propylene) is well
established and has been widely applied throughout
the world. The basic process, first developed
in the 1940's, utilizes the following fundamental
steps:

]. Pyrolysis: Conversion of saturate hydrocarbons
to olefins in high-temperature furnaces
(most commonly referred to as steam cracking).

2 Quenching: Reaction termination via heat
removal and subsequent cool down with efficient
recovery of the heat removed.

3. Treating: Compression, acid gas removal,
drying.

4. Chilldown: Heat removal from the process to
cryogenic levels using multi-stage propylene
and ethylene refrigeration systems.

5. Cryogenic Fractionation: Separation of the light,
heavy and saturate compounds resulting in
essentially pure ethylene and propylene
products.

While this basic sequence has remained
relatively unchanged since the 1940's, today's
olefins plant is much more efficient than plants
constructed only a few years ago. This overall
efficiency improvement has been realized through
the aggregate effects of small improvements in
almost all components of the process. Examples
of these improvements are:

o Improved product yields in the pyrolysis
reaction

o Increased furnace thermal efficiency and
compressor polytropic efficiency

o Greater thermal cycle efficiency via higher
pressure steam systems

o Reduced product losses and recycles in the
purification process

o Increased heat integration. The energy
requirement of current designs is less than
half the energy per pound of product that of
plants designed prior to 1970.

DISTRIBUTED DISTILLATION: THE ARS CONCEPT

In 1989, Stone & Webster announced a further
improvement to the olefins process utilizing
a concept some have termed "distributive
distillation". This improvement, co-developed
and patented with Mobil, has been offered to the
industry under the trade name of the Advanced
Recovery System (ARS). The basic concept of ARS
is integration of the chilldown and cryogenic
fractionation steps. The technology makes specific
use of self refluxing plate-fin exchangers, called
dephlegmators. The dephlegmator technology
employed is that of Air Products Corporation which
has been applied to numerous separation applica-
tions. The uniqueness of ARS is that it provides
the process sequence that best incorporates the
advantages of dephlegmators to the ethylene
process.

ARS application results in a 5-10% reduction in
the overall energy requirement per unit weight of
product. This saving is achieved by markedly
reducing the ethylene and propylene refrigeration
compression requirements.
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ENERGY SAVINGS WITH ARS

Understanding how ARS achieves these savings
can best be done by contrasting a single chilldown
step in the conventional process to the equivalent
step in the ARS process. Figure 1 is the second
chilling step employed in most multi-feed
demethanizer (methane/C2+ fractionator) system
designs. Two levels of ethylene refrigerant are
employed in parallel with a light off-gas (tail
gas) reheat exchanger to chill and partially
condense the feed gas. The stream is flashed
into a feed drum separating the vapor and the
liquid stream. The liquid is typically fed to the
demethanizer, while the vapor stream is further
chilled in additional steps.

CONVENTIONAL FEED CHILLING

C2" cm
-WC 7VC

:Z_ljJ_-inr..r
Figure 1

Four major effects contribute to the overall
reduced energy consumption:

Methane Stripping: Since the liquid is
continuously stripped by the incoming gas, the
resulting liquid contains only about 50% of the
methane that the conventional stage liquid
contains. The refrigeration required to condense
the liquids is thus reduced, and accordingly, the
total liquid volume condensed is reduced. Addi-
tionally, since less methane is contained in Che
liquid fed to the downstream demethanizer, less
energy is required in this separation tower.

Condensing Curve Shift: The conventional stage
requires colder levels of refrigerant to condense
the heavier components because of their reduced
partial pressure in the presence of the light
fractions. The ARS stage concentrates these
heavier components by fractionation in the lower
section of the dephlegmator, thus shifting the
condensing curve to warmer levels. Requiring less
cold refrigerant results in compressor power
savings in the refrigeration systems.

Reduced Liquid Subcooling: The liquid produced is
reheated within the dephlegmator giving up
refrigeration to the process gas. Again, the
external refrigeration requirements are reduced.

The basic purpose of this step in the conventional
design is heat removal only; the only fractionation
achieved is that of a single stage flash.

Figure 2 is the corresponding step in the ARS
process. The same refrigeration streams are
utilized, but the external refrigeration
requirements are significantly different. Unlike
the conventional process, the dephlegmator achieves
simultaneous heat and mass transfer. The
dephlegmator system can provide up to 15
theoretical stages of fractionation thus parti-
ally separating the methane from the C2 and
heavier fraction in this chilldown stage. This
fractionation step, conventionally achieved in
the downstream demethanizer tower, has now been
distributed upstream to this chilldown stage.
The power requirement of the external refrigera-
tion is about 73% of the requirement of the con-
ventional stage. Subsequent chilling steps yield
similar benefits.

ADVANCED FEED CHILLING

can
.75-c

Tail Gas
•73* c

Fata vapor

.35. C

<

Figure 2

Partial Fractionation of the C2 and Heavier
Components: The separation in the dephlegmator
also starts the C2/C3 and ethylene/ethane frac-
tionation. With proper sequencing, this allows
additional savings in the downstream deethanizer
and ethylene/ethane splitter fractionation towers.

ARS FLOW SEQUENCING

The ARS chilldown process provides sufficient
fractionation for the following process
resequencing:

o About half of the methane bypasses the
conventional demethanizer.

o About 40% of the ethylene bypasses the
deethanzier, C2/C3+ fractionator.

o A partially purified ethylene stream can be
introduced high in the ethylene/ethane
splitter, bypassing the bulk of the rectifi-
cation stages in the column.

These resequencing possibilities can be utilized
to achieve both capital cost saving and energy
utilization improvement in new plant designs.

ADVANTAGES OF GRASSROOTS DESIGN WITH ARS

Relative to a current conventional design, a new
plant designed with ARS will have the following
advantages:

o Smaller refrigeration systems with reduced use
of colder levels of refrigerant, resulting in
lower power requirements and smaller drivers.
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The power requirements for the ethylene
refrigeration system, which provides the
coldest level of refrigeration, is typically
reduced by 50%; the propylene system power
is reduced by 20%.

Smaller conventional demethanizer.

Smaller deethanizer.

Reduced ethylene/ethane splitter refrigeration
requirements.

Currently, Stone & Webster is designing 3 grass-
roots plants using ARS technology:

o Han Yang Chemical's 450,000 MTA naphtha/
gas oil cracker, Yeorhun, Korea

o Titan Petrochemical1s 230,000 MTA naphtha/
NGL cracker, Johor Bahru, Malaysia

o Thai Olefins 350,000 MTA naphtha/NGL
cracker, Map Ta Phut, Thailand

The first of these plants will come on-stream
in 1993.

ARS FOR EXISTING PLANTS

ARS can also be applied to existing plants, as
part of an overall revamp.

Traditionally, ethylene plants could be expanded
up to the limits of their cryogenic fractionation
and refrigeration systems. Since ARS results in
substantially lower refrigeration requirements
per unit of product, the existing refrigeration
systems sized for conventional production can
support a much higher level of production with
the incorporation of ARS technology.

Since its introduction in 1989, over thirty
companies world-wide have commissioned studies for
capacity increase revamps of their existing
plants using ARS techniques. In nearly all cases,
capacity increase of 40+ percent have been found
to be technically viable and, in most cases,
economically attractive. Four projects have now
entered the full scale design and execution phase
with additional projects pending. These projects,
which achieve capacity expansions between 45-80%
are listed below:

o Amoco, Chocolate Bayou, Texas
o Chevron, Port Arthur, Texas
'O DSM, Galeen, Holland
o Altona Petrochemical, Altona, Australia

The first of these projects will be fully
streamed in 1994.

OTHER ARS APPLICATIONS

ARS and dephlegmator technology can also be
applied to the recovery of feedstock or olefins
components of refinery off-gas streams. The
off-gas streams from refinery operations such as
catalytic cracking or delayed coking usually are
only of value as fuel to the refiner. These
streams, rich in C2 and C3 hydrocarbons can provide
a cheap initial or intermediate feedstock to the
olefins plant with proper pre-processing.

This pre-processing usually involves cryogenic
fractionator to separate the valuable hydro-
carbons from the hydrogen, nitrogen, carbon
monoxide and methane. Dephlegmators provide a way
to chilldown and fractionate efficiently so that
optimum integration into the olefins process can
be achieved. There is usually strong economic
Incentive for upgrading these refinery off-gas
streams for incorporation into an olefins plant.
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ACID/BASE RECOVERY FROM SODIUM SULFATE

Marilyn J. Niksa

ELTECH Research Corporation
625 East Street, Fairport Harbor, Ohio

I. ABSTRACT

Large amounts of sodium sulfate are produced
as a by-product ol many diverse industries.
Some of this material is recycled internally.
Some is upgraded and sold as a product. Most is
disposed of as waste in landfills, or discharged to
deep-wells, or bodies of water. Electrolytic
regeneration of by-product sodium sulfate can
profitably exploit this valuable internal resource.
ELTECH has a proven record in the development
of long-life anodes for use in acid sulfate
solutions, and in providing high performance
electrolytic generators.

II. INTRODUCTION

Closing The Loop On Sulfate Gains Public
Support And Alleviates Environmental
Concerns

Public opinion can be adversely affected by
discharge of small quantities of chemicals to
bodies of water that change their appearance
(color, clarity). Emission of odor-causing
chemicals can also be perceived as an
environmental risk, regardless how invalid the
concern and industry is being called on to
eliminate or reduce waste emissions.

Environmental concerns have forced federal,
state, and local agencies to establish discharge
limits on BOD (Biological Oxygen Demand), COD
(Chemical Oxygen Demand), TDS (Total
Dissolved Solids), and chemical concentrations
(such as Tri Halo Methane). The list of regulated
materials is growing and allowable discharge
levels are being driven down to BAT (best
available technology). Industry is scrambling to
retrofit existing facilities with abatement
measures. Process changes, plant upgrades, and
new plant construction, which require substantial
capital commitments and long pay-off times,

must plan to meet today's and tomorrow's
environmental discharge requirements. "Dilute
and dump" may be a viable alternative at
present, but in light of potential "Cradle to Grave"
legislation, even small quantities of unregulated
chemicals that are judged innocuous today may
be pronounced hazardous and regulated
tomorrow.

Closing The Loop On Sulfate Can Provide
Economic Advantages

Much of the by-product sodium sulfate Is
disposed of as waste and costs vary widely,
depending primarily on location. On-site costs
can be insignificant but outside and fill expense
is rising exponentially as our landfills run out of
room. Even "no-cost" disposal represents a
waste of purchased resources. Current chemical
costs (caustic soda and sulfuric acid) to make
sodium sulfate are $40O-$S00/ton. This chemical
value is lost if the material is simply dumped.

Sale of some sodium sulfate may be possible, at
present, however, the company may not even
recover the added crystallization costs. It is
highly likely that future sales will decline due to
reduced consumption in both the detergent and
pulp markets.

Transportation costs of hazardous materials is
also rising exponentially with some chemicals
banned completely from conveyance in urban
areas. If sodium sulfate is regenerated on-site,
it need not be shipped out of the plant for
disposal. In addition, reduced amounts of caustic
soda and acid will be shipped ]nto the plant for
use.
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Pulp And Paper Can Banatlt Economically
From Regeneration Of Sodium Sulfate

A primary economic benefit of regenerating
sodium sulfate is that caustic soda is produced.
Caustic soda is rapidly escalating in price due to
the imbalance in market demand. Chlorine and
caustic are produced together by the electrolysis
of sodium chloride brine solutions. Every ECU
(electrochemical unit) of chlorine results in the
production of one ECU of caustic soda. Ideally,
there is equal demand for both products.
However, the demand for chlorine is declining
and a significant reduction over the next S years
is anticipated. Environmental concerns and more
stringent regulations in pulp and paper plants for
example, have driven plants to away from
chlorine bleaching to alternatives such as
chlorine dioxide, ozone, and oxygen
delkjnitication.

The pulp and paper industry generates large
amounts of sodium sulfate as a by-product from
chemical and bleaching operations. This industry
ranks second in production of waste sodium
suliale. The use of chlorine dioxide in the bleach
plant, for example, results in large amounts of
sodium sulfate per ton of pulp bleached.
Advances in the method of generating chlorine
dioxide has minimized saltcake. but large
amounts remain (Figure 1) (1).

Regenerating this material to offset the
substantial Internal requirements for both caustic
soda and acid can make sense financially
(Table 2) (1).

TABLE 1

ESTIMATE COST COMPJkRISON 40 t p d (100% flub)

*100
InlagrdKl

CHEMICAL

Staam

H.SO.

NaCKJ,

CH.OH

a,

end!

NaOH
mada/aavad

H,O, lor Cl,

Capital
lExlra R»>

NET COST

M

10

100

540

250

250

100

470

1200

1

5

1

144

.15

S

50

100

886

(W)

1019

t

7

M

SMH

t

70

24

186

IB

( » )

(200)

159

942

1

8300
Kwh

(40 mi)

.7

in
balinoa
•aving

20MM

t

MO

173

(63)

160

SOI-

1113

(75)

(1013)

90

BO

TO

*a

X,

JO

10

J - J

I

1p.
/// /

1 1
y'lAATMICSON, SOLVAr

/

/

/

/

1

RB.BT

R3H. RAM

1
J J

E. LJJRGI. CHEMrnCS, |0)

III. TECHNICAL ADVANCES IN
ELECTROLYSIS IN ACID SOLUTIONS

Development Of High Efficiency Membranes
And Stable, Lcng-Llfe Anode Are KEYs To
Electrolytic Sulfate Regeneration

Two significant technological breakthroughs have
resulted in the successful development of the
electrolytic regeneration ol sodium sulfate: ion
exchange membranes and anodes. Development
of ion-specific membranes began in the 50's for
space fuel-cell application and was pursued
aggressively in the 70"s. Today, several high
efficiency membranes are available that are used
extensively, especially in the commercial
production of chlorine and caustic soda. These
membranes are being applied to non chlor-alkali
applications (2).
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Although high performance anodes lor the
production of chlorine have been in use since
1969, an oxygen evolving anode that provides
long-life and stable performance in acid sulfate
solutions has only recently been made
commercially available. The DSA*/chk>rine
anode was introduced by ELTECH's Electrode
Division in 1969 and has been recognized as the
single most significant improvement to
chlor-alkali manufacturing techniques. Today,
approximately tl.S million tons of chlorine per
year, > 95% ot total capacity, is produced in the
United States alone using this anode.

Direct application of these chlorine anodes to the
sulfate electrolysis system resulted in passivation
and dissolution of the active layer resulting in
early anode failure. This was found to due to
oxygen attack of the valve metal substrate
(titanium). This problem was overcome by new
coating formulations.

The first application of these oxygen evolving
DSA electrodes was a replacement for lead
anodes in high speed electrogalvanizing. Unlike
lead, these DSA anodes maintained their integrity
at 5 limes the operating current densities in the
aggressive acid sulfate environment. Today,
these electrodes are in use in a variety of
applications, including electrolytic regeneration of
sodium sulfate. The coating lifetimes in sodium
sulfate/acid solution and sulfuric acid solutions at
65°C are shown below (Figures 2 and 3).

FIGURE 2
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IV. ELECTROLYSIS OF SODIUM SULFATE

Reactions

Sodium sulfate can be reacted in electrolytic cells
to form sulfurtc acid and caustic soda. Oxygen
and hydrogen ions (H*) are formed at the anode
while hydrogen and hydroxyl ions (OH~) are
formed at the cathode:

Overall: Na,SO, + 2H.0 -> H,SO, + 2NaOH

Anode: HtO -> O2 + H* + 4e~

Cathode: 4H2O + 4e~ -> 2H2O + 4OH"

The ELTECH "electrolytic" process differs from
an "electrodialytic" process in that there is an
anode and cathode set for each cell unit. Acid
and base are produced in high concentration at
each electrode. High strength, high purity caustic
soda, typically 15-30%, can be produced directly
from the cell. Further concentration can be
accomplished by evaporation.
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Either a two or three compartment cell can be
used to optimize product quality with minimized
power costs. High performance ion exchange
membranes or separators are employed to
isolate the acid and base compartments.

Directing the sulfate-feed to the anolyte or
catholyte center generates either sulfate-free
caustic or sulfate free acid. If high strength, or
high purity acid is required, a three compartment
cell design with the sulfate fed to the middle
compartment is preferred.

Since the hydrogen ion competes with the
sodium ion to act as the current carrier, the
current efficiency in a two compartment cell is
lower than a three compartment cell at equivalent
sulfate conversion. A comparison of two and
three compartment current efficiency as a
function of acid concentration is shown (Figure 4)
for two base concentrations. A two compartment
cell also produces an acid product that is
contaminated with unreacted sulfate. The voltage
of a three compartment is higher, however, and
the process system is more complex.

Process System

Current density and efficiency determines the
amount of sodium sulfate electrolyzed per unit
area of membrane. Higher current densities per
unit area electrolyze more sodium sulfate with the
same equipment costs, but at higher power
consumptions. Minimum initial capital costs are
realized by operation at the highest current
densities possible since more sulfate per unit
area is electrolyzed. However, the cell voltage
also rises due to the resistance of the sulfate,
membranes, and caustic soda. The plant can be
optimized to minimize cell costs at the highest
acceptable power consumption. This region is
typically 2-5 KA/M!. The response of power
consumption with caustic concentration is shown
in Figure 5.

System schematics for a two and three
compartment cell are shown in Figures 6a and
6b. The sulfate feed is saturated with soft water
and then feed to a treatment system to control
hardness to approximately 1 ppm (to maximize
membrane life). This is generally accomplished
by simple precipitation and filtration. The caustic
product stream is recirculated and excess heat
removed. The product hydrogen and oxygen are
vented through seal pots.

CURRENT EFFICIENCY VS ACID CONCENTRATION
TWO AND THREE COMPARTMENT CELL

CURRENT EFFICIENCY %

ACID NORMALITY

• • TwoConvt. INHAOH

HUE Three Compl. IN NAOH

K 3 Two Compl, JN NAOH

K s i Tt»M Compt. 5H NAOH

CAUSTIC COSTS, DOLLARS PER METRIC TONNE
Variation with Power Costs, $/ KWH

Caustic Costs. S/MT

Power Costs, $,' KWH

- 2-rampl. 5N NaOH

• 2-compt. IN NaOH
3-compt. 5N NaOH

3-compt. IN NaOH

On 100% caustic basis
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FIGURE 6«
Two Compartment Cell
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V. ELECTROLYZER DESIGN

Several companies are involved in the
manufacture of electrolytic cells. One such
electrolyzer is the MGC (Membrane Gap Cell)
that is marketed through a joint venture with
ELTECH and Occidental called OxyTech. Many
other types of electrolytic generators have been
designed by ELTECH and are presently in
industrial use. Examples of these are
hypochlorite generators for disinfection ol waste
and potable water, and heavy metal removal
systems. ELTECH has been actively pursuing an
alternate electrolyzer design that will combine
rugged construction with optimal performance in

non chlor-atkali applications. The cell design is
ideally suited for operation in smaller plants (less
than 50 TPD), which may have limited
maintenance and surveillance capabilities. The
electrolyzer is shown in Figures 9a and 9b.

Summary

Electrolytic regeneration of sodium sulfate offers
the pulp and paper industry the capability to
reduce or eliminate plant discharge while
generating valuable caustic soda and sulfuric
acid which can be sold or returned to the process
to close the loop.

FIGURE 7a FIGURE 7b

References:

(1) "CIO2 Generation and Kraft Mill Balances", Maurice Fredette, Albright & Wilson, pp. 175-187, Bleach Plant Operations Course,
Atlanta, 1990.

(2) 'The Behavior of Ion Exchange Membranes In Electrolysis and Electrodialysis of Sodium Sulphate", J. Jorissen and K H.
Simmrock, Journal of Applied Electrochemistry 21 (1991) 869-876.
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COMMERCIAL APPLICATION OF FREEZE CRYSTALLIZATION

ROBERT G GORGOL, MARKETING MANAGER, HPD INCORPORATED, NAPERVILLE, ILLINOIS

ABSTRACT

Industrial use of freezing for component
purification and separation is well understood, but
commercial applications have been limited.
Development of this process for commercial use has
now been performed. The unique features of freeze
crystallization, low temperature operation, separation
of organic and in-organic contaminants, can be put to
use. Freeze crystallization can be applied both
economically and practically for specific wastcwatcr
applications.

INTRODUCTION

All conpounds have a discrete freezing
temperature. Scientists can tell substances apart by
accurate measurement of their freezing point. When
freezing occurs, the substance changes from a liquid to
a solid, and depending on the molecular structure can
form a crystal.

A curious thing happens when something
solidifies into a crystal. Because the particular

substance is at it's discrete freezing point, it forms a
crystal to the exclusion of all else which may be in
solution. This phenomena can be utilized to form a
pure substance from a multi-component solution.

EARLY HISTORY

The freezing phenomena is going on all around
us, and has been since the world began. The most
noticeable frozen substance is, of course, water. Snow,
ice cubes, frozen lakes and streams, even icebergs arc
all evidences of the freezing process at work. This
process is also used to form crystalline compounds in
industry. The cooling of steel is controlled to form
specific alloys with particular properties. Many
chemical products arc produced using commercial
crystallizers which form crystals from a solution. This
can be done by removing heal or extracting solvent
(evaporation).

In any case, it is obvious the freezing phenomena
is continually at work in nature. A source of fresh water
from the earliest limes has been icebergs or other

Figure 1 British Whaling Ship
(Courtesy of The Kendall Whaling Museum, Sharon, Massachusetts, USA)



frozen water sources. Early men perhaps did not
understand the mechanism of purification, but they did
understand the water they obtained from ice was
potable.

RECENT APPLICATIONS

Scientists have understood the basic mechanism
of the freezing phase change for many years. In an
effort to harness the power of this phenomena,
applications were researched. Most early work was
performed on brine solutions, mainly seawatcr. These
efforts proved successful, but expensive. Today,
seawater desalination is mainly accomplished with less
capital intensive reverse osmosis technology, or
evaporation.

Within the last twenty years or so, new
applications have been found which better suit the
capabilities of freeze crystallization. These arc:

* Fruit Juice Concentration
* Isomer Separation
* Specialty Water Purification

These applications have specific needs which can
best be met using freeze crystallization techniques.

FREEZE CAPABILITIES

A few key points about freezing of a substance.

1. Eachsubstance has itsown specific freezing point.

2. Freezing, under the right conditions, produces a
pure solid phase material.

3. Degradation of heat sensitive organics, can be
minimized due to low temperature operation.

4. Low temperatures reduce corrosion.

5. Volatility of organics is reduced with low
temperature operation.

6. Electrical power can be used where steam is not
readily available.

WASTEWATER APPLICATION

Gone are the days when water was taken for
granted. Increasingly the farm, mining, pulp and paper,
steel, and just about any other industry you can name,
have begun to realize water is a very valuable resource.

Even municipalities must husband their water. The day
is coming very soon when all industry will produce clean
water as a cash product and water use will be carefully
managed.

Everywhere you look there are reports of
municipalities, government bodies, and
environmentalists crying for regulation on water
quality. The time is not far off when the NIMBY (Not
In My Back Yard) cry will eliminate potential expansion
of industry until specific, proven, wastewater treatment
technology is included.

Such was the case for an innovative pulp and
paper company in Canada. This particular company
wanted to build a high yield pulp mill in a near desert
like location of British Columbia. Because the
groundwater availability was limited, the construction
of the mill was in jeopardy. Enter the concept of a
closed water cycle mill.

At this particular location [he main product is
pulp, but a very important secondary product is water.
All the effluent generated by the mill was to be
processed. Clean product water would be returned to
the mill to allow continued operation. Sound like Flash
Gordon?

CHETWYND PROJECT

This innovative pulp and paper producer came to
HPD in 1989 with the idea of building a closed cycle
pulp mill in Chetwynd, British Columbia. In order to
make the mill viable, all effluent from the plant had to
be collected and processed. No water could leave the
site, except through normal evaporation to the
atmosphere.

The effluent collected would contain a wide
variety of inorganics. From silicates and sulfates to
peroxide and other pulping chemicals. The effluent
would also contain a wide variety of organics, from Cl
to C8, with high concentrations of organic acids which
arc naturally present in their wood source. Table 1 lists
typical feed and product water characleristics.
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Table 1: High Yield Effluent Composition

Analysis

Conductivity

Turbidity

Dens'ty

Total Solids

Ash

Suspended Solids

C.O.D.

Micro S

NTU

8/1

%

%orTS

PPM

PPM

Feed

10,000

> 500

1.002

1.5

55.0

1,750

10,000

Product
Water

220

20

1.000

0.01

N/A

20

100

CHETWYND LOCATION
FIGURE 2

As a result of this inquiry, HPD investigated a
battery of potential technologies, including:

* Reverse Osmosis
* Eleciro-Dialysis
* Activated Sludge
* Filtration
* Steam Stripping
* Evaporation

Reverse osmosis, electro-dialysis and filtration
proved inadequate. The variability and concentration
of organics proved to be difficult to handle. A
substantial portion of the contaminants were not
ionized and therefor untouched by electrodialysis, and
the remaining organics tended to quickly foul the
membranes.

Activated sludge does a reasonably good job, but
does not do anything with the inorganics. The client
would also be faced with a significant problem of
biomass disposal. Furthermore, the plant location and
normal ambient temperature tends to inhibit biological
activity.

Steam stripping can handle the volatile organics
but does nothing to separate the inorganics or the non-
volatile organics. Evaporation can be made to work,
but only in combination with steam stripping, activated
sludge, or both, to purify the process condensate which
is contaminated with volatile organics.

Faced with the imperfection of "conventional"
technologies, HPD looked at freeze crystallization.
The use of freeze crystallization for this particular
application presented HPD's designers with a new set
of technical challenges. The largest freeze
crystallization unit in the world, prior to the Chetwynd
installation, was a desalination unit in opeiation in
Saudi Arabia. This unit was designed to process about
100 GPM of brine. The unit at the Chctwynd facility
would have to process about 1,000 GPM.

EARLY FREEZE RESEARCH

HPD modified a freeze crystallization pilot plant
specifically for testing of high yield effluents. This
involved reconstructing the ice separation device and
also rebuilding the freezer. This pilot unit was run on
similar high yield effluent from a mill with similar wood
furnish. The testing showed promise and based on (his
testing a commercial size unit was designed and built.
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Figure 3 Chetwynd Flowsheet

CHETWYND OPERATION

Figure 3 outlines the overall flowsheet of the
Chetwynd installation. Because the freeze system was
designed to handle all ths liquid effluent from (he mill,
a clarification system was designed to remove any
suspended solids which may be present. This system
would remove suspended solids for dewatcring and
incineration. The clarified effluent is then fed to the
freezers which produce an ice slurry.

The ice slurry is formed in large shell and tube
heat exchangers which operate with process slurry on
the tubesidc and ammonia refrigerant on the shellside.
Ice slurry is recirculated to the top of the heat
exchanger, and is also transferred to the ice separation
devices.

The original design called for gravity ice
separation columns. During initial operation it was
determined ice separation columns of this size were
difficult to control because of the long lag time to
operating changes. Any shift in the operation of the

freezers would change the operation of the ice columns
several hours later. These problems led to modification
of the system and installation of belt filters to perform
the ice separation duty.

The first belt filter was installed in late 1991, and
an additional three belt filters were installed in early
April 1992. Their performance to date has been very
promising, with capacityand controllability much better
than the original ice separation columns.

The refrigeration system consists of an ammonia
refrigeration loop. Vaporous ammonia is removed
from the top of the shell side of the freezers and is sent
to an ammonia compressor. The compressor raises the
pressure, and therefor the temperature of the ammonia
stream. The pressurized ammonia is condensed on the
shell side of the melt water heat exchangers. The cooled
ammonia is then pumped to the freezers for additional
heat transfer.
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is removed from the ice separation devices. Excess heat
generated in the system is rejected to ibe environment
through air cooled condensers.

ECONOMICS

The mechanism of freeze crystallization has been
proven effective in treating effluent which has specific
contaminants. But, is it cost effective? Figure 4 shows
installed capital cost for a typical freeze crystallization
unit in comparison to the cost for evaporation and
membranes.

TOTAL INSTALLED COST
VS TREATMENT METHOD

1.0 2.0 JS 4.0 SO
CAPACITY MILLION GALLONS MB DAY—^

Figure 4 Cost Comparison

The curve for evaporation represents the installed cost
for a multiple effect, steam driven system. Our cost
estimates indicate the total installed capital cost for a
mechanical vapor recomprcssion unit would be
somewhat higher. We expect the cost for activated
sludge treatment would be slightly less than the multiple
effect evaporation cost.

As can be seen from these curves, freeze crystallization
is not cheap. In fact, other technologies should be
investigated fully before turning to freeze
crystallization. If conventional technologies such as
membranes, activated sludge, or evaporation cannot
perform the required separation in one Mage then
freeze crystallization should be fully evaluated. A

system requiring evaporation and activated sludge
treatment for contaminated condensates will be more
expensive than a single stage separation or freeze
crystallization.

One must also realize thai the technology of freeze
crystallization for effluent treatment is in its infancy. A
first generation design has been installed at the
Chetwynd facility and future designs will incorporate
cost and energy saving techniques which have been
learned at the Chctvvynd facility. We fully expect that
the cost for the freeze crystallization system will lower
substantially in future generation designs, perhaps even
approaching the cost of mechanical vapor
rccomprcssion evaporation.

POWER CONSUMPTION

An adherent advantage of freeze crystallization is the
low phase change energy required. To evaporate a
pound of water lakes about l.lXX) BTU's. To freeze a
pound of water lakes about 144 BTU's. This means
much less energy must be transferred to perform the
purifying phase change of freeze versus evaporation.

This vast difference in energy can be somewhat reduced
by using multiple effect or mechanical vapor
rccompression evaporation. Also, some additional
e.icrgy must be expended in order to perform the ice
separation.

Evaluations perff-rmcd by HPD indicate power
consumption (pet million gallon per day of effluent
treated) is similar for a freeze crystallization unit
compared with mechanical vapor recomprcssion.
Again, this is based upon a first generation freeze design
and succeeding gene rations should become much more
energy efficient.

CONCLUSIONS

Freeze crystallization has great potential for
treating specific industry wastewalers which contain
both organic and in-organic contaminants. One of the
greatest potential uses of this technology is for
treatment of plant effluents for potential recycle.

165



Because the technology is still in it's infancy, rapid
development and refinement can be expected. While
energy efficiency is roughly similartothat of mechanical
vapor recompression evaporation, overall installed
capital costs can be substantially reduced for effluent
streams which contain high organic loading.

Freeze crystallization is not universally applicable
but for specific applications it can be used quite
effectively for economical and practical water
separation problems.
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ADVANCED OXIDATION TECHNOLOGY TOR PULP MILL EFFLUENT

J. ROBERT HART, MANAGER, EPRI PULP fi PAPER OFFICE, ATLANTA, 6A

ABSTRACT

The composition of effluent from
various pulping processes can exhibit a
wide range of physical and chemical
parameters. The dissolved solids consist
of the chemicals derived from the wood
material plus the chemicals added to the
specific pulping process. No one
technology can adequately treat these
effluent streams, rather a combination of
treatment methods is often required.
Advanced oxidation is one technology
which has application to bleached Kraft
pulp effluent, principally for color
reduction.

INTRODUCTION

The composition of wood (bone dry)
is approximately 50% cellulose, 30%
hemicelluloses and sugars, and 20%
lignin. It is the objective of the
pulping process to obtain an aqueous
slurry of the cellulosic material in
varying degrees of purity or yield.
These yield values can be as high as 96%
by weight for some mechanical pulps, to
less than 50% for a high grade chemical
pulp. The difference (1-yield) is the
water soluble extractives found in the
process wash waters. These wash water
streams are further processed to recover
the wood extractives and process
chemicals when it is economically
feasible. When the chemical recovery in
these process streams becomes
uneconomical, they will eventually be
sent to an effluent treatment facility
prior to discharge.

The process streams which will
eventually be discharged, contain either
suspended or dissolved solids. We are
herein considering only the treatment of
the dissolved solids portion, assuming
the removal of the suspended material by
some other means.

Dependent upon the nature of the
pulping process and the particular
process stream being considered, the
effluent stream will exhibit a wide range
of conditions. Concentrations of

dissolved solids may vary from 0.5% or
less to 3.5% or higher. The pH value
could lie between 1.5 and 13. The color
may appear to be light amber to a very
dark gray. The chemical composition
could derive solely from the wood
extractives or there can be substantial
amounts of process chemical, such as
inorganic salts, sulfonated and
chlorinated organics, many of which are
considered toxic.

Of particular interest in the Study
(1) to be presented here, is that some of
the effluent streams subjected to
treatment, originated from a bleaching
process which used chlorine and chlorine
dioxide as bleaching agents. When these
chemicals are used in the bleaching
process, the effluent streams would
unwisely be considered for treatment by
techniques such as multiple-effect
evaporation or incineration in power
boilers, due to the excessive amounts of
chloride compounds present in the
concentrate.

TREATMENT Or DISSOLVED SOLIDS

Let us look briefly at the various
treatment technologies for removing or
reducing the amount of dissolved solids
in a process stream. They might be
classified into the two broad categories
of concentration techniques and
degradation or chemical modification
methods.

Concantntion Tach
Concentration of dilute effluent

streams is desirable to achieve a large
recyclable stream along with a much
smaller concentrated or "contaminated"
stream. Little or no chemical change
takes place with the dissolved solids.
The latter stream is then further treated
prior to discharge or disposal. Some of
the these technologies are listed without
further comment; flocculation,
evaporation, ultrafiltration, membrane
separation, reverse osmosis, freeze
concentration, and adsorption.
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Ch»«ie»l Modification
A variety of techniques exist

whereby dissolved solids found in pulp
mill effluent can be subjected to slight
or drastic chemical modification in order
to produce a more acceptable form of
discharge material. The techniques for
chemical degradation involve
incineration, biological activity,
photolysis (ultraviolet radiation), and
the addition of chemical oxidants such as
ozone and hydrogen peroxide. Oxidation
of effluent streams can be assisted by
the simple means of aeration, or exposure
to a dilute oxygen stream.

