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Professor Amnon Rubinstein,
Minister of Energy and Infrastructure
May 1993

Dear Colleagues,

The early years of this decade have ushered in a new era — where the liberalization of ideas
and feelings of goodwill have opened closed doors and brought side by side with a
regrettable return to nationalism and tribalism in Europe, a spirit of cooperation and
interaction that could only be dreamed of a few years ago. The openness and friendship
between Russia and Israel belong to this miraculous realm.

Such a unique situation poses unique questions. How do modern societies set their goals?
How do they build stable local economies while establishing strong and mutually beneficial
relations with other nations in the world? Tomorrow's society will rely on the decisions we
adopt and the technologies we develop today. In this transition period it is important to
identify reasonable goals, to compare the options and to create new industrial opportunities
for the future.

Israel and the Republics of the former-USSR share many common concerns — how to
stimulate development, encourage industrial activity, utilize available manpower, attain a
higher standard of living and preserve the ecological balance. Energy offers a fertile field for
cooperation — it covers a wide spectrum of resources and involves numerous innovative
technologies.

The people of Israel and the peoples of Russia and the Republics of the former-USSR
have shared many chapters in history and have a common bond of language and culture,
recently strengthened by the influx of new immigration from the C.LS. to Israel. The bonds
of the past enable us to build together for the future: to expand scientific and industrial
cooperation and join efforts to attain common energy goals — the search for clean,
renewable energy sources, better energy products and new energy utilization methods.

The first Israel-USSR Energy Conference focused on issues of research and development
as a springboard for advanced scientific and technological collaboration. The establishment
of a framework for joint energy research enables the free exchange of knowledge and hope-
fully creates opportunities for industrial activities beneficial to both sides.

The Republics are among the world's largest producers of oil and coal. Israel, in contrast,
imports 97% of its total energy requirements, three quarters of which is oil. Coal also plays
an increasingly important role in Israel's energy supply and today accounts for more than
hah7 of the electricity generated in the country. Russia and the fuel-producing Republics
could become a stable source of Israel's fuel supply. Long-term fuel supply agreements, as
well as joint oil exploration ventures in the oil-rich regions of the Russian Federation and the
Republics, could be negotiated.

Both sides have much to gain from the exchange of ideas, joint research projects and
bilateral trade agreements. I am confident that the vast knowledge and experience housed in
our countries will lead to achievements in research and development and bring mutual
benefits, reinforcing relations between our nations and peoples.
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INTRODUCTION

AMNON EINAV

Chief Scientist, Ministry of Energy and Infrastructure, State of Israel
June 1993

The first Israel-USSR Energy Conference that took place in Beer-Sheva in May of 1991,
maintained a high standard of professionalism and involved its participants in important and
profound discussions. The serious and vigorous scientific debates could not submerge the
deep undercurrents of the great common heritage and the long history of interaction between
the Jewish people in their homeland and the people of the Republics of the former-USSR.

This was a meeting between scientists and engineers from one of the smallest and one of
the largest countries in the world. Despite this "imbalance," the participants met in a spirit of
international cooperation and mutual interest in scientific and technological interaction that
transcended the limitations and disadvantages of size. The content and caliber of the articles
presented here demonstrate this.

The most significant deliberations of the Conference dealt with the energy issues
confronting the participating countries and the world as a whole: solutions to current energy
problems and the replacement of finite energy sources with renewable and clean resources.
It is relevant to mention here the impressive presentation on the prospects of nuclear power
in the former-USSR following the Chernobyl accident presented by N. Ponomarev-Stepnoy
and V. Asmolov of the Institute of Atomic Energy, summarizing the perceptions on this
critical issue.

Israel, poor in fossil fuel resources and producing all its electric power using imported
coal and oil, has a history of research and development of alternative energy sources. Of the
three clean and renewable energy sources — sun, wind and water — Israel is blessed with
clear skies and many days of sunshine, which provide an average insolation of about 4,500
Kcal/m2»day. Back in 1945, before the founding of the State of Israel, the idea of a solar
pond was conceived. In 1955, following the establishment of the State, the National Physics
Laboratory was established under the auspices of the Office of the Prime Minister. One of
the aims of this laboratory was to promote the utilization of solar energy. That same year
Israel exhibited a commercial solar collector at a major international conference. In 1957,
the National Physics Laboratory began the development of a unique solar turbine, using an
organic fluid as its medium. A year later an industrial project was created to produce solar
collectors with selective coatings, a unique system at that time. Since those early days of
solar energy research, Israel has maintained its avant-garde position in solar energy
development and utilization. Israel now possesses two solar test sites, a medium temperature
test site at the Ben-Gurion University of the Negev at Sde Boker and a high temperature test
site at the Weizmann Institute.

Although the Republics are considered northern states, the southern parts have relatively
good insolation. A program for exploiting solar energy was therefore initiated under die
former-USSR Academy of Sciences. This program is now being reviewed under a joint
project of the Israeli-Russian Energy Research Laboratory, inaugurated following the
Beer-Sheva Energy Conference.



Other alternative resources of common interest also can be investigated. Israel, as well as
the former-USSR, has deposits of oil shales of various grades. Israel has developed
methodologies for the utilization of its oil shale in parallel with those used in the
former-USSR. A joint project now is being defined.

We were convinced, following interaction with the Conference delegates, that certain
activities in the field of renewable energy sources can be commonly pursued. These
elaborations will be, we hope, rather fruitfully carried out and should be located in both
countries for a number of years to come.

It is a global objective to search for clean and renewable energy sources due to the
mounting hazards to the environment resulting from the combustion of fossil fuels. The
Republics and Israel can join forces in developing energy utilization methods that will help
preserve the ecological balance of our planet. The Republics are rich in natural resources and
land; they possess an advanced scientific and technological community and infrastructure.
Although Israel is small and has almost no natural resources, it supports an inventive
scientific community, knowledgeable in the many facets of energy. The Conference was
therefore a good beginning for the joining of two great human resources.