ADVANCED OXIDATION

Ozone reacts with organic material
in water in several manners, depending of
the pH and the presence of other
compounds. Not all mechanisms are well
understood, however two types of
reactions can be expected in industrial
waste streams.

When the effluent stream is below a
pH of 8, the direct reaction of ozone
with the unsaturated bond in organic
compounds is favored. At a pH greater
than 9, a free radical mechanism becomes
predominate and the ozone does not react
directly with the organic compounds.
Instead, ozone reacts with water to form
hyroxyl and hydroperoxide radicals (-0H
and -00H).

The free radical mechanism is
favored because the oxidation reactions
are less discriminating than when ozone
reacts directly with the organic
compounds. Therefore, several methods
have been developed to promote the
formation of hydroxyl radicals when using
ozone to treat effluent streams. These
methods are called advanced oxidation
processes (AOP) and include the use of
hydrogen peroxide or UV radiation with
ozone. The simplest AOP, however, is
using ozone at a high pH.

Hydrogen peroxide (H2O2) is added
with ozone to the effluent stream to
increase the formation of hydroxyl
radicals. The decomposition of ozone is
enhanced with the result that the ozone
oxidation reaction is accelerated. In
addition, certain reaction rates with
various organic compounds indicate a
dependence on the hydrogen peroxide
concentration.

When UV radiation is used in
combination with ozone, hydrogen peroxide
is formed. Ozone/UV differs from
ozone/hydrogen peroxide only in the
manner by which hydrogen oxide is

introduced into the stream. However,
certain organic compounds will degrade by
direct photolysis, making the ozone/UV
system both an oxidation and photolysis
process.

AOP FEASIBILITY STUDY

The application of AOP for the
treatment of pulp mill effluent was
demonstrated in an EPRI Co-funded Project
(1). This Project had the industrial
support of about twenty companies and
utilities. AOP systems were chose
because of the nature of the effluent
streams to be treated. The particular
mill site studied herein, generated three
troublesome streams that required
treatment before discharge. Two of these
streams came from a bleaching process for
Kraft pulp using chlorine and chlorine
dioxide chemicals, making them
unacceptable for evaporation and eventual
incineration. These two separate streams
were at pH values of 1.5 and 11.0. A
third effluent stream came from a
thermomechanical pulp process where
treatment was required to reduce the
toxicity of the wood soluble extractives.
The volume of these three streams are 7,
2.5 and 3 mgd respectively.

The goal of this study was to reduce
color, while monitoring other discharge
standards such as toxicity, BOD
(biochemical oxygen demand), AOX
(adsorbable organic halides), TOC (total
organic carbon), and VOC (volatile
organic compounds).

A continuous pilot plant facility
was installed on-site, convenient to the
effluent streams to be investigated. It
consisted of three ozone contact columns
(8 inch diameter and 10 feet tall) with
countercurrent flow downwards to the
ozonated gas diffuser at the bottom of
each contactor. These columns were
connected in series and had the necessary
accessories to monitor gas and liquid
flows, injection and sampling points, and
off-gas detection.. The ozone was
generated with a Griffin Technics HC-1.0
ozone generator. This unit is air-cooled
and contains two dielectrics in series.
Compressed air or liquid oxygen was used
as the feed gas, dependent upon the
location of the pilot unit. Effluent
flow rates were dictated by the ozone
generating capacity and the applied
dosage, thus flows ranged from 0.2-2.0
gpm. The maximum dosage of ozone used in
the study was 4.2 lb/1000 gal.
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The pilot unit was operated for one
8-hour shift per day, 5 days per week,
and a period of 16 weeks. One specific
stream was tested for a minimum of a 5-
day period before switching over to
another stream.

RESULTS

The complete analysis of the test
data is not yet unavailable, however some
general statements can be made with
regard to the effect of the AOP systems.
Also, none of the test data of this study
revealed any significant or unexplained
dichotomies from previous data published
in the literature.

Ozone and hydrogen peroxide were
effective in removing up to 85% of the
color in the caustic stream, and up to
90% of the color in the acidic stream.
In the caustic stream, color removal was
a function of both ozone and hydrogen
dosages, while the acid stream was only
slightly affected by the hydrogen
peroxide dose.

Average reduction of AOX values in
the caustic stream was 36% and was
dependent upc n the pH value. In the
acidic stream, less affect upon AOX was
observed. In some trials, the AOX value
increased, particularly when the entering
pH was greater than the exit stream.

Toxicity reduction in the caustic
stream ranged from 64% to 95% and closely
followed the reduction of color. In the
acidic stream, minimal effects were
found. In the TMP effluent stream, the
decrease in toxicity ranged from 45-95%

Ozone should have no effect on TOC,
since ozone does not create organic
carbon. The test data indicated some
variability between the TOC values of the
entering and exiting streams, but this
was attributed to sampling and testing
error.

As expected, there were modest
changes in the B©D values in all the
effluent streams. The database of this
particular study was not large enough to
determine those variables which could be
used to predict the change.

The effect of ozone/UV application
on the caustic stream had only minor
reductions in color, but there were more
significant decreases of color in the
acidic streams. The TMP stream had
minimal color initially, and no tests
were run on this stream.

ECONOMICS

Part of the objective of this EPRI
Co-funded Project was to project the
economic feasibility for the use of AOP
systems in the treatment of pulp mill
effluent. Calculations to arrive at the
figures for the capital and operating
costs are very dependent upon the desired
reduction of color or other effluent
property, and the desirability of
treating a particular stream versus
another to obtain regulatory compliance.
In addition, it must be carefully
understood that the test data came from a
specific mill, employing a specific
process, and using a specific wood
supply.

The present total worth of a
treatment facility, for 1 mgd of acidic
bleach effluent would range from S10 to
$16 million., dependent upon the color
reduction required. To treat caustic
effluent of the same quantity, the cost
of a facility would range for $13 to $30
million.

The amount of electrical energy
required to generate 1 pound of ozone is
about 5 kWh. Thus the treatment of 1
million gallons of effluent, with a
dosage of 2.1 lb/1000 gal, will consume
10.5 MWh per daily operation.

SUMMARY

An AOP system can successfully be
applied to the treatment of effluent
streams generated in a bleached Kraft
pulp process and in a TMP process. Color
reductions of 85% can be achieved on
specific streams, along with reduction in
toxicity values in selected streams.
Changes in BOD, TOC, and AOX values
resulting from treatment with ozone
either varied according to physical
parameters of the incoming stream or in
theory, had no effect. The present worth
for a facility to treat 1 mgd of caustic
extract for color reduction of 85% would
be approximately $19 million.
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INDUSTRIAL GASES AS A VEHICLE FOR COMPETITIVEHESS

James R. Dale, Director, Technology Programs, Airco Industrial Gases Division,
The BOC Group, Inc., Murray Hill, New Jersey

ABSTRACT

Industrial gases are produced using
compressed air and power. Improvements
in air separation technology have
resulted in a marked decrease in the cost
of nitrogen and oxygen production. The,
use of those gases in industrial
applications has resulted in energy
savings. Several cases are reviewed to
show the diversity and options available
to enable cost savings and
environmentally driven process
improvements.

Industrial gases have come of age
during the last fifteen years. Engineers
and scientists have looked beyond the
paradigms of their operations and have
embraced the use of industrial gases in
ways that they would not have dreamed of
before the mid 1970's. Cheap energy as a
national resource had ceased to exist.
We, in the engineering community, had to
look for new ways to prevent the
unprecedented spiral of cost increases in
order to maintain or improve our
competitive position in domestic and
world markets.

Nitrogen, oxygen and argon are
considered the bulk gases in our
business. I will be focusing my comments
on nitrogen and oxygen for they
constitute the largest number of
applications and volume of gas consumed
by industry today. The specific energy
to produce those gases has changed
dramatically even though the fundamental
production techniques have not changed.

The first gas of value produced was
oxygen. For years, the means of
production was the cryogenic cycle and
supply was served either by a pipeline or
cylinder delivery. In the 1950's,
technical change brought the concept of
liquid delivery of gaseous products for
convenience, demand flexibility and cost
to the marketplace. Until the early
1970's nitrogen was considered a
by-product because the real force in
expansion of the industrial gas business
to this time was the use of oxygen in
steelmaking. Specific power required to
produce a cubic foot of gas was about 3.0
kilowatt-hours per hundred cubic feet of
gas produced (kwh/ccf).

During the late 1970's development
work was also going on to produce gas by
non-cryogenic means. Carbon molecular

sieve and zeolite-based separation
technology was developing to offer an
alternative to cryogenic separation for
those instances when neither high purity
or cryogenic properties were required by
the application. It resulted in gas of
lower than 99.9995%, "five-nines", purity
that was the standard for liquid supply.
Typical purity levels achieved was 97 to
99.5% for nitrogen and 90 to 95% for
oxygen. Nitrogen was produced at a power
factor of about 2.0 kwh/ccf and oxygen at
a power factor of 2.2 kwh/ccf, both at a
pressure of 110 and 120 psig respectively
(nominal oxygen purity was 90%). Liquid
product specific power had improved to
similar cost levels. This made use of
these products practical only when liquid
was very expensive, purity was not an
issue, and there was a major geographic
or distribution consideration.

The "energy crisis" of the early
1970's resulted in major investments in
research and development in plant
performance by the industrial gas
industry. Simultaneously, the need for
fuel savings and process cost reductions
led to investment in gas process
development. The use of nitrogen in
industrial processes went from by-product
to primary gas produced in less than ten
years. The nature of the cryogenic
liquefaction process is such that a ratio
of three volumes of nitrogen to one of
oxygen is optimal for merchant plan
loading and costs. The specific power
requirement for the liquefaction of
nitrogen gas has gone from 2.0 kwh/ccf to
1.4 kwh/ccf. This represents a thirty
percent reduction in power required to
produce liquid nitrogen or oxygen.

Similarly, strides have also
occurred in non-cryogenic production
techniques. Both molecular sieves and
zeolite performance have improved
bringing the specific power for a
nitrogen system at a nominal purity of
99% down to a range of approximately .8
kwh/ccf and oxygen at a nominal purity of
93% to a range of 1.1 kwh/ccf at
atmospheric pressure or approximately 1.3
kwh/ccf at 130 psig. New gas products
have been introduced with the advent of
membrane technology being used to produce
nitrogen. This technology holds great
promise. The prime attraction is
simplicity of the engineered systems of
production, the "high tech" image of the
product and its essential lack of moving
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parts. Specific power requirements have
seen a 50% improvement in about ten
years- These improvements in cost, as
seen in Graph 1, have had a dramatic
impact on the utilization of these
products by industry.

CHANGE IN SPECIFIC POWER CONSUMPTION
Graph I

KWWCCT

Net energy saving 221,216 kwh (D)

1971 1M0 19»i tt*4 « H 1M*
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The following examples should
clarify my points.

REPLACEMENT OF INERT GAS GENERATORS WITH
LIQUID NITROGEN

The conventional practice for using
autoclaves has been the use of inert gas
generators and compressors to produce a
non-oxidizing atmosphere for the
autoclaves and compressors to deliver the
gas at the necessary pressure. In our
example, a plant manager was spending
approximately $11,000 per month to
operate his facility. The nitrogen cost
for substitution is approximately $8,500
per month. The customer can realize a
23% reduction in cost. An energy
analysis of the system shows the
following:

Generators: assuming two in
operation 12 hours/day, their power
consumption in equivalent kwh/month is:

2 x 1.5 MM BTU/Hr x 264 Hrs/month /3412.8
BTU/kwh = 232,000 Kwh (A)

Two compressors:

2 x 125 hp x 264 Hrs/month x 0.7457
kwh/hp = 49,216 Kwh (B)

Total kwh 281,216

Liquid nitrogen system energy
requirements:

3.0 MM scf/mo x 2.0 kwh/ccf = 60,000 (C)

(A+B) - (C) = (D)

AIRCO'S (ASRSK) SOLVENT RECOVERY SYSTEM

One of the major concerns facing
industry today is VOC emissions and the
impact of the Clean Air Act on their
business. We have been offering the
Airco Solvent Recovery System to the
coating industry for a number of years.
Its chief values are in cost
effectiveness, recovery of solvent rather
than its incineration, and overall energy
reduction. Typically, air drying systems
for solvent based coating lines used high
flow rates and either an incinerator to
burn the vented gas mixtures or a carbon
bed device to collect the solvent and
avoid emissions to the atmosphere.
Carbon bed systems claim efficiencies of
95% recovery of the solvents in the gas
streams. However, leaky dryers may
result in lower overall capture of the
gas streams. This results in lower true
system efficiency. The ASRS system
operates as a closed loop system, so
large volumes of heated air are
unnecessary. The oven/dryer is inerted
with nitrogen, thus, a lower explosive
limit (L.E.L.) does not exist allowing
solvent concentrate to be increased. The
recirculated gas stream therefore is
concentrated and a cryogenic loop is used
to condense and recover the entrained
solvent.

Monthly operating costs for a
typical dryer installation with a carbon
bed emissions collection device could
experience operating costs as shown:

Carbon Bed Costs:

Ventilation Air Heating
Solvent Lost
Carbon Cost
Steam Cost

Total monthly cost (+) $64,800

ASRS Costs:

Ventilation Air (nitrogen heat-up) &
make-up
Solvent Lost
Nitrogen Supply

Total monthly cost (-) $52,800

Monthly savings using
liquid nitrogen $12,000

After the ASRS system had been
proven, the next phase in this
application was to convert the customer
to the use of PSA nitrogen for the bulk
of his nitrogen needs. The effect of
switching to non-cryogenic nitrogen was
to reduce his monthly cost by an
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additional $27,500. Thus the annual
savings possible by implementing ASRS
technology is $447,600 over a carbon bed
unit. The capital cost of the systems is
comparable.

OZONE GENERATION

As a final example of how the
purity, volume and cost of a. system can
be integrated, we offer this scenario.

The customer needs approximately 80
TFD of oxygen at low purity as a
feedstock for ozone generators. The
needs can be met by three alternatives.
The first is liquid oxygen, the second is
a Vacuum-Pressure Swing Adsorption unit
(VPSA) capable of delivering the required
flow at >90% purity. The final option
for delivery is a cryogenic co-plant
capable of delivering >95% purity oxygen.
Graph 2 shows the relative cost of
product as produced and the relative cost
of oxygen on an equal purity basis. In
the case of the co-product plant, it also
is capable of supplying >16,000 scfh of
99% nitrogen. The added value of that
product can drop the effective unit cost
for gases to approximately $0.11 kwh/ccf,
including energy.

Understanding the characteristics
and properties of industrial gases
enables development of innovative process
alternatives. The use of variables such

OXYGEN SUPPLY ALTERNATIVES
Graph*

MMnCeM

as pressure, purity, inertness oxidative
capacity and temperature can result in
process improvements that yield benefits
in cost savings, safety and environmental
compliance. Competitive pressures in the
industrial gas business has necessitated
technical improvements to control
production costs. When combined with
creative solutions to customer problems,
those technical and cost improvements
have enhanced the competitive positions
of customers in their respective
industries.
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Controlling NOx to Obtain Offsets or Meet Compliance

John E. Iw'iicy, Market Development Manager, Nalco Fuel Tech

INTRODUCTION

Even before the Clean Air Act Amendments of
1990, regulatory authorities monitored and regulated a
number of pollutants: lead, carbon monoxide, oxides of
sulfur, oxides of nitrogen, ozone and PM-10. The Clean
Air Act Amendments increased the focus on these
pollutants, mandating the reductions to specified limits.

Title I, Attainment and Maintenance of Ambient
Air Quality Standards, calls for reduction of the above
criteria pollutants in the atmosphere to, or below,
National Ambient Air Quality Standards (NAAQSI levels.
More than 100 areas of the United States have ozone
concentrations above the NAAQS standard, requiring
reduction of the ozone precursors, NOx and volatile
organic compounds (VOC). In most ozone non-attain-
ment areas, atmospheric ozone must be reduced by three
percent per year.

Although offsetting was used for compliance prior
to the Clean Air Act Amendments of 1990, the
amendments have quantified the amount of offsetting
required from existing sources to allow for the issuance
of permits on new facilities or expanded equipment The
amount of the offset in ozone non-attainment areas is
determined by the level of non-attainment within that
area. In attainment areas the offset must yield a no net
increase for the facility. The EPA is also studying sys-
tems for possible NOx emission reduction credit trading
which provides an economic incentive to reduce NOx
emissions below required levels. This paper discusses
NOX control in the hydrocarbon process industries.

BACKGROUND

A typical refinery or petrochemical plant operates
many combustion units, each of which is an atmospheric
emission source. Each combustion unit provides an
opportunity to generate NOx reductions for offsets.
Among the units that can be used to achieve offsets are
procc.s heaters, CO boilers, steam boilers, catalytic
crackers and process waste incinerators. Some typical
NOx sources are shown in Table 1.

Nalco Fuel Tech markets a selective non-catalytic
reduction (SNCR) program for NOx control called
NOxOUT^. The NOxOUT Process has been successfully
used to achieve significant NOx reduction in refinery
and petrochemical plant combustion units.

If a refinery needs to expand operations, one
requirement will be a new air permit for that expansion.
Within ozone non-attainment areas, the Clean Air Act
requires offsets from existing sources as a condition for
receiving a new permit. An offset is often required for

Table 1 Typical Refinery NOx Producers

Combustion
Unit

Process Heater
|Gas)

Process Heater
|Lt Oil)

Process Heater
(Hvy. Oil)

CO Boiler

Steam Boiler

ppm
NOx*

150

275

380

350

100

Ib/MM Btu*

0.20

0.30

0.43

0.40

0.15

MM Btu/hr

60

60

60

275

100

'Typical values obswetl from representative combustion units

NOx because it is a precursor to the formation of ground
level ozone. The offset can range from 1.1 to 1.5 times
the amount of NOX allowed by the permit requirements
for the expansion, based on the level of ozone non-
attainment for that region and the control technologies
that are being required throughout that particular ozone
non-attainment area.

Facility expansions located in ozone attainment
areas will be subject to prevention of significant
deterioration (PSD) requirements. New permits in these
areas require a "no net increase" in pollutant emissions
for the entire facility. To prevent a net increase, the
refinery will need to reduce emissions from existing
sources.

Whether located in an ozone non-attainment area
or in an area of attainment, plant expansions will require
additional NOX reduction. The use of NOxOUT, a selec-
tive non-catalytic reduction technology, has helped
refinery operators to achieve the additional NOx reduc-
tions necessary tc expand, allowing them to meet their
market needs.

The EPA has also been given the responsibility to
determine the impact of controlling NOX compared to
the impact of controlling volatile organic compounds
(VOC) in attaining national ambient air quality standards
(NAAQS) standards for atmospheric ozone. According to
the National Academy of Science (NAS), in a recently
released report, NOx is more important in controlling
ground level ozone than earlier believed. Based on this
finding, the EPA is considering allowing trading of NOX
for VOC in ozone non-attainment areas, thereby increas-
ing the economic value of NOx control in ozone
non-attainment areas.
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CASE I: REFINERY PROCESS HEATERS

In order to meet increased demand; a petroleum
refinery located in an ozone non-attainment area was
involved in compliance planning to bring on additional
capacity to meet customer needs and market conditions.
When applying for the air emission permit, the refinery
personnel were advised by the state air regulating
authority that a NOx emission offset equal to 1.1 times
the amount to be permitted from the new unit was
required.

Because the existing process heaters had pre-
viously been retrofitted with low NOX burners, the
prospects for significant, additional NOx reduction, at a
low cost, appeared difficult Nalco Fuel Tech was asked
to determine if additional NOx reductions could be
achieved. A study was done which included field
measurements of operating conditions, kinetic modelling
and fluid dynamic modelling. When all of the informa-
tion yielded positive results, plans were made for a
demonstration of this technology. The demonstration
was run on one, then two, process heaters. Heater # 1
was rated at 50 MM Btu/hr; heater #2 was at 177 MM
Btu/hr. Since SNCR is a post-combustion technology, the
NOxOLJT system was installed without making changes
to the LNB's. Installation of the NOxOUT system was
also accomplished without the need to shut down any of
the process equipment. Avoiding outage was a significant
economic benefit to the refinery. The fuel used in these
process heaters is a variable mixture of refinery off gas
and natural gas.

The refinery off gas is the principal fuel. Natural
gas is used when the volume of refinerv off gas is not
sufficient for good operation.

In the first heater, the NOX emissions were
reduced from 100 ppm to less than 30 ppm | Figures 1
and 2) or 6.21 pounds of NOx per hour. If we assume
300 days of operation, this value becomes 44,712 pounds
(or 22.4 tons) of NOx emissions reduced per year.

The performance in the second heater was similar
but with slightly lower percent reductions of NOx- Since
this is a larger heater, the number of pounds of NOx
reduced was actually greater than from the first heater.
The NOX emissions from this heater were reduced from
80 ppm to 40 ppm (Figures 3 and 4) or 6.9 pounds per
hour. Using the same assumption of 300 days per year of
operation, the NOx reduction from this heater will be
49,680 pounds (or 24.8 tons) per year.

When the reductions from the two units are com-
bined, a NOx emission reduction of 47.2 tons per year
has been achieved. Based on a 1.1 to 1 offset require-
ment, the reduction provided for an offset of 43 tons
NOX per year. The refinery personnel decided to run the
process at a NOx reduction rate that will provide for 36
tons per year. The 36 ton per year reduction provided
the refinery with enough NOx allowance to permit a
new process heater. With the Nalco Fuel Tech NOxOUT
Program, the refinery increased its capacity while
actually reducing overall plant NOx emissions by about
8000 pounds per year.

#1 Refinery Heater — NOX Reduction

NOxOUT® A flow

Figure 1 NOx reduction exceeds 70% when treated
with NOxOUT

#1 Refinery Heater — NOX Emissions

Normalized Stoichiometric Ratio (NSR)

Figure 2 Actual NOx emissions decrease below 30 ppm with
NOxOUT program.

#2 Refinery Heater — NOX Reduction

NOxOUT A flow

Figure 3 NOx reduction of about 55% of baseline was achieved
with NOxOUT. Low NOx burners were already in use.
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#2 Refinery Heater — NOX Emissions

Normalized Stoichiometric Ratio (NSrt)

Figure 4 Actual NOx emissions were reduced to about 40 ppm
with the NOxOUT Process.

Refinery CO Boiler — High Load

NOxOUT A, Ib/hr

Figure 5 NOx emissions were reduced from 120 to 60 ppm
with the NOxOUT Process.

140
Petrochemical Wast* Incinerator

300

250

0.5 1.0 1.5 2.0

Normalized Sloichiometric Ratio (NSR)

Petrochemical Waste Incinerator
100

0.5 1.0 1.5 2.0
Normalized Stoichiometric Ratio (NSR)

Figures 6 and 7 Excellent NOx reduction was achieved in
petrochemical waste incinerator under many conditions.

CASE 2: REFINERY CO BOILER

A large refinery on the West Coast operates a CO
boiler. Untreated, the CO boiler will emit more than 400
tons per year of NOX. When NOxOUT was applied; the
NOx emissions were reduced from 120 ppm to 60 ppm
(Figure 5), providing for a 200 ton per year reduction of
NOx emissions. This refiner was treating to achieve
compliance. However, other refineries can achieve
similar reduction of NOx emissions and use the emis-
sion reduction for offsets to allow either expansion or
emission reduction credit (ERC) trading.

CASE 3: PROCESS WASTE INCINERATOR

A petrochemical plant uses an incinerator to dis-
pose of the waste off gasses from a chemical manufactur-
ing process. Although not required to reduce NOx
emissions, the management personnel of this plant
recognized the benefits of being able to reduce NOx
beyond required levels.

The incinerator operates under variable conditions
with different fuel mixtures. Under the least extreme
conditions, untreated NOX emissions were about 130
ppm. Under more extreme conditions, the untreated
NOx levels reached more than 250 ppm (Figures 6 and 7).

When NOxOUT was applied, the NOX was
reduced from 60 to 8096, depending on operating con-
ditions. The NOX emissions were reduced from 130 and
250 ppm to about 50 ppm at both extremes, providing
the incinerator with reduced NOx emissions that can be
used for offsets.

ECONOMICS OF NOX REDUCTION

In Case 1, the refiner had already applied low
NOx burners to the process heaters. The NOx reduced
by the NOxOUT Process was an incremental reduction
on top of the primary reduction provided by the low
NOx burners. The economics address only that
incremental cost of the additional reduction.

The total capital expense was $300,000, which
yields a levelized cost of $35,048 per year. The expenses
for the chemical usrd are $28,800 per year, making the
annual cost of the NOxOUT program $63,848. When
divided by the 36 tons reduced, the cost of the in-
cremental NOx control becomes $1,774 per ton
of NOx reduced.

The CO boiler NOxOUT program had capital
costs of $1,220,239 which yielded a levelized cost of
$142,560 per year. The costs of the chemical are
$212,200 per year. This program is removing 362 tons of
NOx annually at a cost of $980 per ton.
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The petrochemical waste incinerator had capital
costs of $210,000 yielding a levelized cost of $24,534 per
year. The chemical costs to remove 478 tons per year
was $322,560. Overall compliance economics was $726
per ton NOx removed.

These costs compare favorably with other NOx
control technologies. For example, costs for selective
catalytic reduction (SCR) range as high as $11,000 per
ton of NOX removed Low NOX burners provide for NOX
reduction at costs similar to the NOxOUT Process, but
do require unit shut down for installation. Retrofit can
also be required in some units leading to increased capi-
tal costs. Other mechanical changes can be made but
they provide for lower levels of NOX reduction while
requiring higher capital costs.

All of the above capital costs were calculated
using 8% per year over 15 years. The number of days of
operation per year were assumed to be 300.

Since NOX reduction may soon be used to offset
VOC emissions, it is worthwhile to consider comparisons
of the respective control costs. The most often men-
tioned strategies for VOC control include vapor recovery
with a compressor system or vapor recovery followed by
incineration. According to recent literature, control of
VOC's will cost about $2,500 per ton for vapor recovery.
When incineration is added to the system, the costs will
be higher by about $400 per ton. When compared to the
costs of controlling NOX by NOxOUT SNCR, control
of VOC have costs that are double to quadruple NOx
control costs.

CONCLUSIONS

In conclusion, NOx must be controlled for several
reasons. Title I of the Clean Air Act Amendments of
1990 requires that atmospheric levels of ozone be
reduced to NAAQS levels. This is being implemented by
the states through a state implementation program
strategy (SIPS) and enforced through the air emission
permit system that is established by the SIPS. The
acquisition of offsets to allow for plant expansions and
upgrades is a compelling reason to reduce NOx
emissions below permit requirements. This strategy can
enable a plant expansion or upgrade to be permitted It
also provides for overall improvement in the environ-
ment while allowing for industrial growth.

The EPA is now studying a system for the bank-
ing and/or selling of NOx emission reduction credits.
Once implemented, further NOx reductions may have
cash value for the permit holder.

Selective non-catalytic reduction (SNCR) tech-
nology has been successful in allowing operators of com-
bustion equipment the flexibility to control NOX in a
manner to reduce NOX economically. SNCR can reduce
NOx to the level required. Should additional reductions
become necessary, they can be achieved by additional
reagent injection without additional capital expense.

NOX reduction may also be allowed to offset VOC
reduction requirements. According to the NAS, NOx has
a greater impact on the formation of ground level ozone
than previously believed With the high costs of VOC
control technologies, SNCR technology for NOX control
will make compliance with NAAQS for ozone less costly.
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Estimation and Reduction Methodologies for Fugitive Emissions from Equipment

Anthony Scataglia, Branch Manager, Tmam, Incorporated, Webster, Texas

ABSTRACT

Environmental regulations have
resulted in the need for industrial
facilities to reduce fugitive emissions
from equipment leaks to their lowest
possible level. This paper presents
and compares approved methods outlined
by the U.S. Environmental Protection
Agency (EPA) for estimating fugitive
emissions from equipment leaks, as well
as strategies to reduce fugitive
emissions through leak detection and
repair (LDAR) programs. Case studies
are presented to illustrate the
difference in computed emissions
resulting from the different emission
estimation methods, and to illustrate
the effects of a LDAR program
implemented to reduce emissions from
equipment leaks. The fugitive
emissions reduction benefits of
implementing an ongoing LDAR program,
and the expected reductions from using
more rigorous field testing and
emissions estimate techniques are
clearly indicated.

INTRODUCTION

The reporting requirements of
Section 313 of SAJtA Title III coupled
with the growing requirements of
Federal and State environmental
regulations have resulted in the need
for manufacturing facilities
containing chemical processing units to
reduce and compute fugitive emissions
from equipment leaks as low as
possible. The purpose of this paper is
to present and compare approved methods
outlined by the U.S. Environmental
Protection Agency (EPA) for estimating
emissions of volatile organic compounds
(VOC) and volatile hazardous air
pollutants (VHAP) for equipment leaks,
as well as present strategies to reduce
VOC and VHAP emissions from equipment
leaks. Several case studies involving
the use of EPA published factors and
correlations for estimating emissions
from chemical process units are
presented to illustrate the difference
in computed emissions resulting from
the different methods. The effect of a
maintenance program implemented to

reduce emissions from equipment leaks
from chemical process units is also
included. Various maintenance procedures
available to enhance a LDAR program to
reduce fugitive emissions from equipment
are presented and discussed. Comparisons
of emissions estimated from using EPA
published emission factors and
correlations versus emissions estimated
using unit-specific factors and
correlations developed through mass
emission rate testing (bagging) are also
presented. The field testing procedures
and emission estimation methods presented
in this paper are explained in detail in
the 1988 EPA (1) and 1989 CMA (2)
protocols for estimating fugitive
emissions. The reader is strongly
encouraged to obtain and read these
protocols to familiarize themselves with
the field testing and data analyses
methods discussed and compared in this
paper.

METHODS FOR ESTIMATING EMISSIONS FROM
EQUIPMENT LKAKS

Six methods for estimating emissions
from equipment leaks are examined in this
paper. They include the factor based
methods and correlation based methods
listed below:

Factor based methods:
* Average emission factor method;
* Leak/no-leak emission factor
method;

* Three-strata emission factor
method;

Correlation based methods:
* Application of EPA leak
rate/screening value
correlations with EPA
"default zero" factors;

* Application of EPA leak
rate/screening value
correlations with unit-specific
"default zero" factors and
"pegged" factors developed from
bagging;

* Application of unit-specific
leak rate/screening value
correlations and unit-specific
"default zero" factors and
"pegged" factors from bagging.
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All of the methods are dependent on
an accurate count of equipment by
source and service (i.e. valves light
liquid, valves gas/vapor, etc.). The
leak/no-leak, three-strata, and
correlation based methods require
accurate component counts supplemented
by the screening of all equipment to be
included using a portable organic
analyzer. The correlation based
methods which utilize unit-specific
factors and/or unit-specific
correlations also require bagging on a
sample population of components in the
source/service categories included in
the inventory.

FACTOR BASED METHODS

Application of the EPA average
emission factors to equipment counts
for a given unit are used to calculate
total VOC emissions. The EPA average
emission factors (1) are shown in Table
1.

Emission Factor
Equipment Service (kg/hr/source)

0.0056

0.0071

P.000Z3

0.0494

0.0214

0.228

0.104

0.00083

0.0017

0.0150

Table 1. Average Emission Factors for
Fugitive Emissions (kg/hr/source).

The product of the emission factors and
the equipment component counts yields
the emission estimates for each source
(equipment type) and service (light
liquid, gas/vapor, e t c . ) . The
emission estimates for all
source/service categories are summed to
compute the total unit emission
estimates (1). Chemical specific

Valves

Pump Seals

Compressor Seals

Pressure Relief Seals

Flanges

Open-Ended Lines

Sampling Connections

Gas
Light Liquid

Heavy Liquid

Light Liquid

Heavy Liquid

Gas/Vapor

Gas/Vapor

All

All

All

emission estimates can then be generated
using the weight percent on a total VOC
basis for each compound in a given
stream.

The leak/no leak method requires
screening of all equipment included in
the inventory using a portable analyzer.
The leak/no leak approach is based on two
emission rates: an emission rate for
sources that "leak" (screening
concentration above or equal to 10,000
ppmv) and an emission rate for sources
that do not "leak" (screening
concentration less than 10,000 ppmv).
Table 2 presents the leaking and non-
leaking emission factors (1) for various
equipment and services.

Leaking Non-leaking
(>10,000 ppn) (<10,000 ppn)

Equipment Service Emission Factor Emission Factor

Valves

Pump Seals

Compressor Sealse

Pressure Relief Valves

Flanges

Open-Ended Lines

Gas*

LLb

HLC

LL

HL

Gas

Gas

All

All

0.0451

0.0852

0.00023d

0.437

0.3865

1.60S

1.691

0.0375

0.01195

0.00048

0.00171

0.00023

0.0120

0.0135

0.0894

0.0447

0.00006

0.00150

Tabl* 2. Leaking and Non-Leaking Factors
for Fugitive Emissions (kg/hr/source).

The product of the percent screened in
each source/service category found
"leaking" and the leaking emission factor
for the source/service is calculated and
summed with the product of the percent
screened found not "leaking" and the non-
leaking emission factors for each
source/service to generate a total VOC
emission rate for each source/service
category (1). An average emission rate
for each source/service is then
calculated and applied to the component
count for the source/ service to generate
the total VOC emission estimate for each
source/service category. The emissions
estimated for each source/service is
summed together to generate total unit
VOC emission estimates. Chemical weight
percentages, on a total VOC instrument
detectable basis, can then be used to
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compute chemical specific emission
estimates.

Thr—-Strata Eni»»lon Factor Method
The three-strata (stratified)

emission factor method is another
emission estimate approach that
requires screening data. The
stratified emission factor method is
based on three distinct screening value
ranges, each having an emission rate
for each source/service category. The
three ranges are: 0 - 1,000 ppmv,. 1,001
- 10,000 ppmv and greater than 10,000
ppmv. Table 3 presents the emission
rates for each strata (1) by equipment
type and service.

Source Service

Enisslon Factors (kg/hr/sourca) far
Screening Value Ranges. DDgv

0-1,000 1,001-10,000 Over 10,000

Compressor seals

PIMP seals

Valves

Flanges, connections

Pressure relief devices

Open-ended lines

Gas/vapor

Light liquid
Heavy liquid

Gas/vapor
Light liquid
Heavy liquid

Ml

Gas/vapor

AM

0.01132 O.2G4

0.00198
0.00380

O.00OH
0.00028
0.00023

0.00002

0.0114

0.00013

0.0335
0.0926

0.00I6S
0.00963
0.00023

0.00875

0.279

0.00876

1.608

0.437
0.388S

0.0451
0.0852
0.00023

0.0375

1.691

0.01195

Table 3. Stratified Emission Factors
for Equipment Leaks (kg/hr/source).

Total VOC emission estimates are
generated by applying the number of
components screening in each strata
range to the appropriate stratified
emission factor and summing each
subtotal (1). Chemical specific
emission estimates can then be
generated by using the weight percent
of each compound on a total VOC
instrument detectable basis.

FACTOR BASED METHODS COMPARISON

Case studies comparing the three
factor based emission estimate methods
for specific chemical processing units
are included in this paper. The
component counts were generated using
the information gathered during tagging
and/or identification programs
conducted by Team, Inc. and/or plant
representatives on the units under
study. The leak detection (ie.
screening/monitoring) data used as a
basis for computing emission estimates
utilizing leak/no-leak and three-
strata emission factors was gathered by
Team, Inc. using a Foxboro OVA-108

analyzer calibrated to methane. The
guidelines set forth in EPA Reference
Method 21 (3) were adhered to during the
monitoring surveys conducted on the units
under study. Figure 1 compares the total
VOC emissions estimated using each of the
factor based methods from a Polypropylene
unit.

EMISSIONS ESTIMATED (LB/YR) (Thousands)

1,247,741

200

000

800-

600

•400

200

697,826
i.62% REDUCTION!

476,006
ft.'.

0
AVG SOCMI FACTORS LEAK/NO LEAK FACTORS STRATIFIED FACTORS

Figure 1. Polypropylene Unit - VOC
emissions study.

The emissions estimated for this
Polypropylene unit were based on the
component identification and monitoring
data from a newly implemented monitoring
program. Figure 2 compares the benzene
emissions estimated using each of the
factor based methods for valves and
flanges in light liquid service for a
specific processing unit containing
benzene.

EMISSIONS ESTIMATED (LB/YR) (THOUSANDS)
70 ~~~ ' • • • ~ - - —

6 0 -

5 0 -

40

30 -

20 •

59,028

78% REDUCTION

12,795
93% REDUCTION |

3,839

AVG SOCMI FACTORS LEAK/NO LEAK FACTORS STRATIFIED FACTORS

Figure 2. Benzene emissions study on
valves and flanges in light liquid
service.

The benzene emissions estimated were
based on screening data gathered from a
unit that had a federally regulated
ongoing LDAR (ie. monitoring and
maintenance) program in place,
program in place, as well. The
comparisons clearly illustrate the
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benefits of supplementing component
counts with the generation of
monitoring data for use as a basis for
estimating fugitive emissions
utilizing the factor based methods.
The comparisons also illustrate the
difference in emissions estimated based
on monitoring data from units having an
ongoing LDAR program versus the
emissions estimated based on screening
data from a newly implemented
monitoring program. The affects of a
LDAR program are further illustrated
from case studies comparing emissions
estimated using three-strata emission
factors over several monitoring surveys
conducted on the same units over a two
year period.

AFFECTS OF AN ONGOING LEAK DETECTION
AND REPAIR PROGRAM ON EMISSION
ESTIMATES

The affects of an ongoing LDAR
program on total VOC emissions
estimated from a Polyethylene unit and
Polypropylene unit using three-strata
emission factors was examined by
computing emissions from four semi-
annual screening surveys conducted by
Team, Inc. during 1989 and 1990. The
semi-annual surveys were conducted once
each half of the 1989 and 1990 calendar
years. The monitoring surveys were
supplemented by a maintenance program
conducted on valves and flanges
screening at 500 parts per million
volume (ppmv) or above. The LDAR
program was conducted using the
procedures outlined below:

* The components included in the
surveys were monitored using an
OVA-108 calibrated to methane

* Initial maintenance was
conducted on components that were
found leaking at 500 ppmv or
above on the OVA-108;

* The initial maintenance included
the tightening of valve packing,
valve bonnet nuts, and flange
bolts at the time the
components were observed to be
leaking at or above 500 ppmv;

* The components were rescreened
after the initial maintenance
was attempted and the original
screening value, rescreening
value, description of the
initial maintenance attempted,
and additional pertinent data
was recorded;

* Components that were unable to
be brought down below 500 ppmv
were marked and reported to the

plant for further plant
maintenance attempts and/or on-
stream leak repair attempts.

Figures 4 and 5 illustrate the affect the
LDAR program had on reducing the total
VOC emissions estimated utilizing three-
strata factors for valves and flanges in
the Polyethylene and Polypropylene units
under study.

EMISSIONS ESTIMATED (LB/YR) (Thousands)

EMISSIONS USING STRATIFIED FACTORS - VALVES * FLANGES;

!BEBC£tiI^EDUC.TlQN.I:BQMBASE.ESTIMATE :

40%

58%
62%

0-LJ
1ST HALF '89 2ND HALF '89 1ST HALF '90 2ND HALF -90

SCREENING SURVEY PERIOD

Figur* 4. Polyethylene Unit - VOC
emissions study on an ongoing LDAR
program.

EMISSIONS ESTIMATED (LB/YR) (Thousand*)
600 i - - — -

BASE

500-

400

EMISSIONS USING STRATIFIED FACTORS - VALVES t, FLANGES

66%
77% 79%

1ST HALF '89 2ND HALF '89 1ST HALF '90 2ND HALF '90

Figure 5. Polypropylene Unit - VOC
emissions study on an ongoing LDAR
program.

Experience has shown that the
implementation of a LDAR program using
leak definitions of 500, 1,000, or 10,000
ppmv will tend to have the greatest
affect on reducing emissions during the
first several surveys. The monitoring
and maintenance programs will then have a
more diminished affect in reducing
emissions, but will be very useful in
maintaining the emissions level
approached through the earlier programs.
The continual effective reduction of
emissions through a monitoring and
maintenance program can be enhanced by
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the increasing of monitoring surveys
and repair frequencies and/or the
lowering of the leak definition for
maintenance consideration. Another
important step in reducing emissions is
to trace repeat or problem leakers, and
to look to a more permanent solution
through component replacement or more
sophisticated leak repair techniques
beyond the initial maintenance
techniques outlined above.

ON-STREAM LEAK REPAIR TECHNIQUES

Almost any leak, regardless of the
leaking conditions can be repaired on-
stream. Methods, materials and
hardware designs vary depending on
pressures, temperatures and the
severity of the leak.

Basically, on-stream repair of
leaks involves establishing a retainer
for the packing or sealing material and
a method of injecting the sealing
material. Once this is done, the final
step is to inject the packing or
sealant and repair the leak.

To illustrate how this is actually
done, the individual leaking component
must be identified because the
technique varies greatly depending on
the configuration of the equipment
which is leaking.

Valve Packing Gland Leaks
Valve packing gland leaks are

repaired by initially drilling and
tapping a small hole into the packing
area through the wall of the packing
box. Pumpable packing material is then
injected under pressure to add packing
material. This repairs the leak and
restores full packing gland adjustment
to the packing follower.

Full Face Flange Gasket Leaks
Filst face flanges with full face

gasket are a special case because no
gap exists at the flange outside
diameter (OD). These leaks are
repaired by initially installing cap
nuts to replace flange stud nuts. The
sealant is then injected through the
cap nuts to fill all stud holes and
seal off the leak.

Flange Face Gap Leaks
Flanges with gaps between the

flange faces are sealed either by
installing a flange clamp on the OD of
the flanges or by performing the wire
wrap technique.

Flange Claap Technique*. The clamp
which fits the OD of the flange is
installed and tightened. The clamp has
drilled and tapped ports which allows
sealant injection all around. The
sealant fills the gap, stud holes and
seals the leak at the gasket OD.

Wire Wrap Technique. Instead of a
clamp, wire is wrapped in the gap between
the flanges. The wire lays on the studs
and completely fills the flange gap to
provide the retainer for the sealant.
Sealant is then injected through cap nuts
to seal the leak.

The wire wrap in most cases is less
costly than the flange clamp repair and
can be done immediately with stock
materials. The wire wrap is limited to
650 psi line pressure and gaps to 3/8
inches between flanges.

Piping and Fitting Leaks
Piping enclosures and fitting

enclosures must be installed over the
leaking component to provide the retainer
for the sealant. Once the enclosure is
installed, sealant is injected into the
cavity between the enclosure and the pipe
or fitting. When the cavity is filled
with compressed sealant, the leak is
effectively sealed off.

Expansion Joint Leaks
The expansion joint must be

encapsulated in an enclosure which is
designed with integral seals called
"Perimeter Seals". These are double
packing or tubing seals at the enclosure
end plates and split lines. The double
seals have an injection groove between
them that allows injection of the sealant
to seal off the leak without injection
into the cavity. Thus, the expansion
joint is free to flex and tolerate
movement of the pipe.

This type of enclosure would also be
used when the leak is a large hole in the
pipe. Eliminating the need for injecting
sealant into the enclosure cavity
positively prevents sealant from
inadvertently entering the process
stream.

Equipment Case Leaka
Pump, turbine and compressor cases

are prone to leak at the bolted joint.
These leaks are repaired in most cases
simply by drilling and tapping a hole
into the stud bolts and injecting sealant
to fill the stud holes completely. This
is effective on most cases because the
bolt hole is directly in the path of the
leak.
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PIMP Pa?Mn? Gland*
Leakage is sealed similarly as

described for the valve packing gland
discussed earlier. A packing material
rather than a sealant material is
injected to repack the stuffing box.

Utilizing the on-stream leak
repair techniques in conjunction with
an ongoing LDAR program can result in
continual reductions in fugitive
emissions from equipment leaks, as well
as avoid the need for plant shut down
to repair leaks in some cases.
Estimated fugitive emissions computed
utilizing stratified factors for valves
and pump seals in light liquid service,
and valves and compressor seals in
gas/vapor service from equipment
leaking above 10,000 ppmv as compared
to equipment repaired to leak at a
level below 1,000 ppmv yields
reductions in estimated emissions of
greater than 99.5%.

The use of further field testing
quantification techniques such as mass
emission rate testing (bagging) can
develop unit specific fugitive emission
profiles from equipment leaks.

EPA CORRELATION BASED METHOD

The EPA (1) has published
correlations relating screening values
in OVA/methane format to mass emission
rates for valves in light liquid
service, valves in gas/vapor service,
flanges, and pumps as shown in Table 5.
The pump correlation is recommended for
use in estimating emissions from the
additional source/service categories.
The EPA's leak rate/screening value
correlations are based oi OVA
measurements gathered using EPA Method
21. The correlations allow for the
computation of emission estimates from
specific ppmv readings over the entire
range of screening values.

The emission rates for all equipment
types and services screening at 8 ppmv
and below should be computed using the
default zero screening value of 8 ppmv
with the EPA correlations. Table 6 lists
the "default zero" emission rates in
pounds per hour (2) for various
source/service categories.

Source

Valves

Pumps

Compressor
Seals

Pressure
Relief Valves

Connections
(Flanges)

Open-Ended
Lines

Service

Gas/Vapor
Light Liquid
Heavy Liquid

Light Liquid
Heavy Liquid

Gas/Vapor

Gas/Vapor

All

All

"Default Zero"
tlbs/hr)

.O0007

.00099

.00009

.00009

. 00009

.00009

.00009

.00020

.00009

Table 6. "Default Zero" values for
estimating the contribution of the
sources screening below the lower
limit of detection (LLD).

Emissions estimated utilizing the
EPA correlations with EPA "default zero"
factors have generally been found to
estimate emissions approximately equal to
or slightly above the emissions estimated
using three-strata emission factors. The
supplementing of component mass emission
rate testing (bagging) to a monitoring
survey conducted on a process unit may
yield statistically different unit-
specific "default zero" factors and/or
correlations for use in place of the EPA
"default zero" factors and/or
correlations.

SOURCE TYPE INSTRUMENT LEAST • SQUARES EQUATION0
NUMBER CORRELATION STANDARO

OF DATA COEFFICIENT DEVIATION
PAIRS (r) OF ESTIMATE

Valvesa

Gas Service OVA NMLK - 1.68 (1O'!

Light Liquid Service OVA NMLK • 3.74 (1O"4) (MXOVA)0-47

Flanges"

Pump Sealsa

OVA NMLK - 3.731 (MXOVA)0'*2

99

129

52

52

0.66

0.47

0.77

0.81

0.716

0.902

0.S20

0.650

NHLK - Nonmethane leak rate (Ib/tir)
MXOVA - Maximum screening value (ppmv) - OVA instrument

R PREDICTION EQUATIONS FOR NONMETHANE LEAK RATE FOR
D' VALVES, FLANGES, AM) PUMP SEALS IN SOCHI PROCESSES
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MASS EMISSION SATE TESTING

Mass emission rate testing
(bagging) is a procedure that may be
used to determine the relationship
between screening values and organic
mass emission rate more accurately than
the factor based methods and EPA
correlation based method described to
this point. Bagging involves the
enclosure of a source combined with the
determination of the concentration of
the gas organic constituents contained
in the enclosure. The bagging data
used to illustrate emission estimate
comparisons in this paper was gathered
using the blow-through method.

Blow-Through Method
The blow-through method of bagging

involves the enclosure of a source in a
flexible tent comprised of a material
nonreactive to the chemicals under
study (e.g. tedlar). Nitrogen is
metered into the tent through one or
two tubes in order to create a diluted
constant VOC concentration inside the
tent. The oxygen content and
temperature are taken from inside the
tent. The VOC concentration inside the
tent is tested using the OVA with a
dilution probe installed to determine
when equilibrium has been approached
inside the tent. A sample is then
taken from the tent for organic
concentration determination. The steps
of the blow-through method are
described in more detail in Section 4
of the EPA protocol (1). The data
presented in this paper was based on
the samples being drawn from the tent
using a constant low flow pump. The
samples were transported to a
laboratory for organic chemical
speciation and concentration analysis.
The mass emission rates computed from
bagging data coupled with the screening
values of the sources tested at the
time of bagging may be used to generate
unit-specific factors and/or
correlations for use in estimating
emissions.

DEVELOPMENT OF A UNIT-SPECIFIC EMISSION
RATE FOR EQUIPMENT SCREENING NOTHING
ABOVE THE BACKGROUND CONCENTRATION

A statistically valid unit-
specific "default zero" emission rate
for a given source/service may be
generated through the use of bagging
data. The EPA "default zero" emission
rates were generated through some
limited bagging data performed on
valves in gas/vapor service. The EPA

"default zero" emission rate generated
for valves in gas/vapor service
corresponded to approximately an 8 ppmv
screening value as used in the EPA
correlation for valves in gas/vapor
service. The 8 ppmv default screening
value for components screening at 8 ppmv
and below was then established for use in
estimating the "default zero" emission
rates from the additional EPA
correlations for the other source/service
categories. The limited bagging data
used to generate the EPA "default zero"
emission rates led to the examination of
the validity of using the EPA emission
rates to estimate emissions from
components screening at 8 ppmv or less.

An outline for the development of
unit-specific "default zero" emission
rates for equipment that does not screen
above the background concentration is
included in Appendix G of the EPA
protocol (1). The unit-specific "default
zero" emission rates may be generated
from bagging of components in
source/service categories of interest. A
minimum of two components screening at
zero from a given source/service category
in a process unit must be bagged for the
development of a unit-specific "default
zero" emission factor. The unit-specific
"default zero" emission factor may be
used to estimate emissions if the bagging
data indicates that the unit-specific
"default zero" factor is statistically
different from the EPA factor for the
source/service category. A statistically
valid unit-specific "default zero" factor
lower than the EPA factor is indicated
when the upper confidence interval for
the "default zero" factor computed from
bagging data is lower than the EPA
"default zero" emission factor for the
source/service category under
consideration. Bagging data gathered
from valves in gas/vapor service, valves
in light liquid service, and
flanges/connectors screening at zero from
studies conducted by Team, Incorporated
on various chemical process units located
over various geographical regions of the
United States during the past 2+ years
have been combined and compared to the
EPA "default zero" factors.

Bagging data for a total of 39 valves
in gas/vapor service from 11 various
process units was combined for
statistical analysis and compared to the
existing EPA "default zero" factor for
valves in gas/vapor service. The results
of the combined bagging data from valves
in gas/vapor service screening at zero,
which yielded a total VOC "default zero"
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emission rate over an order of
magnitude lower than the EPA "default
zero" factor. Bagging data for a total
of 101 valves in light liquid service
total from 20 various process units was
combined for statistical analysis and
compared to the existing EPA "default
zero" factor for valves in light liquid
service. The results of the combined
bagging data from valves in light
liquid service screening at zero, which
yielded a total VOC "default zero"
emission rate over two orders of
magnitude lower than the EPA "default
zero" factor. Bagging data for a total
of 112 flanges and connectors in light
liquid or gas/vapor service total from
19 variqus process units was combined
for statistical analysis and compared
to the existing EPA "default zero"
factor for flanges. The results of the
combined bagging data from flanges and
connectors screening at zero, which
yielded a total VOC "default zero"
emission rate over an order of
magnitude lower than the EPA "default
zero" factor. Figure 6 illustrates the
results of the emission rates computed
from the combined bagging data for
valves and flanges/connectors as
compared to the EPA published "default
zero" factors.

1.000E-02;

1.000E-03 i

1.000E-04 a

1.000E-05

'DEFAULT ZERO' EMISSION RATE (LB/HR)

VALVES (GAS) VALVES (LL) FLANGES &
CONNECTORS

9.900E-04

2.050E-04

-05

1.000E-06
t

Figure 6. Comparison of "default zero"
emission rates from combined bagging
studies data to the EPA published
"default zero" emission rates.

The combined zero component bagging
data strongly indicates that the EPA
"default zero" factors for the
source/services examined may
overestimate emissions from components
screening at zero in chemical process
units.

The indication that the EPA
"default zero" factors may be biased

high for many chemical process units is
further warranted by the fact that all of
the source/ service categories bagged from
the various units mentioned above, with
the exception of valves in gas/vapor
service for 1 of the 11 units, developed
a statistically valid unit-specific
"default zero" emission rate from bagging
data. Team, Incorporated's experiences
have indicated that bagging 5 zero
components in a given source/service is a
good quantity to use for undergoing the
development of a statistically valid
unit-specific "default zero" factor for a
given chemical process unit.

DEVELOPMENT OF A UNIT-SPECIFIC EMISSION
RATE FOR COMPONENTS SCREENING ABOVE THE
SATURATION POINT OF THE OVA-108

The saturation point of an OVA-108
with a 10:1 dilution probe installed is
100,000 ppmv. Components screening above
the saturation point ("pegged") are known
to have a screening value of over 100,000
ppmv, but the specific screening value is
unknown. The EPA correlations can be
used to estimate emissions from
components screening above zero and below
saturation. A number of the components
that screen above saturation have to be
bagged to determine an emission factor
for use in estimating emissions from
"pegged" components.

The EPA protocol (1) states that all
or 20 components (whichever is less) that
screen at saturation should be bagged to
determine a unit-specific emission rate
for components screening at saturation in
a given source/service category, if the
EPA correlations are going to be used to
estimate emissions. The emission rate
generated from bagging the components in
a source/service category that screen at
saturation may be used to estimate
emissions from components in the same
unit and similar source/service category
that screen at saturation that are not
bagged. Experience from bagging
components screening at saturation by
Team, Incorporated has yielded individual
component emission rate results from
approximately 1E-03 range to greater than
2 pounds per hour in some instances.
Components that screen at saturation can
dominate the emissions estimated for a
given source/service category. The
components screening at saturation should
be targeted for repair or replacement
whenever feasible.
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EMISSIOJf ESTIMATES USING EPA
CORRELATIONS WITH UNIT-SPECIFIC
"DEFAULT ZERO" AND "PEGGED" EMISSION
RATES FROM BAGGING DATA

Emissions can be estimated using
the EPA correlations for components
screening above zero and below
"pegged", coupled with unit-specific
"default zero" and "pegged" emission
rates from bagging data. Benzene
emissions were estimated using the EPA
correlations with unit-specific
"default zero" emission factors from
bagging data generated by Team,
Incorporated for valves and flanges in
light liquid service for the process
unit shown in Figure 2 earlier. Figure
7 compares the emissions estimated
using the EPA correlations with the
bagging data to the emissions estimated
from the same screening survey using
three-strata emission factors.

EMISSIONS ESTIMATED ILB/YR) (Thousands)

3,839

i CV
86% REDUCTION IN EMISSIONS ESTIMATED

556

STRATIFIED FACTORS EPA WITH BAGGING DATA
EMISSION ESTIMATION METHOD

Figure 7. Benzene Emissions Study -
comparison of estimation methods for
valves and flanges light liquid.

The use of the EPA correlations with
unit-specific "default zero" emission
factors developed from bagging to
reduce emissions estimated from using
the most rigorous of the factor based
methods is clearly indicated from the
comparison shown. It should be noted
that there were no "pegged" components
observed during the screening survey
for the unit presented. The validity
of the emissions estimated for
components screening above zero and
below saturation using the EPA
correlations may be examined through
bagging data as well.

EPA CORRELATIONS VALIDITY
DETERMINATION FROM BAGGING DATA

The validity of the emissions
estimated for components screening

above zero and below saturation using the
EPA correlations can be examined through
bagging as few as 4 components in a given
source/service category (1). The
validity of the EPA correlation can
usually be determined readily from
plotting the leak rate/screening value
results from the bagging data on a log-
log scale of the EPA correlations. If
the points fall on either side of the EPA
correlation line, the EPA correlation can
generally be considered adequate for
estimating emissions from the
source/service category under study. If
the majority of the bagging data points
fall below or above the line, further
testing may be needed to determine if the
EPA correlation may overestimate or
underestimate emissions for the
source/service. An attempt to randomly
select components screening from the
Jower and upper ends of the screening
values observed should be used for
bagging to test the EPA correlations
validity. Statistical tests, such as the
Wilcoxon Paired Replicate Rank Test (4)
may be used as an aid in determining the
validity of the EPA correlation using the
bagging data.

An example of plotting the leak
rate/screening value results from bagging
data for valves in light liquid service
from a study performed by Team,
Incorporated on a chemical process unit
is shown in Figure 8.

LOG10 (LEAK RATE (LB/HR))

EPA LINE

o

- 1

- 2

-3

-4

-5

0 1 2 3 4 5

LOG10 (CORRECTED OVA SCR VAL (PPMV))
Figure 8. Comparison of bagging data (x)
for valves light liquid to" the EPA leak
rate/screening value correlation.

The data readily indicates that the EPA
correlations may overestimate the
emissions from emitting valves in light
liquid service in the unit under study.
A statistical analysis using the Wilcoxon
Replicate Paired Hank Test verified that
the EPA correlations may overestimate the
emissions. Further statistics were then
performed to test the validity of
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BAG LINE

developing a unit-specific leak
rate/screening value correlation from
the bagging data for valves in light
liquid service.

The statistical guidelines
outlined in Appendices G-l and G-2 of
the CMA protocol (2) were used to
develop a statistically different leak
rate/screening value correlation from
the bagging data. A plot of the unit-
specific correlation developed for
valves in light liquid service from
bagging data (x) is shown in Figure 9.

LOG10 (LEAK RATE (LB/HR))
Q _. — - -

I EPA LINE

- 2 :

- 3 i . . . • " •

-4 '•

-s :

-6 - - . . . . . . ..... ,
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Figura 9. Unit-specific leak
rate/screening value correlation
development for valves light liquid.

The unit-specific correlation may be
used for estimating emissions from
valves in light liquid that screen
above zero and below saturation in the
unit under study. Comparing the
emissions estimated from corrected OVA-
108 screening values of 100, 1,000, and
10,000 ppmv using the EPA correlation
versus using the unit-specific
correlation developed yielded a
reduction in the emissions estimated of
98.9%, 97.9% and 95.8% respectively.

Experience from bagging data
gathered from studies conducted by
Team, Incorporated has indicated that
the greater difference in unit-specific
correlations developed from bagging
data to that of the EPA correlations
tends to be on the low end of the leak
rate/screening value curves. It should
be noted that valid unit-specific leak
rate/screening value correlation
development may take from as little as
6 to over 40 component bagging data
points for a given source/service. The
unit-specific correlation developed
will then have to be proven to be
statistically different than the EPA
correlation for valid use in estimating

emissions. The feasibility of developing
the unit-specific correlation from
bagging data should be statistically
analyzed from the initial data points and
continually tracked as bagging data is
being gathered.

COHCLUSIOWS

The data presented indicates several
methods and programs that should allow a
facility to further reduce the fugitive
emissions estimated for equipment leaks.
A facility should first assess what field
testing procedures, data management, and
emission estimation techniques are
currently being used to estimate the
emissions for equipment leaks. A program
should then be implemented to reduce
emissions through more rigorous field
testing, data management, maintenance,
and emission estimation methods. A
facility should be able to continually
reduce the emissions estimated for
equipment leaks through the
implementation and full understanding of
leak detection and repair, on-stream leak
repairs, emission estimate and mass
emission rate testing methods presented.
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NOX DISPATCHING IN PLANT UTILITY SYSTEMS
- USING EXISTING TOOLS

Ravi Nath and Jimmy 0. Kumana
Linnhoff March Inc., Houston, TX

ABSTRACT

Localized N0x reduction during Ozone Alerts
is a problem of increasing importance to process
industries in and around heavily industrialized
areas. Nev1 regulations by local and federal
agencies are being developed, and many utilities
are beginning to offer special tariffs to replace
loss of self generated power due to mandatory
production curtailments [1]. Industrial plant
operators have to make instantaneous decisions
regarding which tariff to choose, which boilers/
turbines to operate and at what rate, and worry
about N0x emissions besides. Operating in such an
environment is an increasingly difficult task.

Economic dispatching of plant utility
systems is commonly done by the gas and electric
power companies and software tools for such
dispatching already exist even at the industrial
plant level [2]. The purpose of this paper is to
show that these existing tools can be easily
adapted for N0x dispatching. This is illustrated
with an hypothetical example.

INTRODUCTION

Until just a few years ago, environmental
pollution was not perceived as a problem or a
threat to the quality of life. The situation has
now changed, with incontrovertible evidence of not
only adverse effects on human health, but also on
many natural resources (e.g. timber, fish) on
which our economy relies. The health impact is
especially noticeable in heavily industrialized
parts of the country e.g. the gulf coast stretching
from Houston to New Orleans and the Los Angeles
basin.

Public concern is reflected in increasingly
stringent {though controversial) legislation that
limits the emissions of common chemical species
known to have negative environmental impact. One
of the chief culprits responsible for bad air
quality is N0x, a term used to describe a mixture
of nitrogen oxides that are formed as a by-product
of fossil fuel combustion. The major sources of
N0x emissions are automobiles (IC engines), and
industrial boilers and combustion turbines. Of
the two, industrial NOX emissions are by far the
easier to control, both technically and
politically.

The regulatory agencies appear to be taking a
two-tier approach to setting and enforcing NO,,
emission standards - a relatively lax standard when
the wind is blowing, and air pollutants are swept
away to less densely populated parts of the
country, and a more stringent standard when the air
is stagnant, and pollutants concentrate locally.
In the latter case, the agencies are empowered to
declare an "Air Quality Emergency", and to order

cut backs in industrial production in an effort to
reduce N0x emission rates. (As an indication of
the magnitude of this problem, there were 91 days
last year in Los Angeles, and 10 days in Baton
Rouge, LA when the ozone levels exceeded the
federal air quality standard of 0.12 ppm [3, 4]).

The focus of this paper is to describe how
existing software tools for Economic Dispatch can
be adapted for use in mitigating the economic
consequences of industrial production curtailment
orders during an Air Quality Emergency.

A SYSTEMS VIEW OF PROCESS PLANT UTILITY SYSTEMS

Industrial plants can be thought of as being
composed of two distinct systems - the
manufacturing process itself, and the energy supply
facilities (often called "plant utilities")
required to drive the process. Although both the
process and utility systems generate wastes which
are subject to regulation, the majority of N0x
emissions are produced by the plant utility system.
(Process air emissions tend to be fugitive volatile
organic compounds used during manufacturing.)

Industrial plant utility systems can be quite
complicated. They usually include between 3 to 5
subsystems, all of which interact with one another
to some degree (Figure 1):

Steam Subsystem
Fuel Subsystem
Electrical Power Subsystem
Compressed Air Subsystem
Cogeneration Subsystem
Refrigeration Subsystem, and
Process Dual Drives.

RAW MATERIALS

/STEAM •,
( SYSTEM

REPniQ )

PRODUCT(S)

-\ SYSTEM!

ELEC POWER
AIR /'•'

( COMPR j
\
FUEL

Figure 1 Conventual Representation of
Plant Utiiiiy System
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To complicate matters further, some items of
equipment fall partly into one subsystem and partly
into another. Examples are cogeneration equipment
(impacts both fuel and electrical subsystems, or
steam and electrical subsystems) and process dual
drives (steam and electrical subsystems).

Steam Subsystem
Plant steam subsystem is also commonly known

as the boiler house. The steam subsystem is
required to meet all the steam needs of the
process, and typically comprises one or more
boilers for steam generation. The steam is then
distributed to the process via a network of steam
headers.

Within the steam subsystem there are pressure
reducing valves (PRVs) to maintain the desired
header pressures. Associated with the boilers are
auxiliary equipment such as FD and ID fans, BFW
pumps etc. These auxiliaries could be either
turbine driven or motor driven. There may also be
motor or turbine spares for the auxiliaries for
improving operating reliability. Other equipment
is condensate pumps, steam heaters etc. There may
also be backpressure and condensing steam turbine
generators.

fuel Subsystem
Plant fuel subsystem comprises a network of

fuel headers. These fuel headers may have
different grades of fuel or are at different
pressures. At the supply end, headers are
connected to the various external fuel suppliers;
at the demand end, the headers are connected to
fuel consumers in the process plants (process
furnaces, engines etc.) and to fuel consumers
within the utility system (such as boilers, gas
turbines, HRSGs etc).

Since fuel is purchased from external
suppliers there are pay meters to totalize the
incoming fuel. There are contractual agreements
with each of fuel supplier which govern the sale of
fuel.

Electric Power Subsystem
Plant electric power subsystem comprises a

connection to the local utility grid to meet the
net power demand of the process plant. However,
the trend is towards multiple contracts for
different types of service (e.g. firm vs.
interruptible) and time-of-use rate schedules.
Increasingly, therefore, there are contractual
degrees of freedom which can be exploited to
minimize power cost.

Compressed Air Subsystem
Plant compressed air subsystem comprises one

or more compressed air headers supplying instrument
and process air to the plant users. Each of the
air compressors could be either electric, fuel or
steam driven, and in general would have a different
capacity and operating characteristic.

Coqeneration Subsystem
Plant cogeneration subsystem is also known as

the power house, comprises large gas or steam
turbines generators. Gas turbines usually have
heat recovery steam generators, or HRSGs. The

steam turbines may be a combination of back
pressure and condensing cycles. There usually is
dedicated fuel supply to the cogen system from
long-term fuel suppliers.

Refrigeration Subsystem
Plant refrigeration subsystem comprises

several refrigerant supply and return headers. The
returned refrigerant vapor is compressed in one or
more compressors. Each of the compressors is
either electric, fuel or steam driven, and in
general has a difference capacity and operating
characteristics. At times, the refrigerant loops
are cascaded such as in Ethylene plants which adds
to the complexity of the subsystem.

Process Dual Drives
Process dual drives are the equipment that

falls in the area between the process and the
utility. While the equipment itself is serving a
process function, the choice of drive has an impact
on the utility system. More importantly, the
choice of drive is of no consequence to the
operation of the process as such, so that the drive
choice should really be determined only by the
prevailing utility balance.

EXISTING TOOLS FOR OPERATION OF THE PLANT UTILITY
SYSTEM

There is an important characteristic of the
plant utility systems (PLUS) which is worth noting.
Since the plant utility system is required to meet
the utility needs of the process under varying
operating conditions (such as startup, shutdown and
other abnormal operations) it is typically designed
for considerable operating flexibility. This
flexibility shows up as surplus equipment in the
system. That is to say the system will have a lot
more steam generation capacity then would be needed
for normal operation. Similarly there would be
provisions to purchase more than the typical needed
amount of fuel and electric power. This means that
there are degrees of freedom in the operation of
the plant utility system.

Another implication is that the system may be
too overwhelming in size and complexity for one
person to fully understand and analyze within a
reasonable amount of time. Therefore, there
usually are different persons assigned to the
operation of each of the major subsystems. One
person may be assigned to oversee the operation of
steam generation, another one to oversee the
operation of the fuel system and for acquisition of
fuel from external suppliers and yet another person
may be assigned to analyze the electrical subsystem
and for negotiating electrical power contracts.

The complexity in the operation of plant
utility systems is well recognized. Because of
this enormous complexity, the operations are seldom
optimized, and major opportunities for cost
reduction exist in the day to day operation of the
plant utility system. This fact is also well
recognized. One way to capitalize on this
opportunity is to analyze all possible options in
the operation of the PLUS at any given time and
determine the one which operates at the minimum
cost. This task cannot be done by a team of plant

188



personnel in a reasonable amount of time using
conventional tools. Luckily, the problem is
ideally suited for a class of mathematical
techniques called "mathematical programming" or
"dispatching". These techniques are also well
suited for computer applications. The resulting
software is called "optimizer" or "dispatcher".