The Republics can, of course, boast of considerable achievements in the fields of
providing electric power to a vast land mass, in fuel production and in many innovative
power production ideas. The installed capacity of electric power plants in the Republics of
the former-USSR totals about 300 mln kW, 70% of which are produced by thermal power
plants; slightly more than 10% in nuclear power plants and the rest mainly by hydroelectric
power plants. In connection with thermal power, it is worth mentioning the construction of
fossil fuel fired electric power plants with units of 300,500 and 600 MW, which are fed by
coal, fuel oil or natural gas. The nuclear power plants of the former USSR are of various
designs, mainly VVER and RBMK type reactors. On the subject of nuclear power, the
participants were informed about the present state of VVER water-water reactors and
expected improvements. The development of nuclear fast breeders, some of which have
been operating successfully for a period of time, was also discussed. All the energy
produced in the Republics is a result of an indigenous engineering and industrial heritage.
An outside review of those systems, and the interaction that will follow, could lead to better
energy products and enhanced industrial activities.

The Republics are among the world's largest producers of fuel: oil, natural gas, coal and
oil shale. In this respect, the questions of extraction and processing assume considerable
importance. Due to time constraints and the preliminary nature of this first Conference, we
paid relatively little attention to these problems. I hope that in the meetings that follow these
issues will be addressed in depth. Our colleagues from the Republics have stressed that the
establishment of the Israeli-Russian Energy Research Laboratory is a preamble to a fruitful
collaboration.

The minutes of the Conference show the significance and the importance attached to the
exchange of theoretical and practical aspects of the issues. I am confident that the perusal of
the papers presented at this first Conference will serve both the interests of the people
involved in the field of energy research as well as those involved in policy making.

On behalf of the Ministry of Energy, I also would like to thank the Moscow International
Energy Club and especially Prof. A. Scheindlin for their help in organizing the First Israel
— former USSR Energy Conference.

I would like to thank the many participants who made this Conference a success, and
especially Ms. Sophie Zamkow, who labored tirelessly to organize the many reports and
papers into their present form, and, last but not least, the organizing committee and Mr. Y.
Yurborsky, who handled the day-to-day details of the Conference so eloquently.
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OPENING REMARKS

URIWURZBURGER

Former Director-General, Ministry of Energy and Infrastructure, State of Israel
May 13,1991

Academician Prof. Scheindlin, Chairman of the Organizing Committee, very distinguished
guests from the USSR and dear colleagues from Israel, on behalf of Prof. Yuval Ne'eman,
die Minister of Energy and Infrastructure, I am pleased to welcome you to the first Israel -
USSR Energy Conference.

I am honored to address this august assembly which marks a historic milestone in the
implementation of the Agreement between the Government of Israel and die USSR
Academy of Sciences. The Appendix signed between the Ministry of Energy and
Infrastructure and the Academy on November 21,1990, states that "a Joint USSR Israel
Seminar will be held within a year on energy related subjects." Here we are, six months
later, holding this seminar, with a list of distinguished participants, which it would be
difficult to surpass in the fields to be discussed, anywhere in the world. May you finish all
your joint projects as successfully - in half the time allotted!

Israel celebrated yesterday Jerusalem Unification Day. Twenty-four years ago the divided
city of Jerusalem was reunited. It was an unbelievable event. No one had dared to think that
the dream of a united Jerusalem would be realized. And who would have believed two years
ago that a bilateral seminar between the USSR and Israel would take place. Yet, here we are.
I hope it will be to the benefit of our two nations.

This is the first concrete result of our agreement. Rather than concentrate on one specific
subject, therefore, we are covering a wide field of topics of common interest I have no
doubt that this will arouse a desire in all concerned to embark on cooperation in several of
these fields in depth, both in joint research and development and in the following stages of
pilot project, demonstration plant and industrial undertaking.

We shall be discussing electric power. We are constantly experimenting with different
fuels, bearing in mind that pollution cost has to be included in any equation. Damage to the
ecology, or reduction of such damage, can be translated into dollars and cents, or should I
say roubles and kopeks, and calculated as an additional cost or saving. The effect of ignoring
this factor has universal implications.

As you know, Israel is poor in conventional energy sources, such as coal, oil and gas, but
we have made significant progress in the R&D of low grade oil shale as a fuel through direct
combustion. The Soviet Union has much richer shales. It has pioneered in reprocessing oil
shale into some 60 valuable raw materials and products, in addition to oil and gas. These
technologies, in as far as they may be applicable to the low grade shale available to us, could
make all the difference as to the economic feasibility of its exploitation.

In solar energy Israel has a certain edge. When cheap oil stopped solar energy
development in all the world, it continued in Israel. We can offer two excellent facilities for
R&D, the Ben-Gurion Center for Experimentation in Solar Energy Technologies in Sde
Boker and the Solar Tower in the Weizmann Institute of Science. Luz International Ltd.
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produces some 95% of the electric power produced in the world today by solar energy.
Ormat Turbines Ltd. has experimented successfully with solar ponds and, as you may know,
has been active for years in the USSR. More than 1000 Ormat turbines are operating in the
USSR. Solar panels for heating water provide Israel with 3-4% of its total energy needs.
High temperature solar energy has also important applications in space.

One of our important chemical plants is based on solar energy. We are producing 1.2
million tons of potassium chloride a year by evaporation of the Dead Sea brines.

Nuclear power, though feared by many, will have to provide an important portion of our
energy basket Insufficient security in operation, can, as we know, have catastrophic results.
But it does not release CO2 into the atmosphere which causes the greenhouse effect. For
worldwide confidence to be restored, there are solutions which greatly reduce the dangers
and bring us ever closer to building reactors that are virtually accident proof. With some of
the most brilliant nuclear scientists participating, I am sure we will hear much that is thought
provoking. When we build our reactor, we hope it will be an example for others to follow.
We would never, particularly in our general security situation, consider constructing a
reactor that could be described as less than totally safe. In this we are ready to cooperate
with all who hold the world's future dear.

The seminar will include sessions on alternative energy sources and the environment, gas
turbines, MHD systems, high temperature superconductors and open discussions on the
problems discussed. We have still not achieved a break-through in MHD systems, but when
we do, with their high efficiency of energy conversion, world-wide energy conservation will
be significant.