Optimizers for plant utility system have
been around for quite some time and their use is
well accepted at least among the large pi ant
operators [2]. Since all facets of plant utility
system are interconnected, the better optimizers
model and optimize the entire utility system as a
whole rather than just the smaller subsystems [4],

Until now, these optimizers have been utilized
to improve the operation by determining ways to
reduce the operating cost. In this paper we shall
describe how existing cost-optimization software
can be adapted for determining the optimum
operation when NOX emission is an additional
consideration.

A METHODOLOGY FOR APPLYING EXISTING OPTIMIZERS

An optimizer consists of a mathematical model
(including constraints) of the system and an
objective function. The optimizer selects from
among all feasible alternatives the one which
minimizes (or maximizes) the objective function.
A feasible alternative is one which satisfies all
equipment constraints. Usually, the objective is
to minimize the cost of operation.

The mathematical model constructed for cost-
optimization can, in general, be modified to
include the N0x production characteristics of
various fuel-fired equipment such as boilers, gas
turbines and HRSGs. The data required for
developing such a model may be obtained either from
the manufacturer of the equipment or by a plant
test. N0x contribution of the individual equipment
items could be added to give the total N0x
generation from the utility system.

A new objective function could be easily
added. The new objective function will be the
total NOX generation. With these modifications to
the optimizer the following procedure could be used
to determine the optimal response to N0x reduction
problem.

In summary, we effectively now have two
optimizers. The first one is the original cost
optimizer with extra equations to calculate the
total N0x generation, and an extra constraint to
limit N0x generation. The second one is the
modified optimizer with the objective of minimizing
N0x generation

PROCEDURE/ALGORITHM

Given: details of the current operation of
the plant utility system, and the maximum N0x
generation limit for the plant utility system.

To determine: the operation policy which
meets the N0x criterion at minimum operating cost.

1. Run the cost optimizer with N0x limit set
very high. Note the cost optimum N0x
generation.

If this NOX generation is within the
prescribed limit, then the problem is
solved. Follow the cost optimizer
recommendations.

Otherwise go to step 2.

2. Run N0x optimizer, note the minimum
possible N0x generation.

If NOX generation is within the prescribed
limit, then set N0x limit constraint to
prescribed limit and run the cost
optimizer. Problem is solved. Follow the
cost optimizer recommendations.

Otherwise, go to step 3.

3. Cut production by an additional 5% (or
so)in accordance with the plant production
priority. Estimate the new utility demand
by the process.

Go to step 2.

EXAMPLE

For illustrative purposes, let us consider a
simple yet realistic plant utility system as shown
in Figure 2. This is the demonstration problem for
Linnhoff March's ENERGYPOP optimization program.
The system comprises three steam headers (HP, IP
and LP), two fuel headers and one electric header.
The two boilers, Blr 1 and Blr 2 produce HP steam.
There is a back pressure turbo generator (TG) TGI.
There is also a condensing TG with induction, TG2.
There are three BFW pumps, two motor driven and one
turbine driven. In addition there is a blowdown
flash vessel and a deaerator.

Cost of OptralJon - 245.4 */hr
NON Generation * 90 Ib/hr 2 2 9

HP STM

BLR * 1 • - BLR * 2

,200 0 l i B 3

•-10.0MW PDOCES ,

UNITS

Figure 2 Example Problem:
Cost Optimal Operation
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The current demand by the process and the
cost optimal operation of the utility system to
meet the process demand is shown in Figure 3. The
N0x emission rate for cost-optimized operation if
90 lb/hr. Now imagine a scenario where an air
quality excursion has occurred, and the local EPA
declares an Ozone Alert, mandating N0x reduction to
45 Ib/hr. The intuitive response might be to cut
production in half or alternately shut down
selected process units. However, let's be
systematic and follow the algorithm outlined in the
previous section.

Cost o( Operation = 264.0
NO, Gunorolion > 45 ItJ.iv

to make an informed decision. Table 1 summarizes
the various cases discussed above.
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Example Problem:
Optimal Response to Ozone Alert

When ENERGYPOP was re-run with the objective
function being N0x rather than cost minimization,
it recommended an operating policy with N0x
generation of only 21 lb/hr while meeting the
process steam demand. As expected, there was a
loss in energy efficiency, with a cost penalty of
$172.5 per hour. However, the feasibility of
running the process at full rate during the ozone
alert was clearly established.

Since there is some slack in N0x generation,
the existing DOF can be exploited to reduce the
cost penalty by reverting the objective function
back to cost minimization and adding a new
constraint to limit N0x generation to 45 lb/hr.
Such a run indicated that the minimum cost of
operation within the prescribed limits of N0x
generation represents a cost penalty of $18.60 per
hour, a much more acceptable solution.

We could even go a step further and use the
program to explore the cost sensitivity to small
production cuts. This is done by rerunning the
cost optimizer (with a 45 lb/hr N0x limit

57.constraint) at several steam cut rates. For a
cut in production, the utility cost penalty is
reduced to $9.50/hr; for a 10% production cut, the
penalty is only $1.80/hr.

The optimizer cannot tell us whether to cut
production or not, but it does provide the
information needed to weigh the consequences of
production cut versus utility cost penalty in order

TABLE
N0x REDUCTION

CASE

Cost Optimum (5)

N0x Minimum

N0x Constrained,

N0x Constrained,

N0x Constrained,

N0x Constrained,

100% Prod.

95% Prod.

90S
85%

1
STRATEGIES

N0x EMISSIONS

90

21
45
45
45
45

ENERGY COST
PENALTY
—

172.50

18.60

9.50

1.80

(5.00)

CONCLUSION

Responding to Ozone Alerts in and around
heavily industrialized areas is a problem of
growing importance. The problem is inherently
complex and responding in a timely manner without
unduly penalizing production will require new
approaches. Fortunately, existing ^dispatching'
software can be easily adapted to address to this
important problem.
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PETROLEUM COKE: A VIABLE FUEL FOR COGENERATION

RAYMOND E. DYMOND, DIRECTOR-PETROLEUM COKE, THE PACE CONSULTANTS, INC., HOUSTON, TEXAS

OVERVIEW

Petroleum coke is a by-product of the coking process
which upgrades (converts) low-valued residual oils into
higher-valued transportation, heating and industrial fuels.
Pace forecasts that by the year 2000 petroleum coke
production will increase from 36 million to 47 million
short tons/year. Because the crude pool will continue to
become more sour and refiners treat the coker as the
"garbage can" the quality of the petroleum cokes will
generally degrade—contain higher sulfur and trace metal
levels.

The U.S. produces nearly 70% of the total and is
expected to maintain this share. Domestic markets
consumed less than half of the U.S. production; 80% of
the high sulfur fuel grade production from the Gulf coast
is exported to Japan or Europe. Increasing environmental
concerns could disrupt historic markets and threaten
coker operations. This would create opportunities for
alternate end-uses such as cogeneration projects.

The Pace Consultants Inc. continuously monitors and
reports on the petroleum coke industry—production and
markets—in its multi-client publication The Pace
Petroleum Coke Quarterly. The information presented
in this paper is based on this involvement and Pace's
experience in single and multi client consulting activities
related to the petroleum refining and petroleum coke
industries. The purpose is to provide a review of the
existing worid petroleum coke industry with particular
emphasis on the U.S. production and markets. Forecasted
production levels and critical factors which could alter
the historic market disposition of petroleum coke are
addressed.

GENERAL

Petroleum coke is a by-product of the coking process
which upgrades (converts) low-valued residual oils into
higher-valued transportation, heating and industrial fuels.

Within the petroleum refining industry there are three
different types of coking processes—delayed, fluid and
Flexicoking—and the by-product petroleum coke
produced from each is distinctly different.

Petroleum coke from the delayed process is described
as delayed sponge, shot or needle coke depending on its
physical structure. The former is desired from a
marketer's viewpoint; shot is most prevalent when
running the unit under severe conditions with very sour
crude oils; and the latter is produced from selected
aromatic feed stocks. Although the chemical properties

are most critical, the physical characteristics of each type
play a major role in the final market application. Unlike
the others, needle coke is a product (versus by-product)
which the refinery intentionally produces from selected
feedstocks.

Table 1 illustrates the characteristics of the cokes
from these processes. The delayed coker is much more
prevalent and will be the primary focus today.

TABLE 1

PETROLEUM COKE CHARACTERISTICS
BY PROCESS TYPE

Process Tvne Cok,

Delayed Sponge

Shot

(Aromatic
Needle

Fluid Fluid

Flcxicoker Flexicoke

; Characteristics

Sponge-Like Appearance
Higher Sulfur Area
Lower Contaminants Levels
Higher Volatiles
Higher HGI* (>50)
0" x 6" Typical Sizing

Spherical Appearance
Lower Surface Area
Lower Volatiles
Lower HGI* (<50)
Tends to Agglomerate

Feed)
Needle-Like Appearance
Low Volatiles
High Carbon Content

Low Volatiles
Higher Contaminants Levels
LowHGI*(<40)
1/4" Particle Size

Highest Contaminants Levels
80% <200 Mesh

•HGI—Hardgrove Grindability Index

In world markets, all the different types of petroleum
cokes are valued as (1} an industrial carbon or (21 an
energy(fuel) source. The cokes' properties generally
dictate the end-use application and competitive products
influence the market value. Ignoring logistics' costs, the
lower quality cokes compete with coal and high-sulfur
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fuel oils in the energy sector and represent the lowest
market value. As an industrial carbon, petroleum cokes
function as a reductant in the manufacture of aluminum,
titanium, and phosphorus; as a carbon source in steel
manufacturing; and as an inert electrical conductor in
electric arc steel manufacturing. In fuel applications,
petroleum cokes are sold as is—raw/gre.en—while in the
carbon applications, an "added value" step of calcining is
often necessary to increase the purity.

Table 2 outlines a simple hierarchy for the world
market applications for petroleum cokes.

TABLE 2

PETROLEUM COKE MARKET HIERARCHY

United States Calcincr Feedstock
European Space Heating
Japanese and European Steel and Coke
Japanese Solid Industrial Fuel
European Solid Industrial Fuel
United States Solid Industrial Fuel

PETROLEUM COKE SUPPLY

A simple analysis of the supply /demand of
petroleum coke is misleading because the supply of green
petroleum coke is inelastic with respect to its own price.
In other words, refiners seldom change coker operations
to produce more or less petroleum coke based on coke
market prices. The overall supply of by-product
petroleum coke is a function of:

• Total crude runs
• Crude oil quality
• Refined products' demand patterns
• Coking capacity.
Current world coking capacity is approximately

115,000 short tons/day. Of this, about 65% is located in
the United States (75,000 short tons/day). When
considering World Outside Communist and formerly
Communist Areas (WOCA), the United States typically
produces over 70% of the world's petroleum coke.

Petroleum Coke Current Production

Production of petroleum coke in the United States
during 1990 and 1991 edged to near 92% of capacity, or
over 25 million short tons. Pace estimates annual
production in other WOCA areas at slightly over 10
million short tons, bringing the WOCA total production
to about 36 million short tons (33 million metric tons).

United States petroleum coke production has
quadrupled since 1960 because:

• The United States is the largest producer
and consumer of refined petroleum products
in the world.

• The U.S. gasoline market is very large,
accounting for about one-half of all crude oil
refined.

• United States heavy fuel oil demand is
relatively low, due in part to plentiful coal
and natural gas resources.

• Incremental crude oil supplies available to
the U.S. refining industry (offshore sources)
contain large amounts of "heavy" crude oil
fractions which require conversion.

Coke producing refineries in the U.S. are shown in
Figure 1.

FIGURE 1

UNITED STATES COKERS
1992

TOTAL MJKT

Petroleum Coke Technical Indicators

Pace follows two technical indicators with respect to
coking economics are the Coker Incentive and the Coker
Contribution. Pace defines these terms accordingly:

• Coker Incentive—Average of gasoline and
light distillate prices less the price of high-
sulfur fuel oil.

• Coker Contribution—Difference in margins
for Pace's high conversion versus average
conversion model refineries with
200,000 bbl/day crude capacity; the primary
process difference is that the high
conversion model contains a delayed coker.

The relationships for U.S. Gulf Coast refiners
between U.S. green coke production versus Coker
Incentive and Coker Contribution are illustrated in
Figures 2 and 3. The coker contribution is based on
dollars/barrel of crude feed to the refinery, whereas the
coker incentive measures $/bbl of feed to the coker.

For the past couple years, U.S. refiners have been
operating the cokers at 90+% of capacity compared with
85-87% overall refining operating rates. Pace believes
these economic indicators justify maximizing the
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conversion (upgrading) aspects of the coker and justify
new/additional coker capacity.

the century. It is reasonable to assume the majority of
expansions will occur in the United States and Europe.

FIGURE 2
COKING INCENTIVE VS.

PETROLEUM COKE PRODUCTION
(U.S. Guir Coast)

5 „ 'B°l Million MT/Moma ,

FIGURE 3

COKER CONTRIBUTION VS.

PETROLEUM COKE PRODUCTION
(U.S. GuUCoast)

Million MT/Mohlh ,
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Petroleum Coke Supply Forecast

Based on Pace's analyses of the world refining
industry outlook (i.e., demand for refined products) and
residual conversion requirements, we forecast annual
WOCA coke production will increase approximately 30%
from 1990 levels to 47 million short tons by 2000.

This includes the projects listed in Table 3 which
represent over 200,000 bbl/day of conversion capacity.
Additional coking capacity, will be required by the end of

TABLE 3

PLANNED AND ANNOUNCED COKER CAPACITY ADDITIONS

Comwnv

Petrobrai
Petrobm
Husky Oil
Petiox SA
Indiu Oil Co.
P«oi) Sri
KOA

Nippon Mining
Hmooil Oil Corp.
Koch Re fuiing Co.
Conoco Oil
Dumond Shimiock
Mobil O,l
Shell Oil
Stir Enterprise
Texaco
TCJUCO

Ugoven

Paulina
Betim
Lloydnunster
Cooctpcion
Digboi
Cela
Manfu
Mizushima
Zwara
Corpus Chniti, TX
Billings. MT
McKee. TX
Beaumont, TX
Martinez. CA
Port Arthur, TX
Bakersficld. CA
Los Angele*, CA
Amu»y

Coiaatrv

Brazil
Brazil
Canada

Cbile
India

Ita)>

Japan

Japan

Libya

United Stales

United States

United States

Umusd Stales

United Slates

United States

United States

United States

Venezuela

Hud
Capacity

20.4

M.4
7.5
9 0

2.6
N.A

15.0

N.A.

2.6
N.A.
13.0
15.0
15.0

N.A.
40.0

7.5

10.0
340

Coke

300

300
150
120

N.A.
250
I0O

315

N.A.
750
165
215
250

N.A

100

125

75

775

Start-up

Dale

I9M

N.A.
2Q:1992

1993 p
1995 p
N.A p

1Q1993 p
IQ 1993 p

N.A. p
N.A

4(3:1992
2Q; 1994

1992
N.A.

10 1993
2Q:1992

N.A
1993

4.691

p - Project is pluniaf pkuc only
N.A. - lnformiUOD «ot ivtilable

Petroleum coke quality is most often judged by the
concentration of sulfur and trace metal it contains. The
better quality cokes generally are calcined and command
a premium price compared to fuel (Btu) applications.
Calcinable coke represents less than 30% of current U.S.

• production; this should decrease with expansion of
capacity. Most of the balance is fuel-grade coke.

The level of contaminants is a direct function of the
chemical composition of coker feedstock and ultimately
the crude oil. The majority of incremental crude oil
added to world supply will be heavier and tend to contain
a higher concentration of sulfur and metals. Therefore,
though composite crude oil quality will change little
during the next decade, new coking capacity will likely
produce largely fuel grade coke.

Table 4 shows the past and projected trends in the
average sulfur and vanadium content of coke produced in
WOCA. These figures reflect the subtle changes
expected in composite crude oil quality.

r
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TABLE 4

PETROLEUM COKE QUALITY*

Sulfur Content (Weight %)

1990 1995

Free World Average 3.7 4.2
Fuel-Grade Average 4.1 4.7

Vanadium Content (ppa)

Free World Average 530 560
Fuel-Grade Average 670 680

2000

4.3
4.8

575
695

* Not adjusted to reflect new coker technology for disposing
sludges, waste products, and used motor oils in colcer.

Sludge/Waste Disposal

Refinery coker technology has expanded to include
the destruction of refinery sludge, waste products and
used motor oils in the coker. Until now, the impact on
coke quality has been minimal. However, since this is a
federally approved disposal method for these problem
materials, we can anticipate expanded application in the
future with additional deterioration of coke quality.

PETROLEUM COKE DEMAND

Typical End Uses

The quality characteristics play a major role in
determining a specific coke's value. Generally, the lower
quality cokes are placed into applications of lower value
(i.e., the solid fuel markets). The higher quality cokes
command higher prices and can be subjected to further
added value processing—calcining—to improve their
purity. The calcining process is completed at elevated
temperatures in a rotary kiln or hearth with the intent of
driving off the volatile matter and moisture to yield a
purer carbon. Table 5 details most of the significant
market applications.

The relative market values for the applications and
cokes are approximated by starting at the bottom and
proceeding to the top of the list—highest value being at
the top. This generally holds true for all the world
markets with actual prices reflecting the competition
from alternate products in that specific market. Within
the carbon source and one or two of the fuel applica-
tions, there are real limits on the demand. Thus, the
higher quality cokes fill this requirement, with any
balance cascading down into the next lower-valued
application.

For delayed sponge coke, the aluminum anode
application is the premium market since there is no

TABLE 5

TYPICAL PETROLEUM COKE END USES

Application Tvpc Coke Slate

Carbon Source Needle

Sponge

Sponge

Fuel Use Sponge
Heating

Sponge
Shot
Fluid
Flcxicoke

Calcined

Calcined

Green

End Use

Electrodes
Synthetic Graphite
Aluminum Anodes
TiO2 Pigments
Carbon Raiser
Silicon Carbide
Foundries
Coke Ovens

Green LumpEurope/Jap*n Space

Green
Green
Green
Green

Industrial Boilers
Utilities
Cogeneration
Lime
Cement

practical substitute for calcined coke; supply and price
competition are strictly from within the petroleum coke
industry. The volume of coke consumed is about 0.40 lb
for each pound of aluminum made in the entire world.
Other high value applications like titanium dioxide, coke
ovens, and silicon carbide are demand limited, and often
petroleum coke must compete on a cost effective basis
with other non-petroleum sourced products.

Petroleum coke targeted for fuel applications
competes with coal, natural gas, high-sulfur fuel oils,
waste oils, etc. The critical factor is the delivered cost of
the petroleum coke and competing materials compared
on a $/MMBtu basis with other adjustments to
compensate for quality differences.

Two critical quality factors are the relatively high
sulfur levels which contribute to the SO2 emissions, and
low HGI which can reduce crushing/pulverizing
capabilities. The price adjustments negotiated are
influenced by the end-users' operations and competitive
factors.

Historically, the cement/lime industry has been a
particularly attractive application for petroleum coke
because it consumers substantial volumes and can
tolerate the high sulfur level in the coke (most of the SO2
is absorbed in the cement).

PETROLEUM COKE MARKETING

The objective of the marketing function is to move
the products (supply) from the refinery to the end-
consumer (demand) at minimum cost and highest sales
price (profit/loss).
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A variety of business entities such as petroleum
refiners, resellers, calciners, and numerous end users
operating in several allied industries are involved in the
marketing. Some refiners have integrated downstream
into calcining and/or direct selling to consumers.
Resellers, specialized marketing firms involved in bulk
trade of petroleum coke, play a pivotal role in the
orderly distribution of petroleum coke throughout the
world and are constantly seeking/developing new
markets. Calcined coke producers add value by calcining
raw petroleum coke into essentially pure carbon. End
users receive product from the refiner, reseller, or
calciner.

Although several refiners have made downstream
investments and have started direct marketing, resellers
still distribute/market about 60% of the U.S. production.
Their historic and continuing role is important to the
industry.

United States Petroleum Coke Disposition

Since the United States is the largest producer of the
world's petroleum coke supply (70% of total) and is the
leading exporting country, the following covers the
disposal of U.S. production in the domestic and
international markets.

The United States has never been a large consumer
of fuel-grade petroleum coke. Although petroleum coke
is readily available, most end consumers prefer clean-
burning natural gas, low-sulfur residual fuel oil or coal.
Also, relatively high logistics costs have hampered fuel-
grade petroleum coke usage. The major refineries are on
the coasts, whereas the markets are intend and more
accessible to competing products. To some degree, the
limitation in coke burning capability is an outfall of years
of price-controlled or relatively inexpensive natural gas.
Few companies have installed equipment (i.e., bulk
handling, blending, scrubbers) to make use of petroleum
coke as a fuel.

Figure 4 shows the historic disposition of U.S.
produced green petroleum coke; by necessity more than
50% of the annual green coke production is exported
into international markets. Very little U.S. Gulf Coast-
produced petroleum coke (high sulfur, high metals
quality) is consumed domestically. Tables 6 and 7 list
utilities and cogeneration facilities using or planning to
use petroleum coke in 1992. Total annual projected
volumes have increased substantially with the NISCO
startup and expanded usage at certain utilities due to
Clean Air Act provisions.

The remaining volumes are consumed primarily in the
cement and steel industries in competition with other
materials. In both cases, logistics costs in moving the
petroleum coke from the source to the end-consumer
dictate the ultimate value to the refiner. For refiners in
remote areas, it is possible that the local market can't
absorb the production and the refiner has to subsidize
movement of the coke into other geographic markets.

FIGURE 4

UNITED STATES PETROLEUM COKE DISPOSITION
MIIHMI 5*)«rt Ttm*
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Cincinnati Gal A Electric Co.

TABLE 6

tmunis USING pfrntoi j-iiM OOKH IW7 -1992
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Chamois No 1
Chamois No. 2
Rufiinpton
Bailly
Schahfer
Rlack Dog
KM*
Rivmide
Ifotiwond
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Sunhury No. 2
Manitownc Plant
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0
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TABLE 7
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United States green petroleum coke exports have
more than doubled from 1980 through 1991—7.1 million
short tons versus 14.8 million, respectively. Export
markets are generally energy/carbon deficient because
of inadequate energy reserves or the infra-structure to
develop same. Thus, they purchase petroleum coke, as
well as other fuel products from international sources.
The typical market hierarchy exists. Minimum petroleum
coke values exist when petroleum coke is used as a low-
cost fuel alternative to coal and/or residual fuel oils.

CRITICAL FACTORS

Environmental

The new Clean Air Act is intended to reduce 10
million tons of SO2 emissions from 1980 levels by the
year 2000. To achieve this, the U.S. Environmental
Protection Agency has implemented a two phase
approach.

The first phase, effective January 1, 1995, requires
existing power plants greater than 25 megawatts to
reduce their emissions to a level equivalent to the
product of an emissions rate of 2.5 lb SO2/MMBtu times
their 1985 to 1987 average fuel usage. The second phase,
effective January 1, 2000, will require power plants to
reduce emissions to a level equivalent to the product of
an emissions rate of 1.2 lb SO2/MMBtu times their 1985
to 1987 average fuel usage.

Facilities that already emit SO2 at a rate below 1.2 lb
SO2/MMBtu will be allowed to increase their emissions
by 20% above the product of their 1985 emission rate
and their 1985-1987 average fuel usage. These facilities
either burn low-sulfur coal or employ flue gas
desulfurization (FGD) to obtain these low emission rates.
Heightened interest in blending low-cost, high-sulfur
petroleum coke with low-sulfur coal has been shown by
these facilities recently.

Utilities have several alternatives to choose from in
order to comply with the Clean Air Act sulfur limits,
including: switch to low-sulfur fuel, co-firing with natural
gas; buy sulfur dioxide credits on the open market; install
FGD; or switch to clean coal technology such as
circulating fluidized bed combustion and gasification.

Current trends in utility modernization are to utilize
new clean coal technologies, such as fluidized bed
combustion or gasification, and install FGD technology.
Regardless of which modernization method is used, it will
feature high-sulfur fuel capability.

In summary, public utilities are looking at low-sulfur
fuel as a means to comply with the Clean Air Act. A
number of utilities will be upgrading or installing units
capable of burning high-sulfur fuel, and until such
projects are brought on stream it is unlikely that a
significant continuing market will emerge among U.S.
utilities. Therefore, it is reasonable to assume that the
domestic market will not expand consumption of high-
sulfur petroleum coke.

Many governments of Western Europe joined a so-
called "30 percent" club, committing their countries to
reduce sulfur by 30% in 1993, 60% by 1998 and 90% by
2003. In addition, a "Large Combustion Plant Directive"
was issued to impose limits on emissions from fuel-
burning installations such as power stations and large
industrial boilers. The potential impact on petroleum
coke demand will not be significant since a majority of
the petroleum coke imported by the European Com-
munity is consumed by the cement industry. However,
should this not produce the desired results, the European
Community could decide to regulate the sulfur content in
the raw fuel imported or burned. If this occurs, the
potential impact on the U.S. petroleum coke industry
could be devastating.

During 1990, approximately 8.8 million short tons of
high sulfur coke were exported into Europe. Assuming
restrictions on sulfur content in raw fuel and/or imports
were enacted, coke inventories would build until (a)
other markets were found, or (b) the refineries installed
capability to burn petroleum coke either directly or
indirectly with power producers. In the latter case, refin-
eries would reduce their power demands from local
utilities or could become net power producers. In either
case, the price of petroleum coke will decline as refiners
and resellers struggle to find new markets/applications.

High-Sulfur Fuel Oil Competition

Normally, high-sulfur petroleum coke export prices
are discounted from competitive fuels in the final
markets—Japan and the Mediterranean. The high sulfur
material exported into the Mediterranean cement
industry is typically discounted from South African coal.
However, high-sulfur fuel oil (HSFO) prices were below
coal prices during 1991. Pace believes that fuel oil prices
will continue at relatively low levels for several years,
forcing coal and petroleum coke prices to decline
accordingly.

The net result is that refiners could be facing further
erosion from the February 1992 levels of $10-$12/ST
(FOB vessel U.S. Gulf Coast). Actual refinery netback
prices will be lower to account for staging/handling costs
in moving the product from refinery to vessel. For
refineries without vessel loading facilities or located in-
land, these costs could result in zero or negative netback
value petroleum coke.

CONCLUSION

The world refining industry is in the midst of
significant coker expansions. Current and projected
world markets suggest t!.at the increased volume could
be absorbed into existing applications, but the refinery
netback prices will be relatively low. Further, the threat
of more rigid environmental regulations on a worldwide
basis is real and could lead to catastrophic effects if
normal U.S. exports are curtailed. A worst case scenario
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would be reduced exports, inventory build at refinery,
and eventual disruption of coker operations. Short of this
situation, the refinery would subsidize removal of coke
from the refinery, but eventually an environmentally
acceptable method for disposing of the petroleum coke
would be necessary. Given the current sulfur and trace
metals levels and the projected increases in fuel grade
petroleum cokes, regeneration projects utilizing
petroleum coke with fluidized bed combustion or
gasification technology appear attractive and viable.

Although there is an economic advantage of
cogeneration using natural gas) potential problems:
liability of building inventories of an environmentally
sensitive material and/or lost upgrading revenues
resulting from curtailed coker operations are far more
important to the oil companies than supplying natural gas
to cogeneration facilities. Even the value of the
petroleum coke becomes insignificant. For example, a
40,000 bbl/day coker might produce 2,400 ST/day of
coke. At a Coker Incentive of $15/bbl of feed and coke
netback price of S10/ST, the gross operating revenues
are approximately $600,000/day while the coke's value is
$24,000/day.

Utilities probably will not seize the opportunity—it
will be up to the Independent Power Producers to
develop creative projects which minimize the refiner's
future exposure-guarantees prompt removal and
acceptable disposal of the coke.
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VOC EMISSION CONTROL WITH THE BRAYTON CYCLE PILOT
PLANT OPERATIONS

(Abstract Only)
Joseph C. Enneking. NUCON International, Inc., Columbus, OH

\ mobile pilot plant capable of removing VOC
emissiuns from exhaust air streams was cooperatively funded by
SCE, EPRI, 3M, and NUCON. Valuable information about
the process and the recovery operation has been gained by
performing tests at a number of industrial sites. Process design
data has been developed. Solvent has been recovered and
tested for purity methods to avoid freeze-up. Economic
analyses have been made. A summary of the information
generated will be presented.
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DEMAND SIDE MANAGEMENT (DSM) THROUGH
ABSORPTION REFRIGERATION SYSTEMS

Peter Y. Chao, PhD, Deepak Shukla, PhD, Sr. Process Engineers, TENSA Services, Inc.
Ammi Amarnath, Sr. Project Manager, Electrical Power Research Institute
Ed. Mergens, Manager, EPRI Chemical & Petrochemical Center

ABSTRACT

The emerging concept of Demand Side Management (DSM)
has achieved considerable importance in the 90's. It is
estimated that since 1977, the number of utility-sponsored
DSM programs have expanded from 134 to nearly 1300.
These programs have resulted in capacity deferrals of more
than 21,000 MW. By conservative estimates, this translates
into $21 billion dollars in avoided costs. The various DSM
programs can be divided into six major groups. They are
Peak Clipping, Valley filling, Load Shifting, Strategic
Conservation, Strategic Load Growth, and Flexible Load
Shaping.

Absorption Refrigeration from waste heat offers a viable
option for DSM. This will either reduce the peak load (peak
clipping) or the base load (strategic conservation),
depending on the plant's situation and the utility rate
structure. This paper will examine various application
modes for absorption refrigeration as a DSM option. Proper
procedure of evaluating absorption refrigeration potential
will be illustrated by two recent case studies.

INTRODUCTION

This paper deals with a Demand Side Management (DSM)
option of using waste heat for refrigeration. Absorption
Refrigeration from waste heat offers a viable option for
DSM. This can profitably either reduce the peak load (peak
clipping) or reduce the base load (strategic conservation),
depending on the plant's situation and the utility rate
structure. The absorption refrigeration system, which
utilizes waste heat source to generate required refrigeration,
is also an ideal solution to both reducing the industrial waste
heat and to replace the CFC refrigerant operated
mechanical driven refrigeration system. The concept of
using waste heat for absorption refrigeration is not new.
This paper illustrate how the application can be broadened
in the context of DSM.

DEMAND SIDE MANAGEMENT (DSM)

The emerging concept of demand-side management, which
the utility interacts with the customer in determining the
pattern of the use of electricity, has become more and more
important in the 90's as the Public Utility Commissions
require more rigorous approaches to future electricity
capacity planning. Specific DSM objectives include six
generic terms for controlling a utility's load shape:

• Peak Clipping, in which electricity demand during
peak hours is reduced. It is primarily accomplished
by displacing large plant electrical loads by switching
to alternative power sources or shutting down non-
essential services.

Valley Filling, in which electricity demand is
increased during off-peak hours, putting unused
capacity to work. Thermal storage is one of the most
frequently used techniques.

• Load Shifting, in which electricity demand is moved
from peak hours to off-peak hours. Thermal storage
is also used here as a mechanism.

Strategic Load Growth, in which electricity demand in
selected seasons or specific times of day is increased.
Like valley filling, this load increase can lower the
average cost of service.

Strategic Conservation, in which electricity demand in
selected area or time of day is decreased by energy
efficiency improvements. This lowers the total system
demand.

• Flexible Load Shaping, in which electricity demand is
adjusted by varying the operational needs.



The conservation potent al for DSM has been estimated
over the next decade at 45000 MW, or about 20% of the
expected growth in demand over the next ten years. The
potential for avoided cost through DSM will approach $45-
billion over the next decade^1'2).

Waste Energy And Pollutants

The U.S. industry consumes more than 30 quads (quadrillion
Btu) of energy each year. About one third of this are thrown
away in the forms of various industrial waste heat. Industries
use mainly fossil fuel to supply process heat. The v>. sted
heat simply means that industry is burning more fossil fuel
than it should be. This wasted heat not only contributes to
the cost of industrial product, but also share the blame for
industrial pollutants. Proper utilization of waste heat will
cut-down the usage of fossil fuel and reduce the net emission
ofSC>2,

Application of Waste Heat

Generally speaking, any heat which is rejected to the
atmosphere is waste heat. But rigorously speaking, before
classifying any heat as waste, all possibilities for heat
integration should be considered. A systematic and unique
technique for exploring the heat integration potential is
"Pinch Technology".

In a pinch analysis, all the hot and cold streams in a process
are summed up to form the two hot and cold composite
curves. The closest approaching temperature between these
two curves is the pinch temperature for the process. The
pinch temperature divides the process into net heat source
and net heat sink regions with no heat flow at the pinch itself.
Another way to represent the net heat flow at every
temperature level within the process is by means of a "Grand
Composite Curve" (GCC) or temperature enthalpy plot.
Several publications are available^ ) for detail of Pinch
Technology.

Waste heat in the context of pinch technology is defined as
the heat source below the pinch temperature and above the
ambient temperature. The heat rejection profile in the GCC
depicts the amount and level of cooling required for a
process. Rejected heat above ambient temperature can be
transferred to cooling water or amh:e,nt air directly. The

following paragraph shows how Pinch Technology could be
used to examine the suitability of a process for absorption
refrigeration from waste heat.

Figure 1 shows the heating and cooling profiles of a typical
process. Conceptually, the absorption system can take heat
Qd below the process pinch from the above ambient heat
source. If Qd is sufficiently large and at a sufficiently high
temperature to handle the refrigeration load Qr, then the
absorption refrigeration can be run completely on this free
energy source. The driving force for the absorption
refrigeration is represented by the distance between the
pinch temperature and the ambient temperature. Figure 2
shows another set of curves where small amount of waste
heat is available and the refrigeration load Qr is well below
the ambient. In this case, absorption refrigeration will be
uneconomical.