The solution to energy storage problems by HTS can greatly enhance the performance and
lower the costs of renewable energy power production.

It is due to such cross fertilization of ideas, made possible by modern communications,
that scientific progress today is achieved in decades, where previously it took centuries.

May your deliberations bring benefit not only to our two countries, but to all mankind.

/ wish you a fruitful seminar.

IV



GREETINGS

PROF. ALEXANDER SCHEINDLIN

USSR Academy of Sciences
May 13,1991

Ladies and gentlemen,

It is a great pleasure for me to speak at the first Israel-USSR Energy Conference. I hope this
conference will be of great significance for further closer Soviet-Israeli cooperation in the
field of energy which will be beneficial for both countries. In accordance with the recent
agreement between the USSR Academy of Sciences and the Ministry of Energy and
Infrastructure of the State of Israel, we have worked out a certain program for cooperation,
and our conference is a most welcome manifestation of such collaboration.

The Soviet Union can boast of considerable achievements in the fields of electric power,
fuel production and processing. The papers we shall hear at the conference will enable our
Israeli colleagues to have a better understanding of the many particularities of energy
development in the USSR, with the progress and the drawbacks in this sphere.

I should primarily emphasize the extent of electric power in the USSR. The installed
capacity of electric power plants totals about 300 mln kW, 70% of which are produced in
thermal power plants; slightly more than 10% in nuclear power plants and the rest mainly in
hydroelectric power plants. Nearly all the energy produced in the USSR is due to our
scientific engineering and industrial potential. In connection with thermal power, it is worth
mentioning the immense construction of electric power plants with units of 300,500 and 600
MW. These units are quite secure and they can operate not only with refined fuel and natural
gas, but also with various coals, including low grade.

Referring to nuclear power, I would like to mention VVER water-water reactors with unit
capacity of up to 1000 MW and extremely interesting and promising elaborations of fast
breeders, some of which have operated successfully for a period of time. Discussions of
nuclear power problems always cause us to remember the tragedy our country suffered at
Chernobyl. The RMBK reactors installed at the Chernobyl NPP have undergone
considerable upgrading after the accident, but at present we have no real intention to use
reactors of this type in the near future.

We have huge hydropower potential. Great cascades of powerful hydroelectric plants have
been constructed in our country. Their proper operation allows in many cases leveling
electric loads in the country's electric power systems.

Combined generation of electric power and heat at thermal power plants is extremely
well-developed in the USSR which is obviously beneficial for the rational use of fuel. Such
power plants have 250 MW units that allow supplying heat to huge residential areas.

Establishment of the unified electric power system covering vast territories of the country,
from Europe in the west to the eastern regions is really essential, thereby ensuring the
required electric power redistribution and more rational use of available capacities of
thermal power plants, operating in conjunction with nuclear and hydropower plants.

We are witnessing certain activity in the field of renewable energy sources, in particular,



solar and wind energy. These elaborations have been rather fruitfully carried out in various
regions of the country for a number of years. You will receive detailed information on this
issue from one of the papers presented at the conference.

Our country is one of the largest producers of fuel: oil, natural gas, coal and oil shale. In
this respect the questions of extraction and pi xessing assume considerable importance. We
will pay relatively little attention to these problems at the conference, because, obviously,
only oil shale is of interest to your country. We have prepared a special paper for the
conference representing our rather extensive experience in the field of oil shale. The task of
this conference is not only to inform on what is going on in our respective countries but also
to formulate possible ways of appropriate scientific and technological cooperation based on
the acquired information. One such way has already initiated. You know that yesterday we
signed an agreement for establishing a Soviet-Israeli Laboratory on energy research, and in
this context, I should emphasize the important role of the Ben-Gurion University of the
Negev, which will serve as a base for the Israeli part of the laboratory. Professor Branover
has been appointed to be the head of the Israeli part. He has really done much to promote the
establishment of this and to ensure that our conference takes place. The Soviet part of the
joint laboratory will be headed by Prof. Talrose, the corresponding member of the USSR
Academy of Sciences.

Efficient and timely organization of the conference became possible thanks to voluminous
work done by the Ministry of Energy and Infrastructure of the State of Israel, its minister,
Prof. Ne'eman, and also its Chief Scientist Mr. Einav; by the Ben-Gurion University of the
Negev headed by President Braverman, and by Prof. Branover. I must thank the USSR
Academy of Sciences and the Moscow International Energy Club for their effective activity.

Let me wish all the participants of the conference fruitful work and hope tor further
development of the Soviet-Israeli collaboration.

VI
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Session 1 — Electric Power Systems

ELECTRIC POWER SYSTEMS*

M.KACZ

Director General, The Israel Electric Corporation

• In electric power systems, all consumers and
energy suppliers are interconnected in one system.
Any instantaneous change in the demand has to be
met by a corresponding change in supply. Any
imbalance between demand and supply results in
changes in the frequency, voltage or stability of the
system.

Most electric power systems serve large
geographical areas, in which the economic and social
development of the area depends to a large degree on
the ability of the power system to meet the demand at
any time. This unparailelled connection between
consumer and supplier places an enormous
responsibility on the management of the power
company.

No pure economic considerations can apply, as
could be expected in the relations between buyer and
supplier in other common fields.

• Modern industry needs a reliable and low-cost
electricity supply to compete efficiently. Most
industries also can differentiate between quality
requirements of their consumers and supply products
with various qualities.

In power systems, all consumers are
interconnected, so the system has to be designed,
built, operated and maintained according to the
highest quality and reliability requirements, even for
a part of the consumers. To meet such high
requirements there is a need to distribute the basic
cost associated with it among all consumers, even
those who could supply products with lower
qualities.

• The consumer in a specific geographic area
cannot enjoy the advantages of competition, even if
interconnections between neighboring power systems

are possible. Once the geographical borderlines are
drawn, consumers cannot choose their suppliers.

• The planning horizon of the industry usually
extends 5-10 years. Any new product must be
brought to market as soon as possible, and its
commercial lifetime may be quite short, depending
to a large degree upon the competition.

Power system elements are designed for a lifetime
of 30-40 years, so the electric power industry has to
plan at least 10-15 years ahead. A decision between
alternatives for the long-range development of the
system may require even 30 years of planning ahead.

In addition, difficulties in the siting of power plant
transformers and switching stations, as well as
corridors for tie lines and transmission lines, may
require even longer planning ranges.

This places unusual responsibility on the power
industry managers, especially in times when the
uncertain is more prevalent than the certain.
• Planning for such long-range horizons is difficult
and raises the basic question of the technologies to
be chosen. Once again, the problems are numerous
and planning has to be careful, farsighted and
flexible.

• The environmental problems add another
dimension to the decision-making process.
Management has to foresee not only what will
happen in the coming years, but what may be
developed in the future as long as 30-40 years ahead.
• The conclusion is that since power system
elements are designed for lifetimes which are
unparalleled in other industries, long range planning
has to be extremely careful and flexible, taking into
account unforeseen factors.

*Thefull text of the lecture was not submitted by the author.



ELECTRIC POWER DEVELOPMENT IN THE USSR

Y. N . R U D E N K O

Institute of Energy Research, USSR Academy of Sciences, Moscow

ABSTRACT. The generation of electric power in the USSR is based on the Unified
Electric Power System (UEPS) whose networks cover most of the habitable territory of die
country. Therefore, the development of UEPS governs the overall evolution of electric
power generation in die country. At present, eleven out of the thirteen joint electric power
systems, which supply electricity to most of the USSR, are operating within me UEPS. The
total electric power generation in the country reached 1,728 billion kWh in 1990, of which
the UEPS supplied approximately 90%. About 70% of installed capacity of the UEPS is
fossil-fueled power plants, about 12% is nuclear power plants, and about 18% is
hydroelectric power plants. The system-forming grid of the UEPS is made up of
transmission lines of 220, 330, 500 and 750 kV. The on-line supervisory control of the
UEPS is achieved by a four-level automated system of dispatch control (UEPS, joint electric
power system, regional electric power system, electric power plants, substations, electric
grid regions). The development and extension of the UEPS in the USSR ensure higher
reliability and quality of electric power supply to end-users, combined with higher
efficiency. The principal problems facing the UEPS are as follows:

• the need to ensure environmental protection and efficiency of steam power plants;
• the improved safely and efficiency of nuclear power plants.
The solution to these problems will define the conditions of the UEPS development, as

well as electric power systems of other countries, at least for the coming two dww4ri This
paper characterizes the peculiarities of the UEPS development over the last 20 years,
including the installed capacity structure and systems-forming electric power grid. Special
attention is paid to environmental problems related to functioning and development of the
UEPS and to the means of their solution.

INTRODUCTION
The generation of electric power in the USSR is
based on the Unified Electric Power System (UEPS)
whose networks cover most of the habitable territory
of the country. Therefore, the development of UEPS
practically governs the overall evolution of electric
power generation in the country.

It should be emphasized that the Unified Electric
Power System is a single network, which must be
developed according to a single plan allowing
interchangeabilily of different types of fuel
resources, means of production, conversion,
transmission and distribution of electric power. The
operation of the Unified Electric Power System is
managed with the aid of a centralized automated
control system, which operates according to
designated priorities.

The current status, conditions and specific features
of the development of the UEPS over the last 20
years are characterized below. Special attention is

paid to the environmental problems associated with
the functioning and development of the Unified
Electric Power System and to the solution of those
problems.1

STATUS OF THE UNIFIED ELECTRIC POWER
SYSTEM
The basic structural unit in the country's system of
electric power generation is a regional electric power
grid covering, as a rule, one or two regions.
Altogether, there are 106 regional power systems in
the USSR. All the regional systems, with the
exception of the Moldavian system, are incorporated
in 13 joint electric power systems, as shown in
Figure 1. The list of 13 joint electric power systems
is as follows:

• Northwest (Baltic republics and adjoined
Northwestern part of the Russian Soviet Federal
Socialist Republic)

• Belorussia
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Rig"/. " j i Leningrad

V ^ Vologda

\Tuhkent - \

Ashkhabad < tj .DyushanTbe

Yerevan

Vladivostok

Fig. 1. The borders of the USSR joint electric power systems
I. North-West JEPS • 2. Byelorussia JEPS • 3. Ukraine JEPS • 4. North Caucasus JEPS • 5. Trans-Caucassus JEPS
6. Center JEPS • 7. Middle Volga JEPS • 8. Central Asia JEPS • 9. Kazakhstan JEPS • 10. Urals JEPS
II . Tyumen JEPS • 12. Siberia JEPS • 13. East JEPS • 14. Moldova REPS

• Ukraine
• North Caucasus
• Transcaucasia (Georgia, Armenia, Azerbaijan)
• Center
• Middle Volga
• Central Asia (Turkmenh, Uzbekistan,

Tajikistan .Kirghizia)
• Kazakhstan
• Ural
• Tymcn Region
•Siberia
• East

Table 1. USSR electricity demand for domestic needs

Sector of demand 1985

blnkWh

Industry & construction
Transport
Agriculture
Housing & communs! services
Other
Total

823
120
109
229
234

1515

54
8
7

15
16

100

900
140
150
280
220

1690

53
8
9

17
13

100

At present, eleven out of thirteen joint electric
power systems and the Moldavian regional eleciric
power system are operating within the Unified
System. The UEPS networks cover the territory
extending from the Transbaikal Region to the
western borders of the country, an area of about 10
million km2 with a population of about 240 million
people. The joint electric power systems of Central
Asia and the East are not integrated yet in UEPS.

The total electric power generation in the USSR
reached 1,728 billion kWh in 1990, of which
approximately 90% (1,529 billion kWh) was
supplied by UEPS and 8% (161 billion kWh) was
provided by separated regional power systems.