Heat Flow

Figure 1 GCC with good absorption refrigeration potential

Pinch

Heat Flow

Figure 2 GCC with poor absorption refrigeration potential
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Two types of absorption systems are commonly used in the
industries today, i.e. ammonia-water system and LiBr-water
system. The ammonia-water system can reach much lower
temperature (-4 °F) than LiBr-water system (42 °F).
However, ammonia-water system requires a fractionating
column to separate ammonia and water. This normally
results in huge size and requires custom designing of the unit.
The LiBr-water system is normally smaller in size and also
lower in cost. Many off-the-shelf products for LiBr-water
system are available in the market. We restrict our
discussion here to LiBr-water system only.

Example of Absorption Refrigeration Economics

Two recent studies by TENSA Services are used to illustrate
the proper procedure to evaluate the feasibility of
absorption refrigeration in the plant.

Absorption Refrigeration in A Chemical Plant

The first site selected was a synthetic rubber plant. The
process involves a solution polymerization of butadiene
monomer in the presence of toluene, which acts as a solvent.

A series of heating and cooling are involved in the process as
shown in the flow diagram (Figure 3). The reactor effluent
containing polybutadiene, toluene, and butadiene monomer
is fed into a series of preheaters in the concentration section,
where the product is heated to remove toluene. The rest of
the process involves stripping and drying to remove the
remaining toluene.

A pinch analysis was performed on this process to evaluate
energy conservation potential. The composite heating and
cooling curves (GCC) for this process is shown in Figure 4.
The shape of the curves indicate that enough waste heat is
available at suitable temperature to consider absorption
refrigeration. The process requires about 7.5 MMBtu/hr
(625 tons) of refrigeration in both the reactor feed cooling
and reactor heat removing. Currently, a mechanical
compressed refrigeration system is used to provide this
cooling.

The plant has a rate structure wi;h energy charge of 0.0285
$/kWh, and an on peak demand charge for the summer
months (June to end of September) of 6.55 $/kW. The off
peak demand charge is 4.34 $/kW.
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Figure 4 GCC of Polybuladiene Process

It was estimated that 4.5 MMBtu/hr of cooling load can be.
replaced by absorption chilled water. A 400 tons ol
absorption chiller will be required and thus sparing a 280 kW
of electricity demand. Total savings are summarized below:

Summer month demand savings: 280 x 6.55 = 1834 %!tna

Summer month energy savings: 280 x 0.0285 x 24 x 30 = $
5,746/mo

Winter month demand savings: 280 x 4.34 = 1215 {/mo
Winter month energy savings: 280 x 0.0285 x 24 x 30 = 5,746
$/mo

total yearly savings: (1834+5746)x4 + (1215+5746)x8 =$
85,930
Absorption chiller installed cost: 450 S/ton x 400 tons = $
180,000
Additional heat exchangers installed cost: $ 35,000
Total cost: $ 215,000

Simple payback: 2.5 years

The payback could be further reduced if utility DSM
incentive is applied.

Absorption Refrigeration in A Food Plant

The second example is a food processing plant as shown in
Figure 5. This plant operates a simple process of cooking
cereal meal with steam and hot water in a cooker and then
dry out the moisture from the product in the dryers. The
plant has a gas engine to drive the air compressor and the
exhaust heat from gas engine is used to preheat the boiler
feed water. All the required hot water is generated in the
cooker from waste heat. The plant utilizes a hot water tank
to store the hot water generated from the cooker friction
heat. The hot water tank area tends to get too hot because
the large amount of friction heat from the cooker is

Figure 5 Process Flow Diagram of A Food Plani



dissipated to the surrounding area from the tanks. As a
result, the plant had 10 install air conditioning system in that
particular area to achieve a comfortable operating
environment.

A pinch analysis was performed to evaluate the energy
conservation potential in the plant. The pinch analysis
revealed that the plant had plenty of low temperature waste
heat but lack of low temperature heat sink to take the heat.
It also revealed that the heat exchange between the engine
exhaust and boiler feed water is a violation of the pinch
principle. Upon examining the energy flow situation in the
plant, we found that an absorption chiller might be the best
solution to the plant as can be seen from the composite
curves in Figure 6. The curves show a threshold situation in
the plant where no heating is required but only cooling utility
is required. The engine exhaust can be properly used to
generate chilled water to remove the heat in the hot tank
area.

GflANO OMTCITE CURVES

HEAT FLOH(HNBtu/hr)

Figure 6 GCC of A Food Process

The plant's electricity is based on the energy use only.
Summer on-peak rate is 0.25 $/kWh from 12 pm to 10 pm
Summer off-peak and winter rate is 0.05 $/kWh. Unlike the
previous example, the absorption chiller should only be
applied in summer. Since this is a space cooling related
application.

For 1.5 MMBtu/hr of waste heat, 43 kW of electricity can be
spared to generate 62 tons of refrigeration load. Assuming
the plant runs 5 days per week and 24 hours per day, the
savings can be summarized as follows:

on-peak energy savings: 43x0.25x10x5x4.5 = 2419 $/mo
off-peak energy savings: 43x0.05x14x5x4.5 = 677 $/mo
yearly savings: (2419 + 677)x6 = 18,576 $/yr
installed cost of 70 tons absorption chiller: 50,000
utility rebate at $200/ton: 200x62 = $12,400
net first cost: 37,600
simple payback: 2.0 years
In this example, a typical DSM incentive has been applied.

GENERAL APPLICATION OF ABSORPTION
REFRIGERATION

Absorption refrigeration using waste heat can be a very
attractive option for the plant personnel to consider as
illustrated by the two examples. Depends on each individual
plant's need, absorption refrigeration can fit into different
application modes. The product from LiBr-water absorption
system is chilled water at 42 °F. Most plant can find direct or
indirect application of this chilled water. As described
earlier, the rigorous way of determining a waste heat source
is through a detailed pinch analysis to examine the heating
and cooling of the entire site. However, for a quick
screening purpose, the following sections can be utilized to
identify possible application and available waste heat source
suitable for absorption refrigeration. Illustrations of these
applications are shown in Figures 7 to 13.

(1) Direct Use of Process Chilled Water

Direct use of this chilled water can find candidates in most
food processing plant, where chilled water are generally used
for product tempering, cooling, and storage. This kind of
application will reduce the total power consumption in the
existing mechanical driven refrigeration system.

(2) Direct Use of Building Chilled Water

In the case that no process refrigeration is required, the
produced chilled water can always be used for space cooling
during the summer months. Since summer months are
traditionally the biggest electricity demanding period in
many parts of the country, this application will certainly help
to reduce the demand.
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(3) Indirect Use for Condenser Water

Even though 42 °F is the lowest temperature that can be
obtained for LiBr-water system, the produced chilled water
can be used as cooling media in the condenser of the
conventional mechanical driven refrigeration system. This
will reduce the discharge pressure of the compressed
refrigerant, thereby reducing the power consumption
accordingly. It was estimated that for a -20 °F refrigeration
load, the compression power can reduce by 50% if the
refrigerant condenses at 60 °F instead of 108 OF<6).

(4) Indirect Use for Air/Gas Preeooling

Most plants have air compressors to compress air for process
use. Moreover, any kind of gas transmission will require
compressor operation. Since the gas volume is a strong
function of temperature. Therefore, reduction of gas
temperature in precooler or intercooler by chilled water
from absorption refrigeration system will reduce the
volumetric flow and reduce the power consumption").

(5) Indirect Use for Column Condenser

Waste heat generated chilled water can find application in
distillation column overhead condenser. This will allow the
overhead product to be condensed at a lower temperature.
The low condensing temperature reduces the tower
pressure, which will improve relative volatility and reduce
the reboiler temperature and duty. As a rule of thum'\
reboiler heat duty is reduced by 1% for a 2% reduction in
absolute pressure'"'. In case the column pressure is fixed,
reducing the condensing temperature will reduce the
overhead product temperature. The resulting cooler
product can noticeably increase the efficiency of

compressors downstream. The lower available temperature
can also extract more condensable for a more concentrated
product. A good example of this can be found in the
Catalyst Cracking Unit, where downstream gas plant load
can be reduced through absorption refrigeration application.

(6) Indirect Use of Chilled Water to Replace Gas
Compression

In order to condense a gas stream against the cooling water,
many gas compressors are employed to lift up the

condensing temperature and pressure of the gas stream.
The generated chilled water from absorption can be used to
replace the need of gas compressors and hence reduce the
power consumption.

(7) Indirect Use of Chilled Water to Maximize Cogeneration

Most gas turbines are rated at 59 °F, 60% relative humidity
at sea level. Any increase in these conditions will reduce the
turbine's thermal efficiency^). For example, the power
output will drop by 20% if the ambient air is at 95 °F and
75% relative humidity. In the summer months, when these
conditions are most likely violated, cogeneration usually
demands its maximum potential output. Instead of designing
the system which will compensate the anticipated low
efficiency and high demand, a better strategy is to use the
waste heat from the cogeneration to generate chilled water
for the turbine inlet air cooling. This is especially a valid
option in the area such as Gulf Coast where summer
humidity negates the applicability of evaporative coolers.

Where Does Waste Heat Come From

After identifying several possible modes of application for
the generated chilled water, another question need to be
addressed is how and where industries should look for the
wasted heat source. The following lists the place where
waste heat is normally found in the plant

(1) Column Overhead Condensing Heat

Most distillation columns in the chemical and petrochemical
sectors reject overhead condensing heat to cooling water and
air. Overhead condensing temperature are normally in the
180° to 230 °F range.

(2) Gas Turbine and Engine Exhaust

Turbine exhaust temperatures are in the 600 to 1100 °F
range. The development of gas driven absorption chiller had
provided a unique application of these exhaust. Plants
without a waste heat absorption chiller usually recover the
exhaust heat through boiler make-up water preheat and
other low level heating purposes. Through utility DSM
incentive, a absorption chiller might be more economically
feasible to the plant.
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(3) Oven/Dryer Exhaust

Any process which gives off clean, high temperature exhaust
gas like paint-baking ovens, process ovens, drying ovens, and
heat treating facilities such as foundry.

(4) Cooker/ Boiling Tanks / Dryer Exhaust

Exhaust steam can be used to generate hot water for
absorption chiller usage. Such applications not only can be
benefited from chilled water generation, but also from
deodorization. Example application includes cookers in the
poultry industry and boiling tanks in the brewing process.

(5) Cooling Water from Various Operations

Cooling water are used in many unit operations to remove
heat from the heatec1 machine or solid product. Cooling
water return temperature can reach high enough level for
powering the absorption equipment. Examples of the
cooling water waste heat from various operations include:
extruder (200 °F), welding machines (200 CF), combustion
engine (250 °F), bearing (200 °F), injection molding machine
(200 °F), baking and curing ovens (400 °F), annealing
furnaces (450 °F), etc..

(6) Reactors

Heat produced from exothermic reaction can be recovered
in the intercooler or from the product stream of the reactors.
This is now being adopted by several petrochemical plants
such as MEG, LPDE(10), etc..

(7) Hot Process Stream

Any hot process stream, which need to be cooled, can be
used directly or indirectly to power the absorption system.
This normally involves adding new heat exchanger and
rearranging the existing heat exchanger matches.

(9) Excessive low pressure steam

Many chemical and petrochemical plants have excessive low
pressure steam of no value to the site specially in summer.
This is a good source for steam driven chilled water

generation. Many cogeneration facilities have the same
situation. The EPRI developed software program APLUS
can be used to appraise the value of the waste steam and
find best operational strategy for the plant.

SUMMARY AND CONCLUSION

Renewed interest in absorption chillers has occurred in the
past several years due to improved design features which
have enhanced performance and increased efficiency. In the
mean time, the concerns with CFC and global warming,
coupled with higher electricity rate and DSM incentives have
further pushed the absorption refrigeration to a new level of
expectancy. Like the old proverb says "two birds with one
stone", absorption refrigeration seems to be the answer to
many problems. The applications for absorption
refrigeration in various forms are iimited only by the vision
and imagination of those who study present and future uses
of energy and the practical design limits of materials and
fluids.

In view of the DSM incentive offered by electric utilities and
other benefits, industrial operators should relook at the idea
of waste heat driven absorption refrigeration in their plant.
Definitely, more should be done in the near future to
educate the public and foster the installation of this idea in
the industries. A joint effort from the interested group in
promoting DSM and energy efficiency, including utility
company, Electrical Power Research Institute (EPRI),
Department of Energy (DOE), and energy consulting
companies like TENSA Services, should be formed to
proper transfer the knowledge and information to the public.
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HL&P/DU PONT COGENERATION PROJECT
(Abstract Only)

H.H. Vadie, Houston Lighting* Power, Houston, TX

The HL&P/Du Pont Cogeneration Project is an
arrangement between Houston Lighting & Power Company and
E. I. Du Pont de Nemours whereby the utility-owned
cogeneration facility supplies a portion of the Du Pont process
steam requirements. The facility consists of two cogeneration
systems, each comprised of a natural gas fired GE 80 MW
Frame 7EA, or equivalent, exhausting into a heat recovery
steam generator (HRSG). Gas turbines are equipped with
steam injection capability for power augmentation.
Supplementary fireable HRSG's provide additional supply
reliability for the steam host. Electricity from the project is
delivered into HL&P's System through a new 138 KV
substation. Such an arrangement offers Du Ponl a significant
cost saving opportunity as less efficient steam raising equipment
is displaced. It also provides HL&P ratepayers with significant
benefils, given the fuel efficiencies associated with cogeneration
projects.
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A NOVEL APPROACH TO DETERMINING MOTOR LOAD

by
Michael Brown

Georgia Tech Research Institute
Atlanta, Georgia

ABSTRACT

Properly sized electric motors are essential if industrial plant
efficiency is to be optimized and energy costs minimized. Because of
the difficulty in making power measurements on three phase motors,
loading is rarely, if ever, checked. A simple indication of motor load
can be achieved by measuring operating speed because speed and load
are almost linearly related. The decrease in motor speed from no load
conditions, referred to as slip, can be determined with a non-contact,
optical tachometer. Field measurements of motor slip were conducted
at a textile plant to quantify motor load conditions. To verify the
relationship between operating speed and load, measurements of motor
power consumption on a representative number of motors were also
conducted. The results of the motor survey, including number of
motors, size, and load, are summarized in this paper along with an
estimate of the savings from replacing oversized motors.

INTRODUCTION

Properly sized motors are essential if economical operation and
long life is to be achieved. Too often, oversized motors are selected
when safety factors are compounded or rapid load growth is expected.
For example, a designer may use a 30 percent safety margin when
sizing a pump or fan compounded with rounding up to a standard size
when a motor is specified. In the end, a motor with 20 percent or more
extra horsepower is selected. Unfortunately, ovcrsizing is usually
unwarranted and ultimately leads to ineffi-ciency and energy waste.
This paper examines methods to determine underloaded motor operation
and presents an evaluation of the savings afforded by properly sizing
of motors.

MOTOR EFFICIENCY

Motor efficiency is influenced by a number of factors, the
salient ones being motor design, motor size, and motor load. Simply
stated, motor efficiency is the ratio between the output shaft power
generated and the electrical power input. Before the cost of electricity
rapidly increased during the Arab oil embargo, motor first cost, not
efficiency, was not the primary concern w'icn specifying a motor. The
amount of active material in these motors, i.e., lamination steel, copper
or aluminum or magnet wire, and rotor aluminum, selected was the
minimum to meet the stated performance requirements of the motor.
Efficiency was maintained at levels high enough to meet the
temperature requirements of a motor, and consequently efficiencies
varied widely depending on the type of enclosure and ventilation
system used.

Motor Design

Following the increase in energy awareness after the first
energy crisis, more efficient motors were offered by manufacturers.
Initially, manufacturers designed motors with losses reduced by 25

percent and offered them as "energy efficient". Improvements
incorporated into these motors included higher quality bearings, better
windings, improved laminations, and more efficient venti-lation fans.
Efficiencies of energy efficient motors have steadily improved since
their introduction, and they present a qualified approach to reducing
motor losses. Typically, efficiencies of energy efficient motors are 5-
7% greater than standard efficiency motors in small horsepower sizes
and 2-4% greater in motors above 10 hp.

Motor Size

Another factor that affects efficiency is motor size. Typi-cally,
as Figure 1 shows, average motor efficiency increases with the size of
the motor. Efficiency increases rapidly with horse-power up to SO hp
and then slowly grows. In smaller motors, the windage, magnetic, and
stray losses do not fall in proportion to output as size decreases,
therefore the overall efficiency for these motors is less.

Motor Load

A final factor that influences motor efficiency is the opcr-ating
load. Motor efficiency decreases markedly when the load falls below
some critical level. The critical load varies depend-ing on motor size,
the larger the motor the lower the critical load. For a 5 hp motor, the
critical load is approximately 75%. For a 10 hp motor, it is at
approximately 50% load, and a 50 hp it is below 10%. Figure 2
presents the load versus efficiency curve for a 50 hp motor.

The efficiency of most motors peaks at around 75% but drops
off sharply below 40%. Thus to say within its optimal operating
bounds, a motor should be sized to run at least 50% loaded most of the
time. Smaller motors (10 hp and below) should be designed to operate
above 50% load, if possible. A grossly oversized motor (generally
below 40% of full load) will run at low efficiency and low power
factor. Another disadvantage of oversized motors is their greater
capital cost. Accurate determination of motor cffi-cicncy is a direct
consequence of how precisely we can measure the operating load.

DETERMINING MOTOR LOAD
Wattmeters

Measurements must be conducted in order to determine the load
on a motor. Unfortunately, several different methods have been used
to arrive at load. The most obvious and straightforward is a wattmeter.
Direct measurement of input power yields the exact load on a motor.
The disadvantages of this method arc that it is often difficult to
properly attach a wattmeter to a motor because it requires amperage as
well as voltage connections, the motor must be shutdown to safely
connect it and this may disturb the process, and not everyone has
access to a meter. When practical, a wattmeter is the best method to
determine motor load.
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Clamp-on Ammeters

Probably the most commonly used in-planl method to determine
motor load is to measure amperage. Amp draw docs vary with motor
load, but the relation is not linear. Figure 3 shows the relation between
motor load and amperage. Notice that even at no load, the amperage
draw is approximately one-third of lull load. Because amps do not
drop significantly once the load drops below 25 percent. Amp draw
can give an indication of motor loading if it is above 50%. As the load
continues to drop, amperage is not an accurate indicator of load because
power factor also falls rapidly and greatly influences amp readings.
The only condition where amperage can accurately be used to gage
motor load is when the power factor has been corrected.

Motor Slip

The difference between no load and full load speed is known
as motor slip. For synchronous motors full load speed is 1800 or 3600
rpm. Full load speed varies depending on design but is found on the
motor namcplate. The relation between motor speed and load is also
presented in Figure 3.

Table 1 presents the fractional slip at five load points for
motors between 5 and SO tip. When slip is averaged for all motor sizes
at each load point, an almost linear relation is found. Because slip
speed can assumed to be an almost linear function of load,
determination of the operating speed yields a good indication of motor
load. Operating speed can easily be determined without contact
through the use of a strobciach.

Consider as an example a four-pole 10 hp synchronous mother
with a no load speed of 1,800 rpm, full load speed of 1,755 and
measured speed of 1,779. The full load and actual slip are:

Full load slip = 1.800 - 1.755 = 45 rpm
Measured Slip = 1,800 - 1,779 = 21 rpm

Fractional Slip = 20/50 = 47%

Referring to Table 1, the actual motor load corresponding to a slip
speed of 1,779 rpm is 50%. Assuming equality between motor load
and fractional slip yields an error of only 6% of the actual value.

Error = (Actual Load - Estimated Load) / Actual Load
= (50% - 47%) / 50%
= 6%

Measuring motor speed in order to determine slip and, conse-
quently, load is relatively simple and reliable. Unlike wattage and
amperage measurement, no electrical connections are necessary. Once
the shaft has been marked, speed measurement will not intcr-fcrc with
the operation of the machinery. Unlike amperage, slip speed is almost
linearly related to motor loading.

FIELD MEASUREMENTS

To verify the utility of speed measurement as a method of
finding motor load, field readings were conducted at a textile finishing
plant. The plant had a variety of motors, but measurements were made
on only four. These four were all fans. Fans and pumps arc excellent
applications for speed measurement because they exhibit relatively
steady load conditions and, therefore, have nearly constant speed.

The results of power and speed measurements on the motors are
presented in Table 2. Good agreement was found between the load
predicted from speed measurement and the measured load. The greatest
error was on a 30 hp range motor. In other cases, the maximum error
from load predicted by slip measurement was less that 8%. Because
motor slip is limited, only 40 rpm for the 25 and 30 hp motors studied,
precise determination of operating speed is crucial if load is to be
accurate. With a slip of 40 rpm, each rpm change is equivalent lo
roughly a 2.5% difference in load.

Of the motors evaluated, only one, a 15 hp dryer fan motor,
was found to be under loaded. The measured load on this motor was
27%. Because the fan operates continuously and is severely under-
loaded, replacement with a smaller size motor is probably warranted.

SAVINGS AVAILABLE FROM PROPER MOTOR SIZING

Other field studies conducted in U.S. industrial plants have
indicated that a significant percentage of the motors arc under- loaded.
So pervasive is the problem a utility engineer in California after
conducting field measurements of 1,000 motors concluded that, "Half
the motors in the rent world arc operating at less than 60% of their
rated load. And a third arc operating at less than half of their rated
load." Other motor experts concur with this assessment noting that
users usually oversize when they select their own motors. A
Department of Energy study found that one-fifth of the motors 5 hp and
larger were running at or below 40% of rated load. Data suggests that
loading between 25 and 40% results in a drop in efficiency, depending
on the motor size, of between 2 and 8% below that for 50% load.

The disadvantages of motor ovcrsizing, listed below, arc
fivefold:

o lower efficiency
o lower power factor
o higher motor cost
o higher controller cost
o higher installation costs.

This practice can be avoided by careful attention to design, but accurate
selection docs not address oversized motors already in place. As a
general rule, it is probably not cost effective to consider replacing
motor operating at load factors greater than 40%.

The 15 hp dryer fan motor operating at 27% load should be
considered for downsizing. The effective motor output is .27 times the
full-load output or 4.05 hp. Thus, this 15 hp motor could be replaced
with a 5, 7.5, or 10 hp motor. If the load will docs not exceed the
current increase, a larger 7.5 or 10 hp motor is recommended. The
loading conditions, efficiency at this load, energy consumption based
on 6,000 annual hours of operation, operating cost, and savings for this
motor arc presented in Table 3.

The savings shown in Table 3 result from the improvement in
efficiency resulting from the motor operating closer to its optimum
load. The operating cost and savings arc based on an electrical cost of
$0.06/kWh. As an example, consider the 10 hp motor:
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Consumption = (Motor Size x Load Factor x
Oper.Hrs.)/(Motor Efif.)

= (10 hp x .405 x 6,000 hr/yr x .746 kW/hp / .817
= 22,200 kWh/yr

Cost = Consumption x Cost per kWH
= 22,200 kWh/yr x $0.06
= Sl,332/yr

Values used to perform an investment analysis are presented in
Table 4. The operating cost savings shown are compared to a IS hp
motor. Motor costs are averages for standard motors from various
manufacturers purchased without a quantity discounL This calculation
indicates that motors operating at 30% load or less should be definitely
be replaced. Using a 7.S hp motor with an average load of 54%, a 1.4

year payback is estimated. The payback on a down- sized motor
becomes greater as the load approaches 40% but is still attractive.

CONCLUSIONS

Operation of electric motors at load factors of 50% or more is
critical if efficiency and energy costs are to be optimized.
Measurement of shaft speed and calculation of fractional slip can be
used to provide an accurate estimate of load factor. Motors found to
have load factors 30% and less should be replaced immediately with a
smaller motor. Motors with load factors in the range of 40% should be
evaluated on a case by case basis and replaced if the payback is
acceptable. In either case, a strobe tach can be used effectively to
estimate motor load without requiring any contact with the shaft.
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FIGURE 3
Motor Load vs. RPM, Amps
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TABLE 1

Motor Load versus Fractional Slip for Different Motors

Load

0

25

50

75

100

Shp

0

.25

.52

.78

1.0

10 hp

0

.26

.47

.71

1.0

IShp

0

.23

.54

.83

1.0

20 hp

0

.23

.49

.71

1.0

25 hp

0

.23

.49

.77

1.0

50 hp

0

.23

.43

.67

1.0

Avg.

0

.24

.49

.75

1.0

TABLE 2

Field Measurements of Motor Load and Slip

Motor
Size

HP

30

25

14.75

20.1

Full Load
Speed

RPM

1760

1760

1730

1760

Meas.
Speed

RPM

1776

1778

1783

1772

Meas.
Load

kW

12.37

10.75

3.41

11.43

% Full
LoadkW

%

.50

.51

.27

.67

% Full
Lofiip

%

.60

.55

.24

.70
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TABLE 3

Savings from Replacing an Oversized Motor

Size

HP

15

10

7.5

5

Load

%

27

40.5

54

81

Effi-
ciency

%

74.5

81.7

84

84

. Consump-
tion

kWh

24,360

22,200

21,600

21,600

Oper.
Cost

Vyr

1,462

1,332

1,296

1,296

Savings

$

-

130

166

166

TABLE 4

Motor Investment Analysis

Replace. Motor

HP

10

7.5

5

Cost Savings

$/yr

130

166

166

Investment

$

300

240

179

Payback

2.3

2.3

1.4

1.1
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PROCESS INTEGRATION STUDY OF A POULTRY PROCESSING PLANT

William A. Meffert, P.E.
Research Engineer

Georgia Tech Research Institute
Atlanta, Georgia

ABSTRACT

This paper presents the results of a process integration study of
a poultry processing plant. The Pinch Methodology was utilized
to set targets for process energy use and to critique previous
attempts at energy conservation in poultry plants. It was found
that not all the energy conservation measures previously
implemented in the plant were conducive for minimum energy
design. This study revealed that designing a poultry plant for
minimum energy use is possible with currently available
techniques. Further, existing plants can be retrofitted to improvi*
process energy use easily. Most significant is the minimum
energy design target for a process that has been studied very
thoroughly in the past. This target answers the question, how
much better could the poultry process be?

The author has also found that the Pinch Methodology can be
easily programmed on a spreadsheet. Many energy conservation
engineers have shied away from Pinch analyses in the past.
However, it is a very useful tool that can be easily applied after
the initial inertia of training is overcome.

INTRODUCTION

The poultry industry is one of Georgia's largest and, as
expected, has received a great deal of government assistance.
Its energy use has been scrutinized thoroughly and many energy
conservation measures to improve process energy use have been
implemented. With the development of the Pinch Methodology,
a technique has been found to evaluate the extensive efforts
made in the past to improve energy use in the poultry industry.
This paper will focus on the process for preparing whole broiler
hens. A local plant that processes 7,600 birds per hour will be
used since extensive data already exists for this plant. Many
plants vary their processes depending on whether whole
chickens or parts are to be prepared and whether the chicken is
to be ptecooked. However, the basic process of all these plants
is addressed in this paper.

Poultry plants typically use a great deal of steam and
refrigeration. In a recent study3, some plants in Georgia used
approximately 0.93 MMBtu/1000 lbs which costs about $7 per
1,000 pounds of bird in 1988. Plants process from 100,000 to
250,000 birds per day at an average weight of 4 pounds. It is
easy to see that utility costs can easily climb over $1 million in
a year especially at today's prices.

Obviously, the product stream in a poultry plant is chickens.
The temperature requirements of this lumped mass determines
the plants thermal requirements. This steady flow of lumped
mass is not very conducive for direct heat exchange and process
integration. The heat transfer medium used to alter the chicken
carcass temperature in U.S. poultry plants is water. This
secondary fluid stream will be used for the process analysis. To
insure that the minimum amount of energy is used, the water
streams flow countercurrent to the flow of the chickens in the
plant.

PROCESS DESCRIPTION

The process for preparing a whole chicken broiler is very
complex. However, only two thermal requirements exist in the
process. The slaughtered chicken is scalded in a bath of water
at 128°F and after evisceration is chilled to 35°F. The chicken
is scalded for two minutes to loosen its feathers for the
defeathering equipment. The bird is chilled to prepare it for
refrigerated shipping.

U.S. regulations require that 1 quart of fresh water must be used
per bird in the scalder. This water is considered waste after this
process and can not be used further. Two water streams result
from scalding, a hot stream of waste water that is cooled to the
environmental temperature and a cold stream of make-up water
that is to be heated. Several energy conservation measures have
been implemented in the past to prevent heat loss from the
scalder: 1) the scalder sides have been insulated, and 2) the top
of the tank has been covered with a lid to prevent evaporation.
For this process integration, these measures are assumed to be
in place, though many plants have not even done these simple
measures. An energy balance on the tank has been completed
taking into account all the losses, including water dragout with
the bird (see Figure 1). Solving the energy balance determines
the required inlet temperature for the make-up water stream. It
is assumed that the make-up water supplies all the heat needed
to keep the bath at 128°F. Many plants use steam sparging in
addition to hot make-up water to control the tank temperature.
In this analysis, water is used as the heat transfer fluid only and
is not allowed to change phase. Usually, a facility wants to
maximise the use of the least expensive utilities. This in turn
means that we want to maximise the use of the coldest hot
utility and the hottest cold utility. Thus, maximizing use of hot
water instead of steam in the preliminary design process insures
a minimum target will be achieved. A description of the two
thermal streams at the scalder are shown in Table 1.
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PROCESS STREAM DESCRIPTIONS

Hot Streams:
HI,
H2,
H3,

Cold Streams
Cl,
C2,

Scalder Waste Water
Chiller Makeup Water
Chiller Recirculation

Scalder Makeup Water
Chiller Waste Water

Flow
(lb/hr)

15,750
35,300
37,990

18,900
31,650

Cp
(Btu/lb-F)

1.0
1.0
1.0

1.0
1.0

Actual
Low
< F )

70
32
32

70
46

Temp
High
( F )

128
70
48

146
70

Del(H)
MMBtu/h:

0.9135
1.3414
0.6078

1.4364
0.6963

Adj.
Low
( F )

60
22
22

80
58

Temp
High
( F )

118
60
38

156
80

TABLE 1 - PROCESS STREAMS DESCRIPTION (DTmin = 20 F)

After evisceration, the room temperature birds move in a
counterflow manner through a long tank of chilled water. The
target temperature for the birds is 35°F. European poultry plants
use cold air to achieve chilling of the birds. U.S. regulations
require that water be used because of the improved appearance
of the birds after a water bath. U.S. regulations also require that
a 1/2 gallon of fresh water per bird must be used. Typical
practice in the U.S. is to chill the birds with 32°F water and
dump ice into the tank for needed additional chilling. This
analysis proceeds with chilled water as the only mode for
carrying cold utility for the same reasons mentioned above in
arguing steam versus water in the scalder. Ice production is an
inefficient and expensive way of cooling chickens. An energy
balance was performed on the chiller tank to determine the exit
temperature of the water (see Figure 2). However, make-up
water at 32°F is not able to cool the birds by itself. More water
is needed which can be recirculated and reused in the chilling
process. Recirculation of water adds another unknown to the
equation, the mass flowrate of the recirculated water. The
energy balance based on the data in Figure 2.

Qs = [mB * nB,KX + mW.AB * hW^B + mEJ3C * V E X ]
- irriwjH HWJN •*• mg "B.INI

mWJN = mWJ3< + mW,AB

where,
Qs - heat into sides of tank
mB - mass flowrate of birds
nB.Ex - enthalpy of birds exiting
mw>a - mass flowrate of absorbed water
nw.AB - enthalpy of absorbed water
mw.Ex • m a s s flowrate of exit water
hW-EX - enthalpy of exit water
mw.iN - mass flowrate of inlet water
hw,iN - enthalpy of inlet water
nB.iN " enthalpy of birds entering

The third term on the right side of the equation can be modified
by setting mWJBX = mWJN - m^,^. This will give a form of the
heat balance as follows,

m'W.IN nW,lN) = m B * (h|
+ m... ._ *

Qs
' "WABf

This equation states that the enthalpy change in the inlet water
is due to the enthalpy change in the birds plus heat from the
environment and the enthalpy change of the absorbed water.
This equation has two unknowns, mw w & hW£X. An additional
equation is introduced. By imagining that the inlet water stream
is split, a portion gaining heat from the birds and the rest from
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the other heating effects, the problem can be treated as a
conventional counterflow heat exchanger problem. For heat
exchange between the birds and the water, an effectiveness, E,
of this imaginary heat exchanger is determined by.

FIGURE 3 - Initial Composite Curve

E = mB * (hBJN - hBEX) * cB * - TW4N)]

where, ca = specific heat of bird

Guessing a value for the heat capacity ratio of the two streams
gives a value for NTU, the number of heat transfer units. The
apparent UA of the "bird-water" heat exchanger can be found
directly from NTU which leads to a value for the log mean
temperature difference, LMTD, and, finally Tw£x . The
subsequent water exit temperature can be used to find the mass
flowrate of the portion of the inlet water stream heated by the
birds using an energy balance on the birds.

where,
mw.ni'- portion of inlet water

heated by birds
qB - heat transfer from birds

The value for the inlet flowrate is compared to the guessed
value for the heat capacity ratio and adjustments made. The
proceeding calculations are made again till the iterations
converge on a value for the inlet flowrate. The remaining
portion of the cold inlet water stream is easily found from a heat
balance using Qs and the absorbed water enthalpy change. The
final stream data is shown in Table 1. Note that three streams
are produced at the chiller: 1) the chiller waste water, 2) the
chiller recirculating water, and 3) the chiller make-up water.