Accordingly, decentralized electric
power supply amounted to about 2%.
The share of the USSR in the world
generation of electric power over the
last 20-25 years is 15-16%. The
structure of electricity demand for
domestic needs is characterized by
the data of Table I.2

Per capita generation of electricity
in 1990 was about 6,000 kWh a year,
which is approximately equal to per

1990

blnkWh %
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capita demand in western Europe, but is half the
demand in the USA.

The electric power systems of 6 East European
countries are operating in parallel with UEPS in the
western part of the country; and that of Mongolia —
in the eastern part UEPS is linked via a DC
converter substation with the electric power system
of Finland, which is incorporated in the joint electric
power systems cf Northern Europe (NORDEL).

The Unified Electric Power System of the USSR
is one of the world's largest networks whose power
is next after only two other such systems, namely,
the combined network of the USA and Canada, and
the West European system.

The total power generated in the USSR was 298
GW in 198S and 329 GW in 1990, respectively:
UEPS supplied 265 GW in 1985 and 292 GW in
1990.

The distribution of generating capacities is given
in Table 2. In the steam power plants (SPP) the share
of gas and liquid fuel is approximately two-thirds;
this is true for both condensing plants (CPP), and
heat-and-electricity cogeneration plants (HEPP).
Well over 65% of the installed capacity in the UEPS
belongs to large-scale power plants with a power of
over 1 GW (more than 60 steam power plants, 13
nuclear power plants and 12 hydroelectric power
plants).

Table 2. UEPS power generation distribution
(in % of total power generated)

Plant Type

CPP
HEPP

Total Steam Power Plants (SPP)
Nuclear Power Plants (NPP)
Hydroelectric Power Plants (HPP
andHPSPP)

1985

40.2
30.2

70.4
10.6
19.0

1990

393
29.9

69.2
12.9
17.9

The UEPS system grid is based on transmission
lines of 220, 330, 500, and 750 kV. In
Ekibastuz-Kokchetav-Kustanai-Chelyabinsk and
Ekibastuz-Bamaul 1,150-kV AC transmission lines
were put into operation.

Construction of the Ekibastuz-Center a 1,500-kV
DC transmission line is under way. The extent of
high-voltage electric grids exceeded 215 thousand
km by the end of 1990, including 184 thousand km
in the Unified Electric Power System.

UEPS on-line supervision and control is achieved
by a four-level automated system (Unified Electric
Power System, joint electrical power system,
regional electric power system, and individual

components, such as electric power plants,
substations and electric grid regions).

EFFICIENCY OF THE USSR SYSTEM
The development and extension of UEPS ensure
increasing reliability and quality of electric power
supply to end users, combined with high efficiency.
This is achieved mainly by mutual assistance
between individual regions in cases of unbalance
between electricity production and demand.

The increase in the efficiency of electricity supply
is achieved due to:

• the reduction of required installed capacity by
lowering the designed reserve capacity (for
emergencies and general overhaul) and by
lowering the combined peak load, due to the
time difference in peak demand between
regional electric power systems located in
different time zones;

• the use of cheaper energy resources from the
centers of electric power consumption;

• an increase in the efficiency of individual
power-generating units, transformers and power
plants;

• an increase in the efficiency of steam power
plants by reducing the amount of fuel required
for power generation and by improving the
operation of hydroelectric power plants within
the system;

• raising the transmission capacity of main
transmission lines;

• reducing the number of operation personnel, and
soon.

Some examples: The required reserve capacity of
UEPS was reduced by approximately 5 GW. The
reduction of UEPS's annual load peak was estimated
as about the same compared with the sum of peak
loads of regional electric power systems. This yields
a savings of 3-5 billion RM in power plants
operation, at the electricity cost of 300-500 Rbl/kW.
However, such a reduction is conditional on the
construction of additional inter-system transmission
lines with a cost of approximately one billion
roubles. Therefore, every rouble invested in the
construction of inter-system transmission lines
yielded a saving of two-four roubles.1

The increase of power plant efficiency by
improving electric power generation in a steam
condensing mode is estimated at 0.26 g/kWh; this
corresponds to combined fuel savings of 277
thousand roubles.*

Additional reduction in fuel consumption can be
attained by:

a. optimization of the combined system

Ms estimated by l.M. Volkenau.
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operation. This can be achieved by increasing
electricity production in hydroelectric plants
using water from storage basins and by
reducing electric power generation in steam
power plants.
According to the the data submitted by the
Central Administration of Supervisory Control
of the UEPS, the annual savings could amount
to 12-15 million Rbl.

b. optimizing the distribution of electric power,
which results in the reduction of transmission
losses.
Increased utilization of main transmission lines
is attained by ensuring reliable electricity
supply to end users under the condition of
minimum (much lower than the rated values)
reserve capacity. In this case, the annual
savings are estimated by the Central
Administration of Supervisory Control of
UEPS at about IS million Rbl.

DIFFICULTIES ENCOUNTERED IN THE
DEVELOPMENT OF THE UEPS
The two principal problems, whose solution greatly
influences the development of the Unified Electric
Power System, much like electric power systems of
many other countries, at least for the next two
decades, are:

• the need to ensure environmental protection and
proper efficiency of steam power plants;

• the improved safety and efficiency of nuclear
power plants.

The development of environmentally acceptable
coal-fired steam power plants calls for:

• the use of new and improved boiler units (with
fluidized-bed combustion of fuel and so on);

• maximum possible cleaning of flue gas and
waste water from harmful materials;

• preparation of various sulfur products and
standard fertilizers using sulfur and nitrogen
oxides recovered from flue gas; utilization of
ash and slag.

In all coal-fired steam power plants with
conventional steam-power equipment, the cleaning
of flue gas from ash must be at an efficiency of no
less than 99.5-99.8%; sulfur and nitrogen oxides
must be eliminated at an efficiency of 80-90%.
Additional investment in a "clean" steam power
plant utilizing low-grade solid fuel is estimated at
70-100 Rbl/kW (approximately 25% of principal
capital cost).

In new and retrofired power plants utilizing gas
fuel, steam-gas plants (SGP) of various types can be
used to great advantage, as well as combined cycles
with upstream gas turbines.3 This can increase the
plant efficiency from 35-40% to 45-50% (and more).