THE PINCH & DIRECT HEAT EXCHANGE

Now that the stream data is complete, a pinch composite1 is
generated for the streams (see Figure 3). Two stream
restrictions exist which have an important bearing on the process
integration. Heat exchange between waste streams is prohibited
and utilities should not heat or cool waste streams. Using a
DTM m = 20°F, the pinch temperature is found from the pinch
problem table' to be 60°F. Two characteristics of the composite
stand out. The composite violates the first stream restriction
and this is denoted by the shaded area on Figure 3. Also, the
chiller waste stream can only provide a small amount of heat
exchange with the other hot streams below the pinch
(approximately 0.06 MMBtu/hr). Though this will reduce the
cold utility which tends to be expensive, the capital cost far
outweighs the savings. This stream is eliminated from the Pinch
analysis which also conveniently eliminates the violation of the
first stream restriction. The composite is redrawn and shown in
Figure 4. The pinch temperature is now 80°F. The hot utility
has been reduced significantly. Note the cold utility does not
chill all the streams below the pinch avoiding cooling of the
scalder waste stream. Targets for the cold and hot utilities have
now been determined for the process. The hot utility target is
0.84 MMBtu/hr or 27.6 kBtu/1000 lbs. The cold utility target

H (MMBtu/hr)

FIGURE 4 - FINAL COMPOSITE CURVE
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is 1.95 MMBtu/hr or 64.1 kBtu/1000 lbs. A recent study3 of
energy use in the poultry process industry places delivered hot
utility to the scalder at 55kBtu/lOOO lbs to lOOkBtu/1000 lbs.
The target shows there is room for improvement of 50% to
72%. This same study did not show a breakdown of energy use
for the chiller. It presented only the energy use for the entire
refrigeration plant which includes holding coolers and blast
freezers. An interesting future study would be the evaluation of
the chiller energy use.
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Only 1 match for direct heat exchange has been found, between
the scalder waste water and the scalder make-up water. This
was assumed to be the case in the past. Heat exchange with the
chiller waste stream was assumed too expensive in previous
studies. A heat exchanger has been used in a limited number of
Georgia plants at this time for recovering heat from the scalder
waste water. A study4 by Chaneli baton et. al. initiated
application of these heat exchangers. The resulting hot utility
use by the scalder was very close to the hot utility predicted by
this paper. The payback for this heat exchanger was 1 year.

All possible direct heat exchange matches below the pinch were
eliminated. However, this study does set an improved target for
cold utility by restriciting the chilling to cold water use, only.
A new chiller design has been developed which recirculates
water and uses a heat exchanger to cool the recirculated and
make-up water to the chiller. Hopefully, this technology will
continue and more processes will get away from using ice as
additional cold utility for the chiller.

UTILITY DESIGN

Utility design using the Pinch Methodology is best illustrated
using the "Grand Composite Curve" (see Figure 5). This curve
is a plot of the heat cascade diagram shown next to the graph.
The heat cascade displays the way heat is delivered from the hot
utility to the different temperature intervals above the pinch.
Below the pinch, the cascade illustrates how heat is transferred
from the process to the cold utility. The cascade diagram lists
the interval temperatures on the left, and heat flow between the
intervals on the right. The result is a graph which characterises
the process source and sink in temperature-enthalpy terms. The
pinch is shown as the points where no heat is cascaded (i.e. the
curves intersect the y-axis). After direct heat integration
through heat exchanger design, the process still has some
amount of heat being rejected to the cooling utility. This is part
of the waste heat that can not be recovered by direct heat
integration and can be recovered by other means such as a heat
pump.

The cooling utility for chilled water is typically accomplished by
compression refrigeration at poultry plants, an inexpensive and
efficient system for this relatively warm, cold utility. The
refrigeration system rejects heat to the environment at the
condenser. The heat in the refrigerant is characterised by a
superheat region and a constant enthalpy two-phase region at T
= 110°F. This heat is available above the pinch temperature of
80°F. The refrigeration system is a heat pump in principle and
the recovery of condenser heat across the pinch for heating
scalder water is appropriate for optimum design. In fact, there
is usually enough condenser reject heat in the plant to satisfy the
hot utility requirement. Desuperheaters have been used in
several plants to heat scalder water. The estimated payback for
this type of retrofit is 3 years. It is expected that a plant
designed with desuperheaters initially will see a decreased cost
increment that will substantially reduce the payback.

In one poultry plant a heat pump was installed to heat scalder
water with the help of a local utility. Latent heat from the

FIGURE 5 - GRAND COMPOSITE CURVE

0.5 1 1.5

H (MMBtu/hr)

refrigeration condensers heated glycol (the heat pump fluid) at
90°F and boosted this heat to 140°F. The heat source
temperature and the boost temperature are both above the pinch.
This represents a violation of appropriate placement of the heat
pump if minimum energy use is to be achieved. Heat pumps
should be placed across the pinch. Pinch analysis should be a
vital part for determining heat pump placement in most
processes.

SUMMARY

Pinch analysis has been shown to be valuable even for the
simple thermal process at a poultry plant. It has reinforced the
wisdom of using a heat exchanger between the scalder waste
water and the scalder make-up water. It has also shown that
recovery of condenser heat from the refrigeration system is an
appropriate way to supplement or totally replace the hot utility.
Steam use or other primary hot utilities can be completely
eliminated from heating scalder water. One energy conservation
measure attempted in the past was installation of a heat pump
to supplement the hot utility. This heat pump used condenser
heat as its source which is above the pinch temperature and
violates appropriate placement principles. This heat pump is
conserving energy but would inhibit a plant from achieving
minimum energy use. Finally, a minimum energy target has
been determined for poultry plants which can guide plant
designers. The target also provides a good reference for poultry
plants which are currently operating.

REFERENCES

1. Linhoff, B. etal, "User Guide on Process Integration for
the Efficient Use of Energy". Institution of Chemical
Engineers, Rugby, U.K., (1982), (available in U.S.A.
through Pergamon Press, Elmsford, N.Y.).

217



2. Karp, A. et. al., "Pinch Technology: A Primer". Electric
Power Research Institute, Final Report for Research
Project 2783-13, (1990).

3. Ross, Charles C , Walsh, James L. and Smith, Michael
S., "Enerev Usage in Poultry Processing". Final Report
for Project N400-930, Agricultural Technology Research
Program, Georgia Tech Research Institute.

4. Boykin, W.B., Combes, Richard S., "Energy
Conservation in the Poultry Processing Industry", Final
Report for U.S. Department of Energy Project EC-77-5-
05-5459, Georgia Tech Research Institue, 1979.

218



ENVIRONMENTAL PROTECTION THROUGH ENERGY EFFICIENCY:
CATALYZING NEW OPPORTUNITIES

(Abstract Only)
Andrew Silbiger, Research Associate, Bruce Company, Washington DC

Joel B. Smith, Deputy Division Director, Climate Change Division, U.S. Environmental Protection Agency,
Washington DC

Increasing attention to environmental issues The EPA would also like to help companies
at home and abroad is providing a new impetus for access the huge potential export market for energy
companies to improve energy efficiency In doing
so, this attention is creating new market
opportunities for energy efficient products. There
is increasing recognition that energy, environment,
and economic issues are closely linked. In this era
of increasing environmental awareness, U.S.
companies are finding that improving energy
efficiency provides a cost effective means to reduce
the environmental impact of their operations,
improve compliance with environment standards,
and promote a better image.

The opportunities for companies to improve
energy efficiency are enormous. The National
Academy of Sciences has estimated energy
efficiency could reduce overall industrial energy
demand by 25 percent shortly after the turn of the
century. Companies that seek to capitalize on these
opportunities are likely to find the EPA ready to
support them. While the agency will maintain its
regulatory functions, it is increasingly emphasizing
voluntary programs. This shift reflects a
recognition that working cooperatively with the
private sector to achieve mutual goals is often more
effective than taking a regulatory approach.

Given the multiple benefits of energy
efficiency, the EPA is eager to support companies
that wish to improve their energy efficiency or to
market energy efficient products. One reflection of
this desire is EPA's Green Lights programs, which
recognizes and provides technical support to
companies wishing to upgrade their lighting, in
addition to its existing programs, EPA is examining
other support for U.S. companies. This ranges
from technology-specific programs along the lines
of Green Lights to awards recognizing companies
that have made significant commitments to energy
efficiency.

efficient products. In Western Europe most
governments are committed to stabilizing or
reducing their carbon dioxide emissions in the next
decade, and the European Community (EC) is
currently considering a carbon tax. Achieving these
reductions will require substantial investments in
energy efficiency. The European Association for
the Conservation of Energy has estimated that the
potential market in the EC alone for reducing
greenhouse gas emissions is $520 billion in the next

Opportunities in developing countries where
energy growth is projected to eclipse growth in the
industrialized world will be far greater. Eastern
European countries have pollution problems that
often dwarf environmental problems in the West.
Many of these problems are tied directly to
inefficient energy production and use. In addition,
the World Bank has estimated that if developing
countries meet power requirements by simply
building new plants, they will need $1 trillion in the
next decade to meet their electric power
requirements alone. These estimates represent a
huge opportunity for producers of energy efficient
products, since these producers can offer
developing countries a way to meet their energy
service requirements at a substantially lower
monetary and environmental cost than a
conventional supply-oriented approach.

Environmental issues are poised to unleash a
new wave of change in the way industry uses
energy, perhaps as significant a change as followed
the oil shocks of the 1970s. This new wave may be
an opportunity or a liability for American
companies. Those companies that approach energy
and environmental issues as opportunities are likely
to ride this wave toward more efficient production
and new markets and to find EPA an eager partner
in the effort.
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SPECIFYING WASTE HEAT BOILERS
V.Ganapathy,ABCO Industries

Abi1ene,Texas

ABSTRACT

Waste heat boilers or Heat Recovery Steam
Generators(HRSGs) as they are often called
are used to recover energy from waste gas
streams in chemical plants,
refineries,kilns, incineration systems and
cogeneration and combined cycle plants,to
mention a few applications.Depending on
several factors such as quantity of gas 01
steam flow,cleanliness of gas,gas and
steam pressure and space availability,they
may take various configurations as seen in
Fig 1 to 5.Consultants and engineers who
specify and evaluate HRSGs should be aware
that several factors influence the final
configuration of HRSGs.Some of these
factors are discussed below.

SYSTEM DESCRIPTION

The application or the system of which the
HRSG is a part should be described
completely in order that the HRSG supplier
understands the system needs.Depending on
the process,the gas stream may have
peculiar characteristics.For instance,if
the flue gas is from a municipal solid
waste incinerator,then the gas will be
dirty and would have slagging
constituents.The boiler design should
include features such as cleaning
aisles.hoppers,soot blowers,bare tubes
etc.If the gas stream were from a fume
incinerator or gas turbine exhaust,it will
be clean and extended surfaces may be used
to make the boiler compact. If the gas
stream is from a sulfur combustor or
secondary reformer in a hydrogen
piant,then the HRSG designer can
understand the need for boiler exit gas
temperature control.Mention should also be
made how the steam is being utilized so
that proper steam purifying devices can be
incorporated.If the steam is used for
injection into a gas turbine for NOx
control,then the steam purity should be in
the parts per billion range and hence
proper drum internals should be provided.

A flow diagram showing how the steam is
taken off for process use also
helps.Sometimes steam an from an external
evaporator could be imported into the
superheater of the HRSG; alternatively
saturated steam from the HRSG could be
taken for process and a lesser quantity
may be superheated.The superheater design
has to consider ' these requirements.A
schematic diagram is helpful particularly
in multi-pressure HRSG designs with
complex steam distribution system.

GAS PARAMETERS

All of the data pertaining to the gas
stream should be stated.Often
specifications are written without a
mention of the flue gas analysis and
nature of the gas stream.

a.Gas flow in mass units,NOT in volumetric
units

The gas flow entering the HRSG should be
given in pounds per hour and not in
volumetric units such as cubic feet per
minute.It the flow is given in cfm.then
one has to compute the density correctly
in order to arrive at the mass flow;often
gas pressure and analysis are omitted from
specifications and hence each HRSG
supplier can come up with his own version
of mass flow,which can create problems for
the person evaluating bids and results in
waste of time for everybody including the
HRSG designer.Also,volumetric units may
not clearly state whether the flow is in
actual cfm or standard cfm and again
standard cfm can be interpreted by
different engineers in different
ways.Hence the gas flow should always be
given in mass units so that the HRSG
design basis is consistent.

b.gas analysis

Exhaust gas analysis should be stated for
several reasons.The gas enthalpy or
specific heat and hence the duty or HRSG
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size is affected particularly by the %
volume of water vapor and hydrogen.The
difference in Cp could be as hiqh as 10 %
between an uninjected exhaust gas and
steam injected exhaust gas in a gas
turbine HRSG.In hydrogen plants the
presence of hydrogen in reformed gas
affects the gas side heat transfer
coefficient significantly.The presence of
corrosive gases such as sufuric acid or
hydrochloric acid vapor should be
mentioned upfront so the HRSG designer can
take proper precauations while designing
the unit.Material selection is also
impacted by the presence of . corrosive
qases.If partial pressure of hydrogen is
high in the gas stream,then the tube
materials may have to be selected
considering the likelihood oi corrosion
usinq guidelines such as Nelson's
chart.Hydrogen chloride gas even in small
quantities is responsible for high
temperature corrosion in superheaters of
HRSGs behind municipal solid waste
incinerators.

c.Gas pressure and pressure drop

Gas pressure is important when it comes to
selecting the type of boiler whether fire
tube or water tube.Fire tube designs are
suitable for high gas pressures/While
water tube designs are not,unless placed
inside a pressure vessel.Casing design is
also affected by gas pressure.A few psi
increase from atmospheric pressure can
complicate the structural design aspects.
Gas pressure drop is critical to the size
and operating costs of a HRSG.If the
specifications do not mention a desired
value or range.different designers can
come up with different options or size and
evaluating them could be difficult.
Alternatively,the cost of pressure drop or
power consumption to move the gases
through the boiler should be indicated so
that designer can balance the size of HRSG
with operating cost and optimize the
design.

d.Nature of the gas

The source and nature of gas is very
important to the boiler designer.If the

gas stream is from an incinerator of solid
waste,factors such as particulate analysis
and loading can be influenced by the
materials being incinerated as well as the
operating regimes.Ash or particulate
loading in the qas stream is also impacted
by the type of incinerator.whether fixed
bed,rotary kiln or fluid bed.Slagging
constituents present in the gas can result
in bridging of tubes by molten salts if
tube spacing is not wide,particularly at
the boiler inlet.Ash hoppers ,soot blowers
and cleaning lanes should be incorporated
in such units .Extended surfaces should be
avoided.If slagging is likely to be severe
at the boiler front,then a fire tube
boiler may not be a good choice at all and
a water tube boiler with radiant section
may be required.Unless the specifications
discuss these aspects,the HRSG designer
may not consider them.

BOILER DUTY

The amount of energy to be recovered from
the gas stream should be stated clearly;in
multi-pressure HRSGs used in gas turbine
applications,one may use software such as
COGEN |21 to optimize gas/steam
temperature profiles and evaluate the
steam output of high and low pressure
steam at different, exhaust gas
conditions.If the steam output at various
pressures is not stated,then the HRSG
designer can come up with different
combinations depending upon the pinch
point.approach point selected for each
pressure level.
In single pressure units if the duty or
exit gas temperature is not stated,then
the designer may come up with different
sizes,which can be evaluated only if a
criterion such as cost versus duty or gas
pressure drop is suggested in the
specifications.

SURFACE AREA

Surface area oi a boiler depends on
several factors such as tube
size,pitch,gas velocity used and whether
it has bare or finned tubes.The variations
between designs can be as high as 100 to
200 % for the same duty and similar gas
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pressure drop |3].The variations in
surface area can be more glaring when
extended surfaces are used.Use of finned
tubes reduces the overall heat transfer
coefficient.Engineers should be concerned
with the product of UxS and not S
alone.Hence specifications should NOT call
for a minimum surface area.This suggestion
applies to both fire tube and water tube
designs.Reference 1 shows several examples
of both tire tube and water tube boilers
where the difference in S is over 50 to
200 % and yet due to variations in U,the
duty or energy transferred is the same.

COST OB1 FUEL AND ELECTRICITY

Specification writers, consultants and
plant owners should be concerned with the
initial PLUS operating costs and not the
initial investment alone.The author has
seen several hundred specifications
wherein no mention was ever made of the
operating costs associated with fuel
consumption or moving the gas through the
boiler .High gas pressure in say a gas
turbine HRSG can result in reduced
elecrtical power output of the gas
turbine;generaJ1y a 4 in we additional
pressure drop reduces the power output by
1 %.Fan power consumption and hence
electrical power consumption increases
when the qas pressure drop in the boiler
is high.In order to evaluate different
designs or bids,the specification should
mention criteria used tor evaluating
additional fuel or power consumption.

FEED WATER ANALYSIS AND STEAM PURITY

Inputs on feed water analysis and desired
steam purity help the HRSG designer select
proper blow down criterion and drum
internals.This again goes back to the
system description where a description of
how and where the steam is being used
helps.High steam purity calls for
expensive drum internals and hence adds to
the cost.In a fire tube boiler,it a high
steam purity is not required,then a fire
tube boiler where the steam space is
integral with the shell containing the
tubes may be adequete.If a high steam

purity is reguired,then an external steam
drum with downcomers,risers may be
required adding to the cost.Steam purity
in the ppb range may warrant an external
steam separator.

SPACE AVAILABILITY AND LAYOUT

For the same duty,one can come with
different designs, depending on the
availability of space or layout.Multi-pass
fire tube or water tube designs can
conserve space.Duty or pressure drop may
have to be compntnised in some cases to
fit a HRSG within given space.Hence
specifications should address this
aspect;modifications to the design at a
later date may be expensive.

FUEL ANALYSIS,EMISSIONS

In the case of fired HRSGs.say gas turbine
applications,the specification should give
the complete fuel analysis as the type of
firing equipment depends on the fuel and
burner duty.Also,in case there are
regulations on NOx or CO emissions.these
should b« stated as dealing with them
after the HRSG is built could be a major
problem.

CONCLUSION

Several variables influence the design and
hence the cost of HRSGs.The above aspects
should be considered in the
specifications,in addition to mechanical
design considerations such as corrosion
allowance,code requirements and cosmetic
aspects.These inputs in the specifications
early in the project should help speed up
the process of design and evaluation.
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Fig. 1 - SUPPLEMENTARY FIRED HRSG

Fig. 2 - FURNACE FIRED HRSG
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Fig. 5 - FIRETUBE HRSG
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Fig. 3 - TWO PASS HRSG
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Fig. 4 - SINGLE PASS HRSG
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NO CHEMICAL, ZERO BLEED COOLING TOWER WATER TREATMENT PROCESS

ALDEN L. COKE. CWS IV, PRESIDENT, AQUA-FLO, INC., BALTIMORE, MARYLAND

ABSTRACT

This paper describes a process to treat
cooling tower water by means of a fully automated
and chemical free mechanical water treatment
process. This is an alternative to conventional
chemical treatment. Beginning with a suction pump
to draw water out of the tower sump, water goes
through a permanent magnetic descaler to increase
the water solubility and begin the scale
inhibition process. This also descales existing
scale build-up ir. the system. Ozone is
manufactured from ambient air and injected into
the bypass system through a venturi type injector.

This kills algae, slime and bacteria and
enhances the magnetic descaling process. The
final stage filter separates solids from the water
to prevent corrosion from impingement. These
solids are automatically purged to the sanitary
drain. Clarified water is returned to the sump
where the process repeats on a 10Z-20Z by volume
side stream basis.

CAPITAL DECISIONS

Capital investments have historically been
based on a return expected on the investment
(ROI). While this is still true in principle, a
new reason to make capital investments is sweeping
the country. Environmental concerns are causing
decision makers to evaluate the benefits of
reducing further damage to our planet by
eliminating all the chemicals possible in
manufacturing processes and HVAC systems. The
following information is provided with this
thought in mind.

NO TREATMENT

Why treat cooling tower water at all? The
answer is, many people do not. They simply
operate on very low cycles of concentration in
their sump, this gives them a low sludge level,
and they rely on yearly or semi-annual scale
removal on the heated surfaces of their
condensers, heat exchangers, etc. Of course,
these same people generally end up not only
replacing the tower, but all of the auxiliary
equipment including condensers, compressors, heat
exchangers, etc. in a shorter than normal life
span than the equipment is engineered for.

CHEMICAL TREATMENT

As you know, the conventional chemical
treatment includes biocides, corrosion inhibitors,
scale inhibitors, and anti-foaming agents to treat
the various problems associated with cooling tower
water management.

For a long time, chromates and chromate
compounds were used as very effective water
treatment biocides and corrosion inhibitors until
EPA determined that the chromates were
carcinogenic and outlawed their use in the HVAC
market some years back. In several states, they
are already outlawed today for process cooling
water. Even the replacement organophosphate
chemicals show a carcinogenic impact on laboratory
animals. Why subject yourself and others to this
when there is a better wayJ Under heavy chemical
treatment, towers often are due for repair within
four or five years, and often times, don't last
fifteen years. These pictures were taken only 6
months into a chemical treatment program. This
new tower was replaced after 15 years of chemical
treatment that destroyed the original tower. Most
of the equipment manufacturers will tell you their
equipment should last for forty years with proper
care and treatment. When you go to replace the
cooling tower, the associated equipment such as
compressors, condensers, and chillers also need to
be replaced or repaired, and at a considerable
expense. These expenses far outweigh the cost of
proper water treatment, which can be done
effectively, and economically, without the use of
any conventional chemical treatment. These
pictures show an AQUA-FLO installation after one
full operational season.

DR'S STORY

Most of you in this room today remember the
good old days where it was thought that a healthy
breakfast consisted of bacon, eggs, toast, butter,
fried potatoes, heavy cream, and lots of sugar.
Well, today medical science teaches us that what
we thought was good for us back then is absolutely
the worst thing for us today, and may bring on
high cholesterol, triglycerides, cardiovascular
problems, etc. These breakfast goodies are the
last thing that anybody should eat if they want to
keep their body in good physical condition. So,
what used to be the good conventional breakfast
has recently become a "no-no" in today's medical
books. It is often like this with our water
treatment systems. We do something for so long
that it becomes "normal." People don't even
realize that there are better ways to do it.

CONVENTIONAL WISDOM REPLACED

So the conventional wisdom of yesterday has
been replaced with better technology. Little by
little, the conventional chemical technology is
giving way to non-chemical methods of water
treatment in cooling towers, boilers, spas,
swimming pools, municipal water treatment systems,
sewage and industrial waste water disposal, etc.
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You can see this new technology taking hold all
over America, and oddly enough, just like the new
diets of today, this technology is not brand new.
Many of the techniques and equipment are proven
technology with a historical track record of over
one hundred years. It is often only talked about
in scientific literature and has not been
introduced at the applied science level of
industry.

HISTORICAL PROOF - OZONE

Ozonation is proven technology. Ozone has
been used commercially as a municipal water
disinfectant in Europe, and specifically in
France, since 1905. So, that's not new
technology. Today there are over 1100 municipal
water treatment facilities around the world that
use ozone as their primary water disinfectant
source. By contrast, municipal chlorination of
drinking water was introduced in New Jersey in
1908.

MAGNETICS

Magnetic water conditioner technology has a
proven track record for 60 or 70 years as scale
inhibitors and descaling tools. Although some of
the technology has been maligned during the past
10 or 15 years in the U.S.A., it certainly isn't
maligned in foreign countries where chemicals are
too expensive to buy. This is primarily because
people don't understand the technology or they
expect this equipment to do more than it is
designed to do. Briefly, these devices change
the crystalline structure of minerals from a hard
linear calcite crystal to a soft rhomboid type
aragonite crystal. They don't remove any hardness
minerals. Many of the chemical companies have
been so paranoid regarding this particular subject
matter that they have gone out of their way to
attempt t.o keep the equipment off the market. As
a matter of fact, back in the 60's, W.R. Grace
Company purchased the old Packard magnetic water
conditioner lock, stock and barrel, and
immediately removed it from the marketplace, so
it's never been heard of since. That is one way
to eliminate competitionl

FILTERS

Solid/liquid separators, media filters, and
centrifuges have a history of hundreds of years of
operation. Even today, these different products
are not_well understood by the general mechanical
engineering people, however, they have a historic
effective operating history. In water treatment
of any kind, you must hrve appropriately selected
filtration equipment.

CONTROLS

Different control & sensor devices used in
our industry, such as oxidation reduction
potential controllers (ORP), pressure demand
sensors and flow meters have a long history of
operational effectiveness. We control the
concentration of ozone demand for a tower through
the use of ORP equipment. This allows us to
adjust tho ozone dosage to any degree we desire to
maintain low corrosion and scaling potentials in
the customer's equipment. Do they fail?
Sometimes, like any mechanical device, that is why
we have a service & maintenance program available.

ENGINEERED SYSTEM

What we, at AQUA-FLO, have done is simply
engineered a number of independent technologies
and have synthesized these into a finished
engineered product which solves every single
universal problem associated with cooling tower
water treatment problems worldwide. It is
important right now to understand that no single
piece of our system, nor any single stand alone
treatment plan such as ozone, will ever solve your
water treatment needs.

UNIVERSAL PROBLEMS

In researching the water quality management
problems that each of you facilities and plant
engineers are faced with, we uncovered four
universal problems that everyone is faced with,
regardless of location, when you want to manage
your cooling tower water problems. These four
universal problems are algae, corrosion, scale,
and sediment. There are always four, and there
are only four universal problems associated with
managing the quality of cooling water.
Occasionally, there are specific localized
problems such as oil seepage or airborne
contaminants which are dealt with on a case by
case basis through our chemical engineering
department which require additional specific
treatment.

ALGAE/SLIME

The first universal problem we attack is
algae and slime. We use ozone as the biocide to
kill algae, slime, bacteria, and other
microorganisms in the water supply. We use it
because it can kill bacteria 15 times faster than
chlorine. Microorganisms do not become resistant
to ozone, as they do with other chemicals. Ozone
kills microorganisms by a process called cellular
lysing. A single oxygen atom pierces the cell
wall for instant destruction, whereas other
chemicals are diffused through the cell wall for a
slower destruction process. Existing studies
clearly indicate that ozone is a more powerful
germicide in all classes of microorganism
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destruction by a factor of 5 to 100, depending
upon the microorganism being dealt with. Ozone is
second only to fluorine in its oxidizing
potential. Ozone is triatomic oxygen, that is,
it's composed of three oxygen atoms. Oxygen or 02
by itself is a very stable gas. 03, which is
ozone, is an extremely unstable gas, cannot be
stored, and it has a extremely short half life,
which allows it to be used in many applications
where a long term residual biocide effect is not
desirable, for plant or animal life. Ozone is
self-destructive and leaves no chemical trail
behind. We manufacture ozone by the corona
discharge method. The air going through our
corona discharge unit must be prepared, dried, and
filtered to give us a high percentage of ozone
from our unit. Either oxygen or air dried to
minus 60~F. can be used as the feed gas. The
oxygen feed gas is substantially more efficient
for ozone production. The results of using ozone
regarding algae problems are that the customer
doesn't have any algae, bacteria, or slime in
their system!

CORROSION

The second universal problem that is
encountered is corrosion. The major source of
corrosion in cooling towers is acid from sulfide
reducing bacteria. When these bacteria are
destroyed by the use of ozone, we eliminate the
basic cause of this type corrosion. Another type
of corrosion can be caused through impingement.
Impingement is the constant pitting of the metal
parts in tiie system from suspended solids in the
water, and in order to get rid of these solids in
the water, our filtration process is designed to
eliminate the majority of solids down to the 30
micron level. Severe corrosion is also caused by
water treatment chemicals. When chlorine is used
as a biocide, it forms a soluble metal halide on
contact with metal parts. An example of this
would be copper chloride. On the other hand,
ozone forms an insoluble metal oxide as a thin
layered skin which prevents further oxidation.
Fine filtration prevents rupturing this metal
oxide skin, thereby eliminating further corrosion.
So, you can see that the corrosion problem is
solved through two features of our equipment.
That is through the ozone process, as well as the
filtration process, and the results that are
obtained are corrosion factors of less than 2 mils
per year.

SCALE

Scale is the third universal problem, and
like corrosion, there are two parts of our
equipment that solve this problem. The primary
scale inhibitor in our system is our permanent
AQUA-FLO magnetic descaling unit. The technology
in this case is to reverse the polarity potential
so that these minerals don't tend to bond to the

negative plumbing walls. Under normal
circumstances, when water flows through a piping
system at a given velocity, you develop a positive
millivolt potential within the system. This
potential can be measured with a multi meter on
the voltage scale. When we place our AQUA-FLO
descalers in-line, the polarity of this millivolt
potential is reversed to a negative millivolt
potential, rather than a positive millivolt
potential, and this is what reduces the polar
bonding to the interior piping walls which is the
primary cause of scale build up. Ozone plays no
part in eliminating this primary cause of scaling.
Minerals that cause scale build up in heated and
chilled systems are primarily calcium and
magnesium ions. These ions are positively
charged, and when precipitated, tend to form
calcium carbonate and calcium biocarbonate scale
which readily bonds to the negatively charged or
negatively grounded plumbing and piping systems
that act as the water conduits. Ozone can be a
help in the descaling process when scale has
bonded through organic secretions which act as
glue for the scale particles to build on. The
ozone dissolves this glue or mucilage type
material and helps scale formation to pass on
through the system. Without microbial infestation
in the system, this mucilage material will not
exist. The magnetic AQUA-FLO unit acts as the
primary scale inhibitor and continues to dissolve
scale build up to less than 1/2 millimeter in the
system. 1/16" scale reduces heat transfer
efficiency by 152. On a 600 ton tower, that costs
more than $33,000 per year in wasted electrical
charges based on $0.06/Kwh. So the results of
this aspect of our equipment means there are no
condensers to acid treat or rod out, and we
increase heat transfer efficiency accordingly
through this energy saving device.

SLUDGE

The fourth and final universal problem is the
problem of sludge and sediment. As the water
evaporates out of the tower, minerals in the tower
fall to the bottom of the sump, and at some point
in time, must be removed. Also, a substantial
amount of dust particles from the air are drav/n
into the sump and add to the volume of sediment
and sludge in the system. A small 600 ton tower
operating at 5 cycles of concentration with total
dissolved solids content in the makeup water of
250 parts per million will deposit 55 pounds of
sediment on a daily basis. That is about 10 tons
a year plus the airborne deposits. So, with the
final universal problem of sediment solved by our
filtration system, there are no sumps to clean,
and no toxic waste land fill or dump charges to be
concerned with. Additionally, with this
chemically free system, there are no MSDS forms to
file or reports to forward to your local DER.
Results are a crystal clear water system with no
chemical additives and no sump to clean.
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CONTROLS

To make all of these individual parts of the
puzzle work together, we put in various
controllers, sensors, and instrumentation. Our
Service Agreement provides for two types of checks
on scale and corrosion. One is a monthly
Langlier Saturation Index water test done by our
local trained service technician. The other test
is a semi-annual corrosion coupon test done by a
third party chemical laboratory. Our system
performance is adjustable --similar to adjusting
the amount of chemicals that a chemical contractor
will recommend. During our monthly performance
check, if we find the system is either scaling or
corrosion is taking place, our technician will
adjust the parameters on our controllers. When we
put the system all together, it looks like this.

BENEFITS

Water conservation is one benefit. A 600 ton
cooling tower at 5 cycles of concentration will
bleed in excess of 6,000 gallons a day, over 2
million gallons a year, and that's a lot of water
to waste for one small tower.

Another benefit is that up to 10Z heat
transfer and condenser horsepower efficiency can
be increased. Additionally, this equipment is
environmentally and ecologically the safest
treatment available, and I might add again, at a
very affordable price. If budget capital is not
available, we can lease or rent the equipment.
Most of the time, we can develop a positive cash
flow within your existing operating budget. Let's
look at the figures.

WARRANTY

One of the outstanding features of our system
is that of our guarantees and warranty. We offer
a five year full service, maintenance, and
warranty on our equipment and provide a monthly
and semiannual equipment monitoring program to
assure you of excellent water quality parameters
for your equipment. The parameters we maintain on
your equipment are:

Corrosion < 2 mils/year
Scale build up < .5 mm

Any equipment manufacturer will tell you that
if you can maintain your water quality to provide
those parameters, you should experience the
projected life-span of 40 years on your equipment,
not 5, 10 or 15 years which is often times the
case under heavy chemical treatment.

OPERATIONAL COSTS

Operational costs of our system on a 600 ton
tower amount to less than $1900.00 per year.

WHERE TO START

To wrap it up, all systems are site
specifically engineered, and controls are custom
designed to customer requirements. Quotations are
only made after we receive a completed "Cooling
Tower Engineering Data Work Sheet," which answers
a number of questions we need to have answered
before quoting a price and guaranteeing the
warranty on a system.
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Steam Path Audits on Industrial Steam Turbines

DOUGLAS R. MITCHELL. ENGINEER. ENCOTECH, INC., SCHENECTADY, NEW YORK

ABSTRACT

The electric utility industry has
benefitted from steam path audits on steam
turbines for several years. Benefits
include the ability to identify areas of
performance degradation during a turbine
outage. Repair priorities can then be set
in accordance with quantitative results
from the steam path audit. As a result of
optimized repair decisions, turbine
efficiency increases, emissions decrease,
and maintenance expenses decrease. These
benefits can be achieved by using a
computer program Encotech, Inc. developed
for the utility industry to perform steam
path audits. With the increased emphasis
on industrial turbine efficiency, and as a
result of the experience with the Destec
Operating Company, Encotech is adapting the
computer program to respond to the needs of
the industrial steam turbine community.
This paper describes the results of using
the STPE computer program to conduct a
steam path audit at Destec Energy's
Lyondell Cogeneration power plant.