It is also accompanied by reduction of NOX

emissions by a factor of 1.5-2 and of capital cost by
approximately 30%.

Since natural gas is ecologically a much cleaner
fuel than coal, all power plants in urban areas (where
stable gas supply can be provided) must be converted
from coal to gas, starting with areas of most
unfavorable environmental conditions. The available
gas resources make such a program feasible.2

An even more serious problem is the necessity of
improving the safety of nuclear power plants, which
depends primarily on the nuclear reactor safety. In
spite of the measures taken after Chernobyl, the
safety level of the currently employed channel-type
(RBMK) and shell-type (VVER) nuclear power
reactors appears to be clearly inadequate. Therefore,
a series of consistently improving nuclear reactor
designs, which are expected to have a safety level
several orders higher than that of die reactors
currently in use, are under development4 It appears
that a significant increase of the safety level, i.e. the
development of practically safe nuclear reactors, can
only be attained if inherent safety features
(self-protection) are developed.

Since safety of nuclear power generation depends
on the safety level of both the nuclear reactor and
overall plant, the design of the so-called
out-of-reactor part must also be appreciably
improved.

Besides the two main problems discussed above, a
number of local, practical problems of UEPS
development need to be solved:

1. Prospects for hydroelectric power
development, considering their environmental
effect. The program must include the
development of design standards, codes and
procedure for evaluation of their economic
efficiency.

2. The development of reserve generating
capacities for periods when the annual peak
load exceeds 10-15% (at present, only about
3-5%).

3. The technical equipment improvement,
including an increased capacity of reactive
power compensation devices (by a factor of
2.5-3), higher capacity of on-Ioad tap-changing
transformers, larger number of factory-
assembled switch-gears, etc. This will provide
an increased reliability of electricity supply to
consumers, higher quality of electric power
and lower losses in electric power grids.

4. The reduction of labor expenditure by
improving the technical equipment and better
operation of UEPS units.

5. Improvement of automatic supervisory control
systems by developing, on a broader scale,
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interactive control systems supporting the
Operator-Computer dialog, simulators and
intellectual hierarchic systems for automatic
accident-prevention.

DEVELOPMENT OF THE UEPS
1. Possible scenarios for future development
of the UEPS
The development of UEPS suffers from the
uncertainty of the economic situation in the country
and its separate regions; this problem is aggravated
by peculiarities associated with the shaping of
economic independence of Union republics. As a
result, it is difficult to predict power demand, which
is defined by both the rate of economic growth and
technological improvements. Considerable
uncertainty also is related to progress in branches of
industry which are associated with energy, such as
power generation, as well as in primarily fuel
producing branches of the national economy.

The uncertainty suggests the use of an alternative
approach trying to understand and select the
principal guidelines of the development of UEPS.
Note that it is the existence and development of a
unified electric power system which helps to
compensate for some imbalances between supply
and demand of electricity in different parts of the
country. These conditions are caused by deviations
from plans and forecasts of economic development

Projections of energy demand, based on different
scenarios of economic development and energy
conservation, are shown in Table 3.2

Table 3. Projections of domestic energy demand, USSR,
(inblnkWh)

Scenario

maximum
high
low
minimum

1990

1,690
1,690
1,690
1.690

Years

2000

2,100
2,015
1,935
1.840

2010

2.700
2.625
2.460
2.280

The analysisb shows that the development of
UEPS requires a study of four alternatives
(scenarios) covering die most complex and limiting
(within the assumptions made) cases. Qualitatively,
these alternatives are characterized in Table 4, and
quantitatively in Table 5.

Table 4. Qualitative characteristic of alternative
developments of UEPS
> Level of Development Development Emphasis

electricity of nuclear of on
demand hydroelectric particular

feedstock

high
high

maximum
low

maximum
maximum

medium
maximum

emphasis on
natural gas

3 low
4 minimum

medium minimum
minimum minimum

medium
high

Table 5. Quantitative characteristic of alternative
development of UEPS (inblnW/h)

Alternative

1
2
3
4

1990

1530
1530
1530
1530

Years

2000

1970
1970
1890
1800

2010

2570
2570
2400
2230

2. Structure of generating capacities
The conditions of UEPS's development until the year
2010 were studied according to every one of the four
alternatives divided into 11 regions by five-year
periods.

The structure of generating capacities for the
years 1990,2000 and 2010, obtained by calculations,
is given in Tables 6 and 7.c The data on total
generating capacity for the entire country (i.e.,
including the regions operating in isolation from the
Unified Electric Power System) also are given for
the comparison.

Analysis of various power generation alternatives
leads to the following conclusions:

• UEPS should begin a large-scale utilization of
gas turbine and combined steam-gas plants
using both low (16-25 MW), and high (115-150
MW) power units. It is desirable to erect
combined steam-gas (SGP) and gas turbine
(GTP) plants at the maximum power level
(Table 7). This level should be ensured both by
the construction of new power plants and by the
provision of gas turbine topping in the existing
heat-and-electric power plants (and boiler
houses);

b The analysis was performed by a working group on electric power generation and heat supply of the USSR Academy of
Sciences, Commission for the Development of Alternative USSR Energy Development Scenarios, under V.V. Yershevich.
"The calculations were performed by the working group under V.V. Yershevich (see previous footnote).
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Table 6. Prospective structure of installed generating capacities

TypesoF—^«s
power plants

SPP. total
NPP
HPPandHPSPP
UEPS. total
USSR, total

1990

202
38
52

292
329

1
250
50
90

390
405

2000

2
270
25
90

385
405

A l

3
245
40
80

365
385

t e rn i

4
260

80
340
365

11 i v

1
345

65
105
515
540

.UEPS(inGW)

2010

e s

2
380
25

105
510
535

3
325
45
90

460
485

4
345

90
435
460

Table 7. Prospective structure of steam powered plants, UPES (in GW)

two joint electric power
systems, namely the
Central Asian and the
Eastern networks. In the
future, only small, isolated
and newly formed regional
electric power systems of
the extreme North and
Northeast of the country
will not be combined
within UEPS.

The main direction of

T^eTrf^^!*
power plants

CPP
from which
SGPandGTP

HEPP
from which SGP

SPP. total

1990

115

2
87

-
202

1
135

115

250

A

5

10

2000

I t e r n a l i

2
140

130

270

3
130

10
115

35
245

V

7

2

es

4
140

120

260

40

35

1

160

185

345

A

20

40

2010

l t e r n a t i v

2
170

210

380

3
160

35
165

115
325

e s

20

30

4

175

190

345

60

85

• The construction of nuclear power plants must
continue, provided by required safety levels.
Conservatively, an increase in the capacity of
nuclear power plants would reach approximately
50 GW by 2000 and 60-80 GW by 2010;

• The need to meet electric power demand calls
for annual commissioning of 8-15 GW
generating capacities; this depends on system
development and the rate of dismantling or
radical modernization of equipment;

• The structure of generating capacities in
individual regions (and Union republics), in
which fuel supply is economical, could be
shifted toward self-balancing electricity
generation.

3. System-forming electric power grid
As mentioned above, the UEPS grid is the principal
means to compensate for the imbalances between
electric power generation and consumption in
individual regions of the country. This is due to the
ability to make decisions regarding construction of
inter-system transmission lines within a relatively
short time before their actual installation, compared
to construction of a power plant. The rate of
construction of the former is also much Easter.

It is expected that in the next decade the territorial
formation of UEPS will be completed by merging

capacity flow in the Unified Electric Power System
is that of Siberia-Kazakhstan-Ural-Middle-Volga-
Center. This is due to the fact that the Eastern zone
of UEPS has a surplus of fuel supply (which will
remain true even after 2010). The reason for this is
the concentration of organic fuel and water resources
in the eastern regions of the country. As a result, the
electric power transmission proves more efficient
than the transport of low grade coal from east to
west. An additional flow of electric power in this
direction is provided by the available Siberian
hydroelectric power plants. They cover the variable
part of the daily load in the European zone of the
system at a lower cost than the construction of new
hydroelectric pumped storage power plants. Under
conditions of unbalanced development of UEPS, the
maximum power transferred from east to west may
reach 10-15 GW before the year 2000 and 20-25 GW
in 2005-2010.

The basic power grid of UEPS must be developed
using the existing rated voltages of power
transmission, and the development of 1,150 kV grid.
It is planned to use 1,150 kV transmission lines in
the direction of Ural-Middle Volga-Center,
Kazakhstan-Central Asia and within the Siberian
power system (in the zones of Kansko-Achinskii
fuel-and power complex and zones of large
hydroelectric power plants). For long-range power
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Table 8. Impact ofpowtr industry on the environment (1987-1988)

Source
ofimpsct

USSR, total
Organic fuel combustion
Fuel eneigy industries, foul
(from which electric power induitry)

Greenhouse
Gasei

(mlntonof
carbon am.)

1700*
1250
610
570

Toxic Gates
indAih

(mlntons
aimually)

64

so
28
18

Alienated
Land
(tnln

hecuuei)

71
nodau

74
6.7

Intake of
Fresh Water
(cubic km
•nmully)

327
nodau

83.5
80

Ejection
of Stagnant

Water (cubic
km annually)

164
no data

59
55

*Estimate

transmission to distances of 3-4 thousand kilometers
it is practical to use 1,500-kV DC transmission lines
capable of carrying 6-9 GW.

4. Environmental aspects of development
As noted in the section titled Difficulties
Encountered in the Development of the UEPS. the
principal problems in the development of the Unified
Electric Power System are environmental (including
the safety guarantees of nuclear power plants).

A sharp rise in the production of energy resources
in the USSR (doubling over the last 20 years) and, in
particular, of electric power has drastically increased
their environmental impact. The combustion of fossil
fuel yields about 75% of all greenhouse gas
emissions (which creates the problem of global
wanning) and up to 80% of aggregated harmful
emissions due to anthropogenic activities in the
territory of the USSR. The environmental impact of
the power industry, including electric power
generation in the USSR, is characterized by the data
listed in Table 8.d

During the current five-year period, capital
investment in the environmental protection was
doubled. This led to a reduction in the rate of
harmful emissions to the atmosphere, and a slower

growth in the disturbed land area. Nevertheless, the
ecological situation in many cities and entire regions
of the country should be improved.

The development of the USSR Unified Electric
Power System in accordance with the
recommendations which was discussed above must
lead to a substantial improvement in the ecological
situation.
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Session 2 — Oil Shale and Coal

NEW TECHNOLOGIES FOR UTILIZING LOW-GRADE OIL SHALE
AND COAL IN THE USSR

E.P. VOLKOV

Krzhizhanovsky Power Engineering Institute, ENIN, Moscow

ABSTRACT. About 30 million tons of shale is processed every year in the Soviet Union:
84% of it is processed in Estonia, 15% in the Leningrad region an 1 1-13% in die Samara
region. Most of the shale, 83.5%, is used for power production and only 165% for thermal
chemicals processing. The main methods of shale utilization are: direct shale combustion,
shale processing and two-stage method based on combustion of shale in an aerofountain
combustion chamber following initial thermal preparation (pyrolysis).

Over the last 10 years great success has been achieved in processing large-sized (25-125
mm) select shales. Modern automatic shale feeders with a capacity of 1000 tons per day
have been built and are currently in operation. Construction of 3000 tons per day feeders is
underway.

The largest thermal power stations, which use ordinary shale with healing values of 7-8
MJ/kg are located in the Baltic shale basin. They are the Baltic thermal power station (1400
MW) and the Estonian power station (1600 MW). There are also large shale processing
facilities for chemicals production in the USSR: the plant in Kohtla-Yarve, the chemical
plant in Kivieli (Estonia), the plant in the Leningrad region, and a small shale processing
plant in the Samara region. More than 60 different products are produced from shale with
heat value of more than 12 MJ/kg, among them petrochemical and specific shale products.

Two-stage thermo-chemical process, which is available in its power and chemicals
production versions, was developed and implemented by ENIN. This method is well suited
for installations with solid ash heat carrier. In the chemicals production version, the yield
of the reactor is condensed to produce chemicals and fuel products, such as a high-calorific
value gas containing up to 35% of unsaturated hydrocarbons. In the power plant version, a
steam-gas mixture can be combusted in a boiler without condensation. The ash residue may
be used for construction materials and in agriculture. The largest thermo-chemical
processing module for two-stage chemicals production is UTT-3000, with throughput of
3000 tons of shale per day. Two such units are in operation in Estonia. This plant provides
200 MW of electricity, as well as high quality fuels and chemicals. Its shale oil is being
produced currently for European customers. The UTT-3000 plants have relatively low
emissions and are ecologically acceptable. We suppose that future development in Russia
(Pskov region) will be according to this scheme.

The variant of high sulfur shale processing is presently being evaluated for the Volga
region. The aim of the processing is the production of ichtyol and other pharmacological
compounds. This plant is based on the experience with UTT-500 plant (500 tons per day of
shale), which has been operating successfully for 16 years in Estonia . The power version,
based on initial solid fuel pyrolysis of high ash coal and then the combustion of produced
steam-gas mixture in an aerofountain furnace, is in operation at the Dobrotvorskaya thermal
power station (Lvov region, Ukraine). This version is also ecologically acceptable. The
suitability of the two-stage method for processing Israeli shale was also investigated.

Prospects for the development of the world's power low grade coals and oil shales containing a large
supply indicate that fossil fuels will continue to quantity of mineral impurities leads to a sharp
dominate our energy resources up to the middle of increase in toxic emissions and therefore the need to
the next century. The share of solid feedstock in the provide the ecological protection, absent in many
energy supply has increased in the world, as well as regions of the world. Clearly it is impossible to
in the Soviet Union. The increased consumption of expect environmental improvement without wide
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application of energy conserving technologies.
The main areas of oil shales utilization in the

USSR are: power generation (direct, dusty-flame
combustion in boilers), shale processing, and a two
stage method, based on combustion of shales in an
aerofountain module (or primary spout furnace)
following a preliminary thermal preparation.

The two largest shale power stations which bum
common shale with a heat value of 7 to 8 MJ per kg
are located in the Baltic shale basin: the Baltic
station has a capacity of 1400 MW and the Estonian
1600 MW.

Large shale processing facilities are also operating
in the USSR. These are the plants in the city of
Kohtla-Yarve, the shale chemical factory in Kivieli
(Estonia), the plant in the Leningrad region and the
small factory in the Samara area. More than 60
materials and products including petro-chemicals,
specific shale chemicals, etc., are obtained from the
large enriched shale, having a heat value of 12
MJ/Kg. The technology of processing the selected
large-sized shale ( 25-125 mm) has proven itself over
the last ten years. The modern automatic shale mine
equipment with a capacity of 1000 tons per day has
been built and currently is in operation.

The two-stage method of processing oil shale,
based on the combination of improving power
utilization and technological methods, was
developed and introduced by ENIN. This method is
successfully used in the plants with solid ash heat
carrier (in Russian letters UTT, which means
Power-Solid-Heat in English).

The basic concept of the UTT-method is the
following — the beat, necessary for the thermal
decomposition of the shale, is provided by hot shale
ash, which is mixed continuously with the raw shale
feedstock in the reactor. Part of the ash is circulated
between the reactor and the primary spout furnace
(SPF). Excess ash is removed from the cycle. Hot
flue gases from an aerofountain combustion chamber
are utilized in a boiler and also used for preliminary
drying and heating of the shale. A steam gas mixture
obtained in a reactor (and cleaned of dust) is further
condensed to produce liquid fractions of resin,
semicoke gas and phenol.

The advantages of the UTT process for chemicals
production are:

• It increases the overall output of liquid and
gaseous products by 5-10% and the efficiency of
shale combustion by 10-12%;

• It processes all the shale including fines and
dust;

• It separates different shale oil fractions (different
petroleum fractions, turbine fuel and other
valuable chemical components);

• It produces a semicoking high calorific value

gas (up to 50 MJ/Nm3); which is both a high
quality fuel and a valuable chemical raw
material.

The UTT process development passed over the
following experimental and industrial stages:

• a pilot plant, processing 2.5 tons of shale per
day;

• a semi-industrial plant which processes 200 tons
of shale per day;

• a semi-industrial plant capable of processing
500 tons of shale per day (UTT-500).

UTT-500 operated more than 100,000 hours and
processed about 2 mln. tons of shale. The UTT-3000
plant, designed and constructed on the basis of
UTT-500, is currently in its experimental/industrial
stage. Two such units (UTT-3000) are in operation at
thermal power stations in Estonia.

The plant output per ton of Baltic shale with heat
capacity of 8.4 MJ/kg is as follows:

• shale oil —129 kg (38.1 MJ/kg);
• compression petroleum — 7.9 kg (41.2 MJ/kg);
• semi-coke dry gas — 46.2 kg (46.4 MJ/kg);
• resin water —23.1 kg;
• In addition, 170 kg of steam at 4.0 MPa and

440°C is produced in the boiler.
It is also possible to operate the plant in its power

version, with full combustion of steam-gas mixture
in the boiler. A two-stage combustion system is a
kind of circulating fluidized bed with mechanical
connection between a steam boiler and an
aerofountain primary furnace. It permits burning of
the fuels in a wide range of their ash content
(30-70%). Additional ecological advantages of this
power version are a decrease of nitrogen oxides
emission into the atmosphere due to low temperature
of combustion and a suppression of sulphur oxide
formation due to introduction of limestone or
dolomite into the reactor.

A semi-industrial plant based on the two-stage
power version and using high ash coal from the
Lvovsky-Volinsky deposit is operating at the
Dobrotvorskaya power station. This unit produces
120 tons of steam per hour.

The main advantages of two-stage power
production in comparison with traditional
combustion of solid fuels are the following:

• It