INTRODUCTION

This paper presents the results of a
steam path audit conducted at Destec
Energy's Lyondell Cogeneration power plant
in Houston, Texas. The purpose of the
audit was to identify specific
opportunities to improve the efficiency of
the Lyondell steam turbine. The turbine
audit was performed using Encotech's Steam
Turbine Performance Evaluation computer
program (STPE)1. This audit was the first
application of the STPE program on an
industrial power plant cycle.

Destec Energy's objective for the
turbine outage was to perform non-
destructive testing and to implement
planned maintenance actions. A steam path
audit was performed to help identify the
turbine steam path losses so plant
personnel could determine the most cost-
effective way to spend maintenance dollars.

The steam path audit identified
several areas of potential performance

'Copyright 19B9-1992 by Encotech, Inc., all rights reserved.

improvement and the Lyondell facility was
able to recover 3,387 KW, a recovery of
over 52% of the total steam path loss.

BACKGROUND

In the electric utility industry, fuel
costs are normally 70% to 80% of the
operating costs to produce electricity.
Steam path audits help utilities set
maintenance priorities based on turbine
heat rate losses. The benefit to the
utility is fuel savings as a result of
improved turbine efficiency.

For the industrial steam turbine
cycle, maintenance priorities are more
likely assigned on a kilowatt loss basis.
Steam path audits help industrial
generators set maintenance priorities based
on the power loss. The benefit to
industrial power generators is an increase
in sellable power output as a result of
improved turbine efficiency.

The Lyondell facility is a combined
cycle power plant where a gas turbine heat
recovery system supplies steam to the steam
turbine. Since this steam is a byproduct
of the gas turbine exhaust, fuel to heat
the steam is not a direct cost to producing
power in the steam turbine. Increasing
turbine efficiency, therefore, benefits the
Lyondell facility by increasing power
output.

DESCRIPTION OF THE STEAM PATH AUDIT

The basic approach of the STPE based
steam path audit is to examine the entire
turbine steam path in detail and then
compare the "as-found" condition with the
"new-and-clean" condition of the machine.
The new-and-clean performance of the
Lyondell steam turbine was modeled in STPE
using the valves-wide-open heat balance.
Although complete restoration to the new-
and-clean condition is generally not
possible, this design model provides a
fixed standard against which to make
comparisons.

A complete steam path audit consists
of three steps:

(1) Steam turbine cycle computer modeling
(2) Steam path inspection before repairs
(3) Steam path inspection after repairs
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fitflfn TUlTpine Modeling:
Before the on-site steam path audit work
begins, a computer model of the steam
turbine and turbine cycle is generated
using STPE. The model is unique to each
steam turbine and forms the basis for
evaluating the steam path audit data.

A steam turbine cycle model is built
using the information provided in the
turbine design heat balance, turbine cross-
section, and first stage shell pressure
curve. Steam seal diagrams are used to
define packing type, configuration, and
design clearance. Turbine geometry is used
to determine seal flow diameter and stage
flow area. Data taken on-site is also used
to refine the turbine model for the flow
path geometry.

Opening Steam Path Audit:
An opening steam path audit was conducted
on the Lyondell steam turbine. Its purpose
was to estimate the overall turbine power
loss, to identify power losses on a stage-
by-stage basis, and to identify particular
problem areas. Results from the opening
audit showed the potential power that
Destec could recover from steam path
repairs.

Opening steam path audits begin when
the turbine casings are removed and the
steam path is exposed. While the rotor is
in the lower half shells, the overall
condition of the steam path is examined for
any abnormalities and clearances are
measured for steam packings and spill
strips. The horizontal joint is inspected
for miscellaneous leakages and the steam
path surface finish is examined (1).

To get a better representation of the
packing and spill strip flow area than
horizontal joint clearances can supply,
packing tooth height measurements are made
on all upper half radial spill strips,
interstage packings, root spill strips and
end packings. Once the turbine rotor is
removed, tooth heights are measured on
bottom half packings and spill strips.
Clearances and tooth heights as well as
tooth roundness are used to calculate the
flow through the packing or spill strip (2).

Along with evaluation of steam
packings, measurements are made of other
items which affect the turbine performance.
An evaluation of the roughness of flow path
surfaces (3) is done. The steam path is
examined for nozzle partitions with
thickened trailing edges, and deposits
under the rotating blade covers.
Measurements are also made of all observed
solid and liquid particle erosion,
mechanical damage, and deposits. The
measured changes in turbine condition are

evaluated to determine the impact on the
turbine output power (4, 5).

Four to five calendar days are
required to gather all of the data needed
for a complete opening steam path audit on
a unit such as the Lyondell turbine. Data
acquisition for the turbine audit coincides
with the dismantling of the turbine and
does not extend the turbine outage. To
assure that all of the turbine audit data
are available, the audit engineer must be
at the turbine site the day the steam path
is first exposed.

A report of the opening audit findings
is generated to describe the as-found
condition of the steam path. This report
is presented to site personnel so
maintenance decisions can be evaluated.

Closing Steam Path Audit:
A closing steam path audit was also
conducted on the Lyondell steam turbine.
Its purpose was to estimate the return-to-
service performance of the turbine and to
evaluate the effectiveness of the repairs.
A comparison between the opening and
closing steam path audit results shows the
expected performance recovery as a result
of the turbine maintenance.

A closing steam path audit consists of
the same turbine inspection and evaluation
as the opening audit. Data acquisition for
the closing audit coincides with the
turbine assembly. To assure that all
turbine audit data are available, the audit
engineer must be at the turbine site the
day before the rotor is to be placed in the
lower half casing.

To perform a closing steam path audit
requires three to four days. The time
required is generally less than that for an
opening audit because replaced items are
usually in better condition and therefore
easier and quicker to evaluate. For
example, deposits on steam path components
are removed by grit blasting so measurement
of deposits is unnecessary.

Steam Turbine Audit Background:
The steam turbine audits performed at the
Lyondell facility were performed using the
Steam Turbine Performance Evaluation
computer program. The STPE program was
developed for utility use in cooperation
with Southern California Edison (6). Prior
to STPE's completion, Southern California
Edison (SCE) tested beta versions in the
field. SCE utilized pre- and post-outage
performance test results and pre- and post-
repair turbine audit results to test the
ability of STPE to identify turbine losses.
For SCE's and other performance testing,
good correlation between the performance
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test results and the turbine audit results
has been found.

Over 40 steam path audits have been
performed by Encotech engineers over the
past 5 years. The audits have included
opening audits, before repairs to identify
areas of concern and regain potential, and
closing audits, after repairs, to identify
overlooked items and check the workmanship
of repairs.

The units audited have included
fossil, nuclear, and industrial turbines,
new turbines at OEM facilities and 1940
vintage turbines. Turbines ranged in size
from 20 MW to 1200 MW, and included
condensing, single-reheat, double-reheat,
and back pressure turbines. With the
experience at Destec Energy's Lyondell
Cogeneration power plant, automatic
extraction/injection turbines have been
added to the list. Other industrial
applications, since the Lyondell audit,
have included boiler feed pump turbines and
a back pressure turbine exhausting to a
district heating system.

Description of STPE:
The STPE program uses basic physical and
thermodynamic properties as well as known
turbine design characteristics to build a
computer model of the turbine cycle (2-5,
7-10). The turbine cycle model is created
from information provided on the turbine
heat balance, cross-section, and the first
stage shell pressure curve. The model
generated is then refined by including seal
and steam path component geometry.

The program calculates thermodynamic
and fluid properties such as pressure and
enthalpy at the inlet to each stage, at the
exit of each stage, and in the area between
the stationary and rotating components.
Other fluid properties include Reynolds
number and flow function. This information
is used in the Turbine Audit section of the
program to calculate power and heat rate
losses for the nine loss categories.
Figure 1 shows a Turbine Loss Summary
screen which has the turbine losses broken
down by the nine loss categories.

During a turbine steam path audit,
measurements are made of steam path
components to identify degradation. The
measurements are then input into STPE to
calculate a power and heat rate loss for
each loss category.

STPE evaluates losses on a stage-by-
stage basis, and it recognizes that some of
the stage losses are recoverable
downstream. Steam path losses result in an
increase in enthalpy at the exit of the
stape with the loss. If, because of
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Figure 1. STPE turbine loss summary screen.

degradation on an upstream stage, the steam
entering a stage has more energy than
design, some of the extra energy can be
used by the downstream stages. For reheat
turbine cycles, losses that occur above a
reheat point reduce heat input required by
the boiler. STPE accounts for both of
these effects.

STPE breaks down the turbine steam
path into nine loss categories. These nine
categories can be combined into three loss
types:

(1) leakages,
(2) flow path damage,
(3) flow impedance.

and

Figure 2 shows a diagram of a typical
impulse stage design and the turbine steam
path components.

AXIAL WIDTH
PITCH L I N E " " STEAM

FLOW

ROOT SPILL
STRIPS

AXIAL
RADIAL-

INTERSTAGE PACKING

Figure 2. Typical impulse turbine stage.
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Leakage losses include interstage
packing losses, radial spill strip losses,
end packing losses, and miscellaneous
leakage losses. Miscellaneous leakage
losses are caused by leakages across the
horizontal joint, inlet piping expansion
joint ring seals, or any other steam flow
out of the steam path that is not accounted
for in another loss category.

Flow path damages include: (1) Solid
particle erosion, (2) mechanical damage,
and (3) deposits. These three types of
damage are characterized by a change in
nozzle or rotating blade exit area and
steam entry angle. Solid particle erosion
removes portions of the blade trailing edge
and increases exit area. Liquid particle
erosion removes portions of the leading
edge of the rotating blade and causes off
inlet angle losses. Mechanical, or foreign
object, damage can either increase or
decrease blade exit areas. Deposits build
up on the flow path and reduces nozzle or
blade exit area. All three of these types
of damage affect the stage flow area and
the velocity diagram efficiency. Flow path
damage losses also affect the stages before
and after the stage with the observed
damage (4). Changes to other stages are
caused by changes in the flow and pressure
upstream and downstream of the damaged
stage.

Since all three types of flow path
damages change the flow area of a stage and
affect other stages in the turbine, STPE
combines them to measure the combined
result on the turbine stage. STPE also
evaluates these flow path damages on a
whole turbine basis to determine the total
power loss that is seen as generator output
(4).

Flow impedance losses are losses
calculated from steam path degradation that
do not change the flow area of the
stationary or rotating blades. Flow
impedance losses are losses caused by flow
path surfaces that are rougher than design,
deposits on the under side of rotating
blade covers, and partition trailing edges
that are thicker than design.

Roughened flow path surfaces increase
turbine losses by increasing flow friction
over stationary and rotating components.
Deposits on the rotating blade covers cause
a disruption to the flow at the tip of the
rotating blade. Thickened trailing edges
increase turbulence at the exit of the
stage nozzle and may cause flow separation.

Leakages, flow path damages, and flow
impedances, are all evaluated during the
turbine audit by the STPE program using
simple steam path measurements when the
machine is open for inspection.

Description of the SteflU Turbine:
The Lyondell steam turbine is a 135 MW
automatic extraction turbine. Turbine
conditions are 1250 psia, 950F inlet, and 3
in HgA condenser pressure. The turbine
inlet flow is 1,455,000 lbm/hr. The turbine
has an automatic extraction of 650,000
lbm/hr from stage 3 and an admission of
200,000 lbm/hr at stage 9. A cross-section
of the Lyondell steam turbine is shown in
Figure 3.

Special Concerns with the Pestec
Industrial Stpaa Cycle. The special
concerns of the Lyondell turbine cycle are:
(1) The steam extraction valves between the
second and third turbine stages, and (2)
the admission of steam into the turbine

Figure 3. Turbine cross-section.
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steam path after the initial turbine inlet.

The extraction valves cause a large
pressure drop between the exhaust of stage
2 and the inlet to stage 3. This pressure
drop caused STPE to calculate a low
efficiency for stage 3. Stage efficiency
was calculated from isentropic expansion
from inlet to exhaust pressure. The
calculation did not account for the
throttling across the extraction valves.

The second major difference between
the Lyondell industrial steam turbine cycle
and a typical utility plant cycle is the
steam admission. This steam admission does
two things to the turbine cycle: (1) The
admission flow changes the flow through the
turbine, and (2) the admission changes the
thermal properties of the stage.

Both the flow and thermal properties
of the admission steam are controlled by
items outside the steam turbine. This
external control poses problems not
normally encountered within utility steam
turbines. For example, in a utility
application, heater extraction pressure is
set by the turbine and changes in the
extraction flow are set by heater demand.
In contrast, conditions of steam admissions
and controlled extractions are set by
valves or parameters outside the
turbine/feedwater cycle and, therefore,
must be defined.

The steam admission and controlled
extraction caused computer modeling
problems in the utility version of the STPE
program. These modeling problems, however,
did not affect the results of the steam
path audit. The resolution of the
controlled extraction and steam admission
modeling problems provide the basis for the
industrial version of the STPE program.

Lvondell Steam Path Audit:
The opening steam path audit was conducted
on the Lyondell steam turbine in early
March 1991. An audit engineer was on-site
at the Lyondell facility just after the top
half casing was lifted to perform the steam
path audit.

The on-site portion of the audit began
with measurement of the steam packing
clearances. These data were taken at the
same time the turbine maintenance crew was
checking rotor placement and alignment.
While waiting for the upper portions of the
turbine to be further dismantled and
repaired, the audit engineer took tooth
height data for interstage packings, end
packings and radial spill strips. Data
were also taken for the surface roughness
and any observed flow path damage and flow
impedance degradation.

The data collected during the turbine
audit were entered into the STPE program
for analysis. Reports of the steam path
audit findings were printed out and
evaluated. A presentation of all audit
findings was given to site personnel.

The HP Casing Summary is shown in
Figure 4. STPE also produces reports that
combine losses for each casing, each loss
category, and for the whole turbine. A
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Figure 4. Casing summary.

stage-by-stage loss breakdown for the HP
interstage packings is shown in Figure 5.
Similar stage-by-stage reports are
generated" for the other loss categories.
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Results of the Opening Sfq«« Path Audit.
The steam path audit identified a steam
path loss of 6,424 KW. The power loss was
evenly distributed between the HP and the
LP turbines. The largest portion of the
overall turbine loss was from the increased
steam path roughness. HP turbine end
packing leakage was the second highest
turbine loss. Figure 6 shows the
distribution of the opening audit steam
path power losses.

Lyondell Opening Audit Losses
Entire Turbine

End Packings (8.1%)

Surface Roughness (61 .4%)

Radial Spill Strips (14.2%)

Interstage Packings (5.0%)

Flowpath Oamage (11.4%)

Lyondell Opening Audit Losses
High Pressure Casing

End Packings (15.9%)

Surface Roughness (54 0%)

Radial Spill Strips (15 3%)

Interstage Packings (8 4%)

Flowpaih Damage (6.3%)

Figure 7. Distribution of power loss,
HP casing.

Lyondell Opening Audit Losses
Low Pressure Casing - Two Flows

Figure 6. Distribution of turbine power
loss.

Maintenance Action Priorities. All
calculated turbine audit losses were ranked
by power loss to help establish maintenance
priorities. A power loss ranking for audit
items appears below in Table 1.

Maintenance Action
Power Loss

(KW)

1 Replace HP radial spill strips 505.6
2 Replace HP inlet end packing 455.8
3 Replace HP interstage packings 276.6
4 Replace LP GEN radial spill strips 218.8
5 Replace LP GOV radial spill strips 197.6
6 Replace HP exhaust end packings 69.6
7 Replace LP GEN interstage packings 27.7
8 Replace LP GOV interstage packings 24.0
9 Repair LP miscellaneous leakages 4.7

Table 1. Power loss ranking of maintenance
actions.

Losses for individual loss categories
were distributed in a similar manner for
each turbine casing. Figures 7 and 8 show
the distribution of power loss for the HP
and the LP casings, respectively.

Maintenance Actions as a Result of the
Opening Steam Path Audit. Maintenance
actions undertaken on the turbine included
replacement of HP interstage and end
packings, sharpening of the HP and LP
radial spill strips, repair of flow path
damages, and grit blasting of the rotor and
casings. The estimated recovery for these
steam Dath repairs was 3,387 KW.

End Packings (0.0%) Radial Spill Strips (14.4%)
Interstage Packings (1.8%)

Flowpa* Damage (9 8%)

Surface Roughness (74.0%)

Figure 8. Distribution of power loss, LP
casing average.

Results of the Closing Audit:
The largest power recovery for the steam
turbine was from decreases in steam path
surface roughness. The calculated power
recovery for the grit blasted steam path
was 1,376 KW. This recovery was calculated
by comparing the opening and closing
surface finish losses. The surface finish
loss was the largest power loss and the
largest recovery for the Lyondell steam
turbine. The replacement of the turbine
end packings resulted in the largest
proportional power recovery, however. The
replacement of the HP end packings reduced
the end packing flows to design and reduced
the end packing loss to less than 1 KW.

The closing steam path audit and
comparison of the closing findings to the
opening audit findings showed that the
turbine recovery was 3,387 KW. This
recovery was 52.7% of the entire turbine
power loss. The high pressure turbine
recovered approximately 1.2 percentage
points and the low pressure turbine
recovered approximately 2.1 percentage
points in turbine efficiency due to steam
oath repairs. The relative power recovery
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from the opening to closing audits are
shown in Figure 9. This figure shows the
relative recovery on a power basis.

The replacement of the HP turbine end
packings resulted in a power recovery of
518 KW. Sharpening of HP & LP radial spill
strips recovered 350 KW and reduction of
the surface roughness from grit blasting
recovered 1,377 KW. Decreases in surface
roughness losses yielded the largest power
recovery.

Lyondell Opening to Closing Recovery
Entire Turbine

End Packings (15.3%)

Surface Roughness (40.7%)

Radial Spill Strips (10.3%)
Interstage Packings (6.1%)

Flowpath Damage (27.6%)

Figure 9. Distribution of turbine power
recovery.

This power loss recovery yields a
substantial increase in power generation
for a year. By increasing turbine
efficiency, power output increases and
revenues increase.

CONCLUSION

An STPE-based steam path audit
provided Destec Energy with specific,
stage-by-stage turbine power losses upon
which economic repair decisions were made.
Other industrial turbine owner-operators
can benefit from steam path audits as well.
Maintenance decisions based on power or
efficiency losses provide the highest
return on investment of available
maintenance dollars.

REFERENCES

1. Paul E. Babson, "Turbine Steam Path
Audits For Improved Performance And
Profitability", Industrial Energy

Technology Conference Proceedings.
1991.

2. P. Schofield, "Efficiency Maintenance
of Large Steam Turbines", presented at
the Pacific Coast Electrical
Association 1982 Engineering and
Operating Conference. March 18-19,
1982.

3. V.T. Forster, "Performance Loss of
Modern Steam Turbine Plant Due to
Surface Roughness", Institution of
Mechanical Engineers Proceedings.
1966-67, Volume 181, Part 1, Number
17.

4. F.H. Kindl, "A Method to Calculate the
Impact of Changes in Flow Area on
Steam Turbine Performance", presented
at the 1989 Joint Power Generation
Conference. October 22-26, 1989.

5. D. Lantzy and P. Schofield, "Steam
Turbine-Generator Heat Rate Penalty
Resulting from Solid Particle
Erosion", presented at the Solid
Particle Erosion of Utility Steam
Turbines Workshop. 1985, EPRI CS-
4683, pp. 5-1.

6. S.F. Gibson and D.H. Cioffi, "Economic
Analysis For Steam Path Repairs",
presented at the 1991 EPRI Heat Rate
Improvement Conference. May 7-9, 1991.

7. K.C. Cotton and P. Schofield,
"Analysis of Changes in the
Performance Characteristics of Steam
Turbines", presented at the ASME
Winter Annual Meeting. November 30-
December 3, 1970.

8. K.C. Cotton and J.C. Westcott,
"Methods for Measuring Steam Turbine-
Generator Performance", ASME Paper 60-
WA-139.

9. J.K. Salisbury, Steam Turbines and
Their Cycles. John Wiley and Sons,
Inc., New York.

10. R.C. Spencer, K.C. Cotton, and C.N.
Cannon, "A Method for Predicting the
Performance of Steam Turbine-
Generators. .. 16,500 KW and Larger",
General Electric Company GER-2007C.
July 1974, based on ASME Paper 62-WA-
209.

235
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ABSTRACT
The aim of this paper is to analyze the possibilities for energy
efficiency improvements through utilization of measurement and
automatic control; this includes both direct fuel savings and
indirect savings due to product quality improvements. Focus is
on energy use in steel reheating furnaces for rolling mills.

The demands on the reheating process and the operational
conditions that are essential for its control are described. An
analysis is made of possible reductions in energy use as a result
of improved control.

A survey is included of furnace control systems in steel plants;
such equipment has been designed and implemented in order to
optimize the reheating process. Reports of achieved savings are
presented, and demands on measurement and control systems for
successful implementation are discussed.

Economic analyses, in terms of life cycle costs and estimated
savings, are made for three levels of measurement and control
systems. Reductions in energy use of up to 20 percent can be
expected for the type of process studied, as a result of
investments in information technology; it is also concluded that
such investments are cost-effective.

INTRODUCTION
Conversion and use of energy are creating accelerating problems;
carbon dioxide releases being but one of the issues. It is now
important to turn to an end-use perspective: how can energy be
used more efficiently to provide the services that we need?
Research has pointed to possibilities for energy efficiency
improvements (1). This paper deals with one such opportunity:
the possibilities which may be provided by information
technology1 to use energy more efficiently in one industrial
process.

Information technology has developed dramatically during the
latest two decades. The processing power of electronic devices
has increased orders of magnitude: even microcomputer capacity

allows complex algorithms to be implemented for measurement
and control2 purposes.

Investments in information technology are considered as cost-
effective in many industrial areas; in energy intensive industries
the reduction of costs for energy use has been one of the driving
forces for such investments. However, there are reasons to
assume that there is a further potential for energy efficiency
improvements as a consequence of increased utilization of
measurement and control; this includes both direct fuel and
electricity savings and indirect energy use reductions due to
product quality improvements (2). It is therefore of interest to
analyze the relation between use of information technology and
energy efficiency in industrial energy services.

Several ways can be seen to improve energy efficiency by
using information technology: process design, exergy loss
analysis, and measurement and control applied to existing
processes (add-on technology). This paper analyzes the add-on
approach using steel reheating furnaces as a case study.

The steel industry is a large user of energy: in Sweden it used
21 TWh (7210'2 Btu) in 1989 of which furnaces, mainly for
rolling mills, used IS percent. Hot rolling is a step in the
traditional steelmaking process which provides one way of
forming steel; it generally requires reheating of the cast steel.
New steelmaking techniques are evolving which may change the
traditional production path and eventually make reheating
obsolete. However, this change should be seen as a possibility
for the future, leaving 10-15 years of energy use in existing
furnaces. Hence, it is interesting to analyze the possibilities for
efficiency enhancements.

FURNACES IN THE STEEL INDUSTRY
In a hot rolling mill the cast steel items in various forms and
dimensions — slabs, billets, and blooms — are heated to
temperatures around 1200°C, suitable for the plastic deformation
in the rolling process.

'information technology is here defined as systems consisting or
electronic equipment, methods, and programs aimed to retrieve, process,
store, and output data originating from, or used to describe, physical or
technical processes. Of particular interest is information collected from
measurements of physical variables, such as: temperature, energy flow, mass
flow, electric currrcnt, or mechanical force. Such information may be
processed to aid the analysis of industrial processes, and hence conclusions
may be drawn about energy use, efficiency, and possibilities for
improvements.

Measurement and control here refer lo a class of information technology
used Tor (automatic) control of technical processes. Measurement of physical
values, such as temperature, is usually an intrinsic part of control systems
but can also be used separately to provide information about a process.
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Table 1. Furnace energy use in Sweden, 1989. Source: Jemkontoret,
Stockholm. Sweden.

Fuel

CA
Propane
Natural gas
Coke oven gas

Electricity (induction)
TOTAL

Energy use» [GWh] ([10s* Btu])

1680(5732)
1272 (4340)

48 (164)
400(1365)
405(1382)

3805 (12983)
a Values include a small portion for smith shops and other hot steel work.

In Sweden, reheating furnaces used around 3 TWh (10-1012

Btu) of energy in 1989. Heat treatment furnaces used additionally
0.5 TWh (1.7101 2 Btu). About 90% was supplied as fuels,
Table 1. In this paper attention is mainly paid to the energy
efficiency3 of fuel fired reheating furnaces. There are about
twenty hot rolling mills in Sweden. Each of these mills have one
or several furnaces. Sizes range between 10-300 tonnes/hour4.

The reheating process
Reheating is a continuous process where the stock is charged at
the furnace entrance, heated, and discharged. Energy is
transferred to the items during their traverse through the furnace
by means of convection and radiation5 from the hot burner gases
and the furnace walls.

Stock charging temperature may range between 10-800°C.
The target temperature for reheating is governed by the demands
of the rolling process. Important factors are: the expected rolling
speed, the steel composition and the dimension of the stock.
Quality aspects pose constraints on surface temperatures and
temperature gradients.

Energy has been used in the steel process stages preceding the
rolling. The material may be degraded by reheating, leading to
material losses, which should be noted when the furnace
efficiency is calculated. The energy wasted in lost metal includes
energy for iron ore refinement, reduction, and conversion6. Thus
the quality of the reheating is important also from an energy point
of view.

Design and operation of furnaces and efficient energy use
Many design features affect the energy efficiency: dimensions,
number of zones, wall and roof insulation, and skid design. The
number of zones and the insulation between zones influence both
the efficiency and the possibilities for an effective temperature
control with individual zone values.

Operational practices are important for the energy efficiency.
Conditions may vary from mill to mill but also for the normal
operation of each furnace. The ideal situation would be to run a
furnace at constant nominal speed with one type of objects of the
same dimension. However, a number of deviations and
disturbances occur:

3Hcrc furnace efficiency is defined as increase of sieel heat content, when
heating from 10°C to 1200°C, divided by fuel energy (latent plus sensible
heal). Hence, the furnace efficiency definition is connected lo a specific task,
and would generally be different for other steel temperatures.

4Reheating furnace size is usually expressed as the capacity to supply ihc
rolling mill with sufficiently hot steel, in tonnes per hour. A tonne equals
1000 kilograms.

5Radialion contributes with more than 90% of ihc heat transfer at
temperatures above approximately 700°C.

"The calculation will be different for sieel made from scrap iron. This is
accounted for in the calculations of possible savings later in the paper.

• Items with different material composition, dimensions, and
charging temperatures may reside in the furnace simul-
taneously.

• Delays in the rolling mill may temporarily stop or slow down
the transportation in the furnace.

• Varir,;;ons in fuel availability and composition may occur.
• Furnaces and burners are degraded by time.
• Stock item heat contents is seldom known.

Energy use for an average production situation is shown as a
Sankey-diagram, Figure 1, for a pusher type furnace for cold
charging (3). The furnace is equipped with a recuperator. Steam
produced in the skid cooling system is used in other parts of the
plant. The efficiency for this furnace is around 46%, or 59%
including the steam heat. Losses occur through stack, roof,
walls, and openings.

Oxidation
heat
3%

(17) Heat from fuel
100%
(508)

Preheated
air

/ 14% (71)

Figure 1. Sankey diagram for a pusher type reheating furnace with
cold charging (3). Numbers in parenthesis show specific energy use in
kWh/tonne steel for an average production hour. Heat of steel is the
neat added to the steel, i.e., net value.

A large amount of parameters affect the energy efficiency of
the furnace and the quality of the heating, making optimal manual
control an overwhelming task. Even skilled operators generally
tend to run the process with large safety margins to ascertain
required target temperature. This practice often leads to excess
use of energy and to quality problems due to overheating.

POSSIBILITIES FOR ENERGY EFFICIENCY
IMPROVEMENT BY MEASUREMENT AND
CONTROL
Experience from utilization of information technology shows that
process operation may be improved in terms of, for example,
energy efficiency. We assume that this applies also in the case of
reheating furnaces.
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The measurement problems
Measurements serve to provide information from the process
both for monitoring and for control. Knowledge of values for a
number of variables are essential for an efficient operation of a
furnace:

• Furnace gas and wall temperatures,
• Stock temperatures,
• Fuel and combustion air flows,
• Oxygen content of exhaust gas,
• Position of each stock item in the furnace.

The temperature of each stock item and the temperature
distribution within the items should be available. However, the
furnace environment poses problems: sensors placed directly on
the stock are not feasible; indirect measurements by radiation
pyrometers are disturbed by side radiation. Instead, a model
describing the heating process can be used on-line to estimate the
surface and inner temperatures of the items7. Furnace and gas
temperatures, fuel flow rates, stock data, and stationary data for
the furnace serve as input to the model.

Control authority
The purpose of furnace control is to govern the heat production to
give the stock the correct temperature. The control variables
available are burner fuel and air flows or more indirectly zone
temperature set-points for burner regulators. In some cases it is
also possible to adjust the throughput rate, when this does not
interfere with the rolling mill operation (4).

Maximum burner capacity and constraints on heat flow per
unit of stock surface are other factors which must be considered.

Direct fuel use reductions through QPtJITliffltiflP. flf
combustion efficiency
Precise control of the combustion process is essential both for
fuel economy and for reduction of pollutant emissions to the
atmosphere (5, 6).

Accurate combustion control includes the ability to keep the
flue gas oxygen value close to optimum. Adaptation to varying
load conditions is essential (7).

Improved combustion control enables a lower and more stable
excess air factor. A simple steady-state sensitivity analysis of the
possible fuel saving has been made for the pusher furnace
described above, keeping all factors constant except the excess air
factor. Figure 2.

Direct fuel use reductions through optimization of furnace
heating profile
Each type of steel should be heated according to a specific
temperature-time relation in order to arrive at the required final
temperature with prescribed limitations for surface temperature
and internal temperature gradient. Still there is some degree of
freedom to choose temperature-time relations — heating
curves — which give more or less energy efficient heating. To
increase the energy efficiency, the heating should take place as
late as possible, i.e., as far away as possible from the furnace
charging side. This tends to lower the exhaust gas temperature
(8, 9).

Percent fuel saving
9

7Model description or a process is necessary also for Ihc implementation
of control strategics. Models can be given various degrees of detail depending
on the purpose. Complex off-line models can be used in the design stage
since calculation time is not critical.

1.05 1.1 1.15 1.2 1.25 1.3
Excess air factor

1.35 1.4

Figure 2. Specific fuel use reductions as a function of decreased
excess air factor. The diagram assumes steady-stale conditions and
shows the possible reductions when the excess air factor is decreased
from 1.1,1.2,1.3, and 1.4 respectively. Recuperator efficiency is 0.4.
Calculations from (3).

At manual operation it is often found that a higher temperature
than necessary is maintained in the first zone of the furnace (9).
This may be due to the uncertainty, experienced by the operator,
of future heating requirements for each item, together with the
higher control authority in the first zones.

By means of the furnace energy balance it is possible to
analyze the effect on the fuel consumption when the exhaust
temperature is lowered, Figure 3. Obviously, the possible saving
is less when a central recuperatori« used, due to the decrease in
air preheating capacity.

Relative fuel consumption
1.1 T

1.05 No recuperator. •

0.95

0.9 -

6.85 J

' 8 0 0 850 900

Exhaust gas temperature [°C]
Figure 3. Relative specific fuel consumption as a function of
variation in exhaust gas temperature for the studied pusher furnace
Temperature deviations from the start value 290°C arc considered. The
recuperator efficiency is considered to be constant over the studied
temperature range (3).
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Direct fuel use reductions through improvement of
temperature accuracy
To avoid unsufficient heating of the stock, due to variations in
discharge temperatures at manual control, operators tend to use
unnecessarily high furnace temperatures (10). This may result in
excess stock temperature directly leading to lower energy
efficiency. By computer control it is possible to achieve a more
accurate final temperature of the reheated stock items.

Assuming that the furnace thermal efficiency is constant, we
get a conservative estimate of achieved fuel use reductions when
stock excess heat is reduced. If, for example, the average stock
temperature is decreased from 125O°C to the target 1200°C— a
difference of four percent — the fuel consumption will decrease
by about four percent8.

Direct fuel use reductions through adaptation of the heating
to production rate
During a delay or at reduced throughput rates, the furnace
temperature rises which leads to increased energy losses and
excess heating of the stock. At manual operation it is customary
not to change the temperature set-points during a shorter delay.
Despite the control action by burner temperature regulators, the
heat of the furnace does not decrease sufficiently and hence fuel
is wasted. By automatic control it would be possible to calculate
and apply lower temperature set-points during delays and periods
of reduced speed. This would lead to less fuel use and eliminate
the risk of overheating.

Schupe (11) has analyzed the possible savings with the
described type of automatic control as compared to practice for
manual control, Figure 4.

savings in fuel in %

15 •

10

nominal values
waste gas temperature / air preheating

1000/750°C
,900/650°C

800 / 550°C
700 / 450°C

600 / 350°C

0 10 20 30 40 50 60 70 80 30 100
time-of-flight faclor or lurnace capacity in %

Figure 4. Possible fuel savings due to computer control of heat
production at decreased furnace production. It is assumed that without
process control the furnace is operated at constant furnace temperature
regardless of production rale. The temperature values, e.g.,
KXXy75O°C denote recuperator waste gas input/preheated combustion
air output temperatures. Source: (11). Redrawn, with permission, from
SCANHEATING - Proceedings of the International Conference on
Process Control and Energy Savings in Reheating Furnaces. Lulca,
Sweden, June 12-14, 1985.

Indirect effects on energy efficiency
When investing in a sophisticated computer control system for
reheating furnaces the economical benefit comes to a large extent
from the quality improvements, such as reduced scale formation,
less decarburization, less surface melting, and reduced
geometrical distortion (bending etc). These improvements lead to
less material waste and less returns and remakes9, indirectly
reducing the energy demand.

Reduction of scale formation
The formation of scale is governed by the temperature, the
composition of the furnace atmosphere, and the time of residence
in the furnace (12, 13, 14). Improved control of the furnace
atmosphere would enable a lower and more stable oxygen content
and hence reduction of metal loss through scale formation.

The scale constitutes a loss of valuable steel, generally around
1 % of the weight. To produce this amount, energy has been used
in several steps: ore excavation and refinement, reduction,
conversion, casting, and reheating. Reduction of scale metal
losses can be seen as a reduction of the total energy used to
produce a certain quantity of steel. A quality improvement of the
reheating process due to automatic furnace control hence
contributes to the energy efficiency and should be accounted for
in the same manner as direct fuel savings. A calculation has been

Reduction ol energy use [%]

50% scrap based.

Steelmaking: 100% ore based

100% scrap based

10 15 20 25 30 35 40 45 50
Reduction of scale formation [%]

Figure 5. Reduction of total energy use expressed as percentage of
furnace energy use versus reduction of scale metal loss per unit of
produced steel. Total energy use refers to production of hot rolled steel
from ore and scrap in varying proportions. Total energy use Tor ore
based production is nominally 5000 kWMonnc (17 MBtuAonnc)10 and
for scrap based 1300kWh/tonncn (4.4 MBlu/tonnc)(15). Reductions
in scale loss arc calculated from a nominal value of 10 kg/tonne.
Nominal furnace energy use is 450 kWhAonnc (1.54 MBtu/tonnc). The
increased furnace fuel consumption due to decreased energy input from
scale formation is taken into account (3).

8Constant furnace production rate is assumed. Heal contents of stock is
approximately proportional to temperature. As constant thermal efficiency is
assumed ihc fuel consumption is linearly dependent on stock heat.

^Depending on (he type of degradation, remakes arc returned to one of Ihc
earlier stages in the production chain. Hence, energy needed for subsequent
process stages is added to the total energy use for the product.

1 0 1MBUI equals lO^Btu.
"The reference gives the values 5150 kWh/ton ore based and 1330

kWh/lonnc scrap based for SSAB. Sweden, production in 1986.
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made of the decrease in total energy use corresponding to a
reduction in scale metal loss, per unit of steel produced. For
comparison with direct energy use reduction levels, the total
energy use decrease has been expressed in percentage of furnace
nominal energy use, Figure 5, (3).

In Level A systems each furnace control zone temperature is
set manually. Each zone control block includes temperature
sensor, temperature controller, and flow controllers, Figure 6.
Flow controllers comprise flow sensors, controllers, and
actuators governing valves and/or fuel pumps.

IMPLEMENTED CONTROL SYSTEMS AND
RESULTS
Systems for furnace measurement and control have been
developed for many years by research institutes, steel works, and
computer companies. One of the first fuel optimizing systems
was developed and installed at Hoogovens steel plant in The
Netherlands (10).

Automatic furnace control system levels
Eight furnace control system types have been included in this
comparative study, Table 2. All involve process computers which
implement real time control of the heat production. Their common
purpose is to optimize the fuel use for maximum efficiency while
fulfilling the quality requirements for the heated stock.
Combustion control systems are not included in this survey.
Those are important but less complex systems usually installed as
standard components. However, they are essential both for
energy efficiency and product quality and are therefore included
in the economic analysis below.

To facilitate comparison of the systems regarding performance
and economy, a division into three categories is made:

• Level A, burner automatic control systems,
• Level B, furnace operation optimizing control systems without

feedback control, including burner control systems (Level A),
• Level C, as Level B but extended with feedback via model.

Zone temp.

The three levels are illustrated in the principle diagrams of
Figures 6-8.

Fuel
and
air
flew

Zone
temperature
set-point

Flow

(manual
setting)

Zone
temperature
sensor

L Flow
control

Fuel
and
air F l o w

flow sensors

Figure 6. Principle diagram showing a control system of Level A for
one control zone. The flow control block contains both fuel and air
controllers. The number of burners controlled by one flow control
block may vary from one and up in different plants. The number of
flow controllers per temperature controller may also vary.

Product

Mill pace

Tracking

set-point
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heat
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Zonen
control

Heat pro-
- duction
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Heat pro-
- duction

Zone 2

Heat pro-
- duction
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Figure 7. Principle diagram showing a Level B furnace control
system. 71K central optimizing control processor determines the
individual temperatures for each zone based on information on the
items that reside in the furnace and the current drop-out interval. Each
zone controller block contains a Level A type zone heat production
controller, Figure 6.

Level B systems include an optimizing computer which
controls each furnace control zone. Figure 7. Input data are stock
data from production control computer and/or operator, stock
positional information, and rolling mill delay data.

Control variables are the zone temperature set-points for the
temperature regulators. Also the speed of the stock transportation
may be controlled within limits set by furnace capacity and mill
demand. Hence, a Level B system is working in open control
mode on the fuel optimizing level, but it includes a Level A
system which, in turn, contains several closed loops.
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Figure 8. Principle diagram showing a Level C furnace control
system.

In Level C systems a feedback loop is added, made up from a
model based stock temperature calculation function and a
correction value calculation block, Figure 8. The correction value
is computed from a prestored "ideal" heating lapse which is
compared with the calculated actual temperature of each stock
item. Furnace gas and wall temperature measurements, stock and
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•urnace thermal data, and furnace geometrical data are used as
inputs for the stock temperature calculation.

Table 2. Results from operation of installed fuel optimizing systems.
Savings include only direct fuel use reductions. Scale reductions arc
mentioned for several systems but no figures have been found except
for systems of type 2 and 8. System levels arc described in the text.
Numbers in parenthesis, following system type number, arc
references.

System type
number

(reference)

System level Fuel saving Scale reduction

1(20)
2(9)
3(21)
4(22)
5(11)
6(8)

7(23)
8(20)

B
C
C
C
C
C
C
C

up to 15
6.5-9
6-15*
4-11

approx 10
6-15
12-17
5-20

?
>10

9

7
9

7
7

10-35
a Values up to 25% have been reported for early installations (10).

Comparison of results from installed control systems
Reports on fuel savings and reductions of scale are found in
Table 2. Unfortunately only one report of a system of type B has
been found; hence, caution should be taken in evaluation. Results
reported from installations are hard to compare: conditions differ
from site to site; sizes of furnaces and types, product mix, type of
fuels, and other parameters may be different. Number of
installations vary for the different system types and data for
comparison with manual control is relatively sparse. Moreover,
the manual control practices deviate both between plants and
within the same plant. Therefore Table 2 should only be seen as
an indication of obtained savings.

ECONOMIC ANALYSIS

In order to make a cost-benefit analysis the three furnace control
systems levels described above are used. Costs and possible
energy savings for the three system levels are indicated in Table
3. Energy use reductions are estimates based on the above
analysis and on the results reported in the survey of installed
systems. These results show that reductions up to 20% may be
achieved even without considering indirect effects. In this cost-
benefit analysis we only consider direct fuel reductions. Further
benefits will appear both from an energy and economical point of
view if indirect effects are accounted for. Hence, energy use
reductions in the whole steel production chain due to reduced
scale losses will contribute in the benefit analysis as well as other
quality improvements. An extended economic calculation also has
to include gains from possibilities to meet demands on production
flexibility and product quality, which are facilitated by
measurement and control.

In the following analysis, including only direct effects, costs
are estimated considering the type of technology involved: micro-
and minicomputers, sensors, actuators, communication and other
I/O equipment and software costs. Operational costs are mainly
service and maintenance costs of the measurement and control
system (including sensors).

Table 3. Characteristic data for three control system levels. Energy
use reductions refer to direct fuel savings and are expressed in percent
of nominal energy use. Operational costs arc given on a yearly basis.
ICbase is basic initial capital cost for the investment (see text for
details). Energy use reductions for level B and C systems are based on
measured values from reports (Table 2), while values for level A
systems are the authors estimates.

System level
A B C

Energy use reduction [%] 2-5 5-15 10-20
ICbasc[103US$l 85-175 175-350 250-500
Operation [l^USVyear] 10-25 35-50 50-70

Costs are assumed to be dependent on furnace size: Initial
costs are calculated as ICbase + ICsize*size, where ICbase is
found in Table 3, ICsize is assumed to be US$ 175 (1000 SEK)
for each size unit (tonnes/hour) for levels B and C, and US$ 350
for level A. Operational costs are assumed to be equal for all
sizes. Further, the nominal furnace energy use is assumed to be
450 kWh/tonne (1.54106 Btu/tonne) with an annual operation
time of 7500 hours.

A measure of the costs for the control systems may be
achieved by calculating the annualized life cycle costs (ALCC)12.
The continuation of the analysis relates the ALCC to the estimated
energy reductions by using the Cost of Saved Energy (CSE)
measure. CSE has been calculated for the three system levels and
for various furnace sizes, Figure 9. Results are shown for a life
time of 5 years with discount rate 15%. The fuel price 3.5
cents/kWh (1.0 cents/kBtu or 0.20 SEK/kWh) is indicated for
comparison.

The following conclusions can be drawn:

• Furnace production magnitude is very important for the cost-
effectiveness of a system.

• The estimated cost and energy reductions give a considerable
span in the obtained values.

• Even in the "worst case", i.e. highest cost estimate combined
with lowest saving estimate, cost-effective solutions are
obtained already at furnace sizes of 30 tonnes/hour for level B
or C systems and at 40 tonnes/hour for level A systems.

• For larger furnace sizes the cost of saved energy is very low.

DISCUSSION

Implementation and operation of IT: Contributions to th?.
result
The above analysis and the reported results suggest that energy
use reductions up to 20% may be achieved by measurement and
control. The wide range of possible savings, starting from
around 5%, seems to be due more to differences between plants
than between systems, considering systems of Level B and C
(16,17). Examples of plant differences are:

(18).

I2A description of the economic measures used in this paper is found in
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(a) CSE for furnace sizes up to 50 tonnes/hour.

[cents/kWh]
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Life time 5 years

Discount rate 15%
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Furnace production [tonnes/hour]
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(b) CSE for furnace sizes 50 tonnes/hour to 250
tonnes/hour

Life time 5 years

Discount rate 15%
2.5 j

2 f

1.5 r

-I
0.5 ;
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Furnace production [lonnes/hour]
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Figure 9 (a) and (b). Cost of Saved Energy for the control system
levels A, B, and C. Values are given for smaller furnaces up to 50
tonnes/hour (a) and larger furnaces (b). Discount rate 15% and life lime
5 years. Tinted areas indicate the range of possible values due to range
of estimated system costs and performance. Energy price 3.5
ccnts/kWh (1.0 ccnts/kBtu) is indicated for comparison. This
corresponds approximately to 1991 heavy oil and propane prices. The
diagram shows that even for the "worst case" calculations the CSE falls
below the assumed energy cost at fumacc sizes above around 30
tonnes/hour.

Production mix and general production control: a flexible and
varied production requires larger operator skills and makes
automatic control more favourable. Production may include
mixed hot and cold charging and variations in target
temperatures.
Furnace design determines controllability both for manual and
automatic control: most important is the division into thermally
insulated zones.
Existing manual operating practices: a knowledgeable and
skilled personnel may operate a furnace quite well making the
relative gain of automatic control smaller.
Possibilities to establish direct communication with process
control and other computers.

Given the same preconditions, investment in a sophisticated
furnace control system may prove more or less economically
feasible due to:

• Analysis in order to integrate the control system into the
particular plant may have been more or less successful13.

• Acceptance by personnel: the users of the system play an
important role for the operation. The design of the user
interface contributes here: attractive information presentation,
ease of use, and possibilities for interaction.

• Follow-up and continuing tuning and refinement of the system
(17).

Potential for efficiency improvement
The analysis above has shown that the fuel cost reductions alone
easily justify the investments for furnace sizes above SO
tonnes/hour. Costs may have been a constraining factor for
investments in smaller plants. However, there is a trend towards
lower prices of computer equipment. Although the computer cost
is only a part of the total system cost — process knowledge,
analysis methods, and program development forming the bulk of
the cost — this trend will certainly make the investment more
attractive. Even more important is the growing need to increase
product quality and production flexibility, which will be a driving
force for investments in advanced control systems for furnaces of
all sizes.

The type of information technology described in this paper has
been shown to be a valuable tool to decrease energy use and at
the same time improve product quality. Operation of steel
furnaces both in Sweden and other countries, e.e.. in Eastern
Europe and in many developing countries, are likely to gain horn
extended use of measurement and control, properly adapted to
each specific plant.
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MEMBRANE CELLS IN CHLOR ALKALI APPLICATION
Dr. K. Lesker, UHDE GmbH

ABSTRACT

The worldwide chlorine/caustic soda
production has reached approximately 40 million
tpy. Despite the stagnation of the chlorine demand
in the western world, e.g., the decline in the pulp
and paper industry, there is still a n overall increase
in production due to the higher growth rates in the
Asian region.

The economical and ecological advantages
of membrane technology have been growing since
its introduction more than one decade ago. The
decision makers therefore not only take the option
for membrane technology in grass root plants, but
increasingly for conversions of diaphragm and
mercury plants.

The single clement design of membrane cells
has especially proven its versatility in order to
fulfill all requirements tor the conversion of an
existing chlor alkali plant.

The worldwide chlorine/caustic soda
production has reached approximately 40 million
tpv. The United States is the major producer with a
share of 28%, Furope with 27%, Japan with 10%
and the rest of the world accounting for the
remaining 35%.

Despite the stagnation of the chlorine
demand in the United States (-3% in 1991) and
Western Europe (-4.5% in 1991) due to icduced
demand for pulp and paper, HVC and organic
chemicals, there is still an overall increase in
production, mainly attrihutahle lr> high growth rates
in Asia.

For the production of chlorine and caustic
soda there are three very different electrolysis
technologies: The mercury process with a high
iiislalicU capacity in Western Europe, the diaphragm
process which is used extensively in the United

States and the membrane process which is being
used exclusively for new membrane plants and for
example in Japan we see that already all former
mercury and diaphragm plants have been converted
to the membrane process.

Distribution of Electrolysis Technology

Mercury
PlAJCCM

Diaphragm
Prrwv*

Membrane
' Process

£ million
TO

World

14

17,5

7,5

39.0

Western
Eiintpe

8,3

3,2

1,0

12.5

North
America

2,2

10,6

1.5

14.2

Japan

. / .

1,0

3,3

4.3

Other* |

3.5

2,7

1,7

7.9 1

The economical and ecological advantages
of the membrane process are the primary reasons
for the increase of the market share for this
technology.

First of all we would like to point out the
eoologiral problems, Fven with mortem mercury
plants it is not favorable to reduce mercury
emissions to zero. Most diaphragm plants use
substantial quantities of asbestos, which is a cause
for concern due to its long-term toxic effects.

For production of 50% caustic soda solution
the membrane process is far more economic.
Comparing the power consumption's the mercury
process uses almost 2800 kWh/t NaOH-100%.
diaphragm process 3200 kWh/f, whereas the
membrane process only uses 2150 kWh/t.

These advantages towards the membrane
technology leaves tor us, as a major supplier of
membrane electrolysis plants, a great potential of
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conversion projects, even though there is a
stagnation in the worldwide chlorine demand.

The invention of the per fluorinated
membrane dales 30 years age. Since then a lot of
research has been performed to reach an
economical, commercial chloralkali industry:

1962

1968-72

1073-75

1975

1980-83

Invention of the per fluorinated ion
exchange membrane

Development of the membrane
process

Test in pilot cells

First commercial plant

Membranes for > 30% of NaOH

1981 First conversion of a diaphragm plant

In a membrane chloralkali cell the
membrane is suspended between the anode and
cathode electrodes. The anode compartment with
depleted caustic soda (29%). The ion exchange
membrane is a separator, preventing a mixing of
caustic and hydrogen with the brine and chlorine.
It only allows the Na+-ions plus a certain quantity
of water molecules to pass from the anode into
cathode chamber. Cl'-ions separate at the anode to
form Cb-gas. whereas HT is formed at the cathode.

The actual parameters of a modern
cliluralkali plant are 90", 32% caustic and current
density of 3-4 kA/m^. The stability of
fluorocarbon polymers is so great that chemical
degradation will not be a cause of membrane
failure.

A major source of performance decline is
the accumulation of solid impunties. Impurity
accumulation of 0.1 -1 % by weight is usually
enough to cause significant loss of performance.
Looking towards the mass transport (200-250
kg/m^/day) it becomes obvious that impurities, —
especially cations, which the membrane cannot

reject have to be very low, e.g., Ca/Mg < 50
ppb.

Sources of contamination in the chloralkali
cells are originated from sail (e.g., Ca, Mg, S04,
Al, I), water and the used hardware.

To prevent the electrolysis from any
impurities and to ensure a long reliable production
is the main skill for us, UHDE, as a supplier and
contractor of membrane plants.

There are two possible electrical
arrangements of elecfrolyrers in a cell house: the
so called bipolar and the monopolar design.

Using the inonopolar arrangement element!)
are connected in parallel. These plants use low
voltage and high amperage rectifier. Due to the
parallel connection it is necessary to distribute the
high current 4kA/m^ from each clement to each
element. This distribution can only be realized by
using a high amount of copper.

An alternative is the so-called bipolar
arrangement. Here the elements are connected in
series.

The current, up to 11 kA, passes from the
cathodic back wall of one element to the anodic
backwall of the subsequent element.

Due lo the eliminated problem of current
distribution large membrane surfaces up to im*- are
chosen. Up to 120 elements and more can be
arranged in series with a production of > 45 tons
of caustic per day and per clcctrolyzcr. The
rectifier is more economic by using low amperage
and high voltage.

As already mentioned above a major
potential for future membrane plants will be the
conversions of mercury and diaphragm plants.
Therefore it is necessary for a contractor to fulfill
the following requirements for an optimal
conversion:
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Reuse of existing cell room

Reuse of existing transformer/rectifier

Maximum reuse of the existing systems, e.g.
the brine system

Minimum space requirement

Minimum production loss during
conversions

Low investment costs for:

• Electrolyzer bypass switches
• Busbars
• Cell room piping
• Instrumentation

For a diaphragm conversion the
ciecltoly/ers arc designed tu meet ihc requirements
of the existing rectifier.

The chlorine and hydrogen treatment can be
reused with minor modification, existing blowers
are not necessary, because of elevated cell pressure
using the a.m. technology.

The caustic circuit is a totally new
installation. For each conversion we endeavor to
reuse existing caustic concentration units.

Three rectifiers with 116 kA each and 225 V
feed 48 mercury cells. They were step by step
exchanged by 24 electroiyzers comprising 64 single
elements per electrolyzer-size 2,7 m .̂ Each of the
rectifiers is now supplying 8 electroly/ers. The
conversion of the plant happened according to the
following lime schedule:

First conversion phase:
48 Hg-cells running
* basic and detail engineering
• procurement cells and other equipment

• election of busbar bypass and other
equipment

Second conversion phase:
short shutdown
• removal of 16 Hg-celis

Third conversion phase:
32 Hg-cells running
• erection or cell racks
• pre commissioning

Fourth conversion plia.se:
short shutdown
• connecting of piping and busbars to

existing systems

Fifth phase of conversion.
24 membrane electroiyzers in operation
• start-up 1 1/2 years from contract

becoming effective
• removal of remaining Hg-cclls

The space requirement of Ihe final
membrane plant was only 33% of the original.

The membrane technology lias proven thai it
is the right economical and ecological way for the
future chloralkali production. It is still a co-
prodnction which supplies two different markets. A
situation which can be slightly change by
implementing the old technology of caustification.
but due to the availability of natural soda ash and
the higher prices for the alkali product it leaves
only a restricted market share.

246



CONVERTING PETROLEUM COKE TO ELECTRICITY

by

Anthony Pavone
Senior Consultant
SRI International

Menlo Park, CA 94025

ABSTRACT

Changes in oil refining technology and economics
are driving refiners to utilize thermal processes
to maximize the conversion of heavy crude oil
components to clean products. Since the primary
unit operation to accomplish this objective is
the coking unit, more cokers are being built, and
existing cokers are being operated to maximum
capacity utilization.

SRI recently completed an assignment for a
refiner interested in converting the by-product
fluid coke from his unit to electricity. This paper
presents the operating history of US based plants
converting petroleum coke to electricity, and
presents generic economics for the conversion
process utilizing the three primary technologies
available: conventional pulverized coke
combustion, atmospheric fluidized bed
combustion, and coke gasification combined
cycle power production.

BACKGROUND

Worldwide petroleum coke production is
approximately 100,000 MT/D, and the US
contributes 80% of this total. As crude oil
quality deteriorates, and the market for residual
oil becomes less profitable due to increasingly
stringent air quality emissions, the incentive to
upgrade resid to clean products will be captured
principally via more coking. Although 3 basic

coking technologies are practiced (delayed
coking, fluid coking, and Exxon flexi-coking),
over 90 % of US coking capacity is associated
with delayed coking.

Where is the by-product coke from these units
going to go? Petroleum coke has an energy
content 50% higher than coal, but also contains
many undesireable components such as sulfur and
heavy metals. Not only do these constituents
detract from the potential for combusting this
fuel, but the potential for heavy metal leaching
from rainfall has resulted in the EPA designating
coke as a hazardous waste, thereby limiting the
range and increasing the cost of possible storage
and disposal options.

Approximately one-third of the petroleum coke
produced in the US is calcined in rotary kilns and
converted to a premium grade that can be used as
electrodes for aluminum production. The balance
is ultimately combusted as fuel. We say
ultimately, because there currently exists a few
mountains of coke waiting for an economically
preferable ultimate disposition. Although most
of the coke is combusted domestically, some is
exported to fuel markets in the Pacific Rim.

The ideal combustion environment for petroleum
coke is a cement kiln, where the alkaline
components in cement will absorb the sulfur
released by the coke during combustion, and
thereby eliminate the need for costly scrubbers.
However, this market disposition is saturated,
forcing the balance of the coke to find a
combustion medium equipped with the pollution
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abatement facilities required to meet current
ambient air quality standards. Some of the
exported coke may be combusted without
controls in third world countries that currently
do not have adequate environmental air discharge
regulations to prevent significant pollution, but
this option will disappear in time.

PETROLEUM COKE CHARACTERISTICS

Petroleum coke is the highly carbonaceous
remains of heavy crude oil fractions that have
been subjected to severe temperature in order to
drive off the much higher value lighter fractions.
Beside containing the remains of the heaviest
hydrocarbons, the coke concentrates all of the
crude oil impurities that are not driven off by
severe temperatues that are well above 1,000
degF.

As such, petroleum coke is a hard, gritty solid
material. Nearly all of the hydrogen-containing
molecules have been driven off. Nearly all of the
non-volatile sulfur in the original crude oil has
been concentrated in the coke. All of the non-
volatile inorganics are also concentrated in the
coke, contributing to its ash content. Lastly, the
high nickel and vanadium content of crude oil has
also been concentrated in the coke, contributing
to heavy metal leaching concerns.

The following represent typical physical
analyses of the fluid coke from 2 refineries that
was evaluated in our assessment.

FUEL COMPOSITION
REF#1

14.6
93

1.53
0.56

2.41
1.91
0.50

REF#2
15.0

92
2.00
0.25

3.00
2.50
0 60

HHV
Wt %
Wt %
Wt %
Ash
Wt 7c
Wt %
Wt %

(k-BTU/LB)
Carbon
Hydrogen

, Sulfur
Nitrogen
Moisture

As shown above, the material has a significantly
higher heating value than most bituminous coals,
but unfortunately also has high sulfur and
nitrogen content. Ash content is relatively low

compared to coal, but much of it is in the form of
heavy metals. Due to the severe thermal
environment in which petroleum coke is formed,

there is very little volatile combustible material
in the coke. This requires careful combustion
firebox and ignition design to assure that a
stable firebox flame is produced, and sustained.

PETROLEUM COKE COMBUSTION EXPERIENCE

Despite its high energy content, the other "bad
actors" in petroleum coke have prevented its use ir
more combustion dispositions such as utility powe
generation. One might guess that coke would be an
attractive alternative to most forms of steam coal
but operating experience blending coke with coal
has not been good. The severe thermal processing
used to create coke results in it having very hard
and gritty physical characteristics. Since most
steam coal is first pulverized before being fed into
the boiler firebox, pet coke has a history of
destroying ball mills, rod mills, hammer mills, and
other size reduction equipment in utility power
plants. The absence of volatiles in pet coke,
especially as compared to soft coal, has also
created flame stability problems for both initial
ignition, and sustained ignition. Lastly, ash
deposition in the form of slagging on heat transfer
surface walls has sometimes been a problem in
utility scale boilers.

When these physical problems are combined with
the environmental liabilities of high sulfur and
heavy metals content, utilities are reluctant to buy
coke at any price.

CURRENT FUEL PRICING

In large scale combustion applications, pet coke
will compete economically with conventional coat
and nature gas, both of which are currently
experiencing low prices. Pipeline quality natural
gas at the well is selling on average for $1.50 /M-

Btu, while cleaned coal at the mine is under
$1.00/M-Btu. At the industrial or utility scale
burner tip, gas is delivered generally for $2.00-
$2.50, while bituminous coal delivered prices can
range from $1.50 - $4.00/M-Btu, depending on the
distance from the mine to the boiler.

Pet coke competes in this fuel price environment.
Generally, coke is sold at about $1.00/M-Btu at the
burner tip, resulting in a refinery netback of $0.50-
$0.75/M-Btu.
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PURCHASED ELECTRICITY PRICES

Given the relatively low netback for pet coke, and
the problems in storing and transporting it,
refiners are asking whether onsite combustion of
pet coke to make electricity is a better alternative.
In this regard, the cost of converting pet coke to
electricity has to be less than the cost of
continuing to purchase power, for this option to be
economically desireable.

Across the US, bulk purchased power costs for oil
refiners vary tremendously, 'inc. lowest costs are
about 3 c/kwh, and the highest about 7 c/kwh.
Average prices seem to be between 4-4.5 c/kwh.

ON-PURPOSE PET COKE POWER PLANT EXPERIENCE

Although there are not a lot of electricity
producing plants firing pet coke exclusively in the
US, there are a few with notable histories. Two
major plants that utilize adaptations of
conventional pulverized coal technology are the
power plants operated by Star Enterprises
(formerly Texaco) at Delaware City and the AES
Plant burning Lyondell's coke (previously Arco) at
Channelview. A standard 20 MW size atmospheric
fluidized bed system developed by Combustion
Power Corp (Menlo Park, CA) is used in 6 California
power projects: one is adjacent to Mobil's Torrance
refinery, while the other 5 operate in suburban San

Francisco firing coke from the nearby Tosco and
Exxon refineries.

In addition to these operating plants, several more
on-purpose pet coke power plants are in various
stages of development. Gulf States Utilities has
teamed up with Cities Services to build 2 parallel
100 MW fluidized bed cogen units at Lake Charles.
Exxon is evaluating a fluid bed unit for Billings, and
Star Enterprises has decided to build a Texaco coke
gasification, combined cycle plant at Delaware
City.

TECHNOLOGY COMPARISONS

The 3 major technologies available for converting
pet coke to power are:

• Modified pulverized coke combustion
• Atmospheric fluidized bed combustion
• Coke gasification, combined cycled power

A pulverized coke unit would combine many of the
features of a conventional pulverized coal unit,
with additional features that address the specific
physical and chemical characteristics of pet coke.
The coke would be processed through a size
reduction unit, to proably minus 80 mesh, and
blown pneumatically into the firebox.
Supplementary fuel (10%) would be necessary to
ignite the process, and be required continuously to
maintain flame stability. Firebox temperatues
would average 2000-2500 degF. Air would be
introduced at several different stages to create a
lean-burn environment minimizing the formation of
CO and NOx. In addition, a catalytic de-NOx unit
using ammonia or urea would be needed to meet NOx
criteria in many areas of non-attainment.
Conventional wet scrubbing would remove 90% of
the sulfur oxides. Paniculate removal (probably an
electrostatic precipitator) may be required
upstream of the scrubber to reduce solids loading,
and particulate removal would be necessary

downstream of the scrubber (probably a fabric
filter) for final solids removal. The environmental
facilities constitute approximately 35% of the
total capital cost, reduce overall heat rate by 1-
5%, and incur significant operating costs.

An atmospheric fluidized bed unit uses a bubbling
or circulating bed of alkaline solid (lime or
limestone) to absorb sulfur oxides released during
combustion. This eliminates the need for scrubbers
and the heat rate penalty associated with them, but
requires more alkaline material than scrubbers. We
have assumed that 10% supplementary fuel would
be required to ignite and maintain combustion,
although some vendors indicate that this has been
unnecessary in practice. Combustion temperatues
are relatively low at 1600 degF, reducing the
production of both CO and NOx. Catalytic de-NOx
facilities will probably still be required, and an
elaborate particulate removal system will be used
to both recirculate fines from the fluidized bed,
and remove \or final disposal the particulates that
would otherwise exit the stack. Due to the
fluidized bed and the higher firebox residence time,
coke particulates need not be size reduced to the
same extent as required by a pulverized unit.

A coke gasification, combined cycle power unit
partially oxidizes the coke feed in a medium
pressure (250 psig) slagging gasifier that
introduces both oxygen and steam. The reaction is
designed to convert coke to a synthesis gas mixture
of CO ana H2. Sulfur in the form of H2S is removed
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chemically in a downstream treatment unit, as are
other impurities. The treated synthesis gas is then
fed to a combustion turbine for power generation.
The combustion turbine exhaust, usually at 1000
degF, flows through a heat recovery steam
generator. The steam produced is then expanded
through a condensing steam turbine to make
additional power.

The principal licensors of coke gasification,
combined cycle power technology are Texaco
Development, Shell Oil, and Dow-Destec.

COMPARISON OF ENERGY PERFORMANCE

One major criteria for comparing the 3 powers is
the efficiency with which they convert the coke to
kilowatts. The most common industry standard for
this measurement is net heat rate, based on coke's
higher heating value. Our assessment of industrial
scale units is as follows:

Heat Rate
fBtu/kwh)

10,400 Coke gasification, combined cycle
11,500 Atmospheric fluidized bed
11,700 Conventional pulverized coke

The above numbers include complete thermal
system parasitic power requirements, assume 39%
steam turbine efficiency, and 30% combustion
turbine efficiency (higher heating value basis). In
the coke gasification case, the heat recovery steam
generator is assumed to be unfired, with an HRSG
efficiency of 51%.

SYSTEM AVAILABILITY

For both the atmospheric fluidized bed case, and
the coke gasification, combined cycle case, we
have assumed a 90% system availability vs 85% for
conventional pulverized coke combustion. The
higher value has been amply demonstrated by the
Combustion Power Units, and by commercial
gasification systems producing syngas for
chemicals. We do not anticipate a major system
availability debit for adding an industrial-scale,
base loaded combustion turbine such as a GE Frame
7 or 9, Westinghouse 501D, or Brown-Boveri Type
11. The primary source of the availability debit for
the pulverized coke system is the wet scrubber,

which still encounters internal scaling and
plugging problems despite 20 years of commercial
experience in the power generation business.

ENVIRONMENTAL PERFORMANCE

For the systems described above, the coke
gasification, combined cycle unit provides the best
potential for environmental compliance. For this
technology, we anticipate 99.9% solids capture,
99% sulfur removal efficiency, and 99% efficiency
for CO and NOx removal. This is equivalent to stack
gas discharges of 0.18 ppmw for particulates, 7.7
ppmv sulfur, 9 ppm NOx as NO2, and 25 ppmv CO.

The next best performer is the atmospheric
fluidized bed technology. We anticipate 99.5%
solids removal, 92.5 % SOx removal, and 90%
efficiency for CO and NOx.

The corresponding values for a pulverized coke unit
with scrubbing, catalytic de-NOx, and multi-stage
combustion are 99.5 % particulates removal, 90%
SOx removal, and 90% removal of CO and NOx.

CAPITAL COST COMPARISON

We estimated the total erected cost, in 1991
dollars, for building a grass roots power generation
facility burning 1,000 metric tons per day of fluid
coke, for each of the technologies. The results are

CAPITAL COST
($M)

208.5 Atmospheric fluidized bed
248.7 Pulverized coke
195.0 Coke gasification, combined cycle

Since each of the technologies has its own
efficiency, another way to compare capital costs is
in terms of $/kw. On that basis, the results are:

($ cap/kw)

1627 Atmospheric fluidized bed
1971 Pulverized coke
1890 Coke gasification, combined cycle

The apparent disparity between heat rate and
efficiency for coke can be explained by the
supplementary fuel we have assumed would be
required in the fluidized bed and pulverized coke
cases, but not in the gasification case.
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We have reviewed these capital costs with a
number of companies in the independent power
production business. Most feel comfortable with
the fludized bed and pulverized coke numbers, but
believe we understate the cost of the gasification
system. Given the lack of industrial experience
with gasification systems, we suggest that detail
design and cost guarantees be provided by
gasification vendors, if their technology is chosen
for specific field applications.

TECHNOLOGY TRADEOFFS

Determining which technology should be selected
for a particular application is not easy. Pulverized
coke systems appear very competitive with
fluidized bed systems until one demands equal
environmental performance. Our numbers were
based upon California requirements, which are
stricter than the new Clean Air Act. In the absence
of such stringent requirements, pulverized coke
units may be the technology of choice. However,
with our basis, atmospheric fluidized bed systems
were economically preferable. In addition, disposal
of scrubber sludge vs dry solids becomes a key
sensitivity if they are labelled as hazardous solid
waste.

To date, large single train pulverized coke units
can be ordered, while fluidized units can be ordered
in modules up to about 100 MW. As a result, single

train pulverized units do achieve economies of
scale in larger sizes (above 100 MW).

The big question mark is coke gasification,
combined cycle units. Although conceptually
complicated as chemical process units, when
compared to simple combustion systems,
gasification systems are much smaller than
comparable output combustion systems because of
the higher pressure in which they operate, and the
size efficiencies associated with combustion
turbine power generation. Lastly, there are
considerable questions as to whether coke
gasification, combined cycle units can be purchased
and guaranteed for the capital costs that have been
claimed by licensing vendors.
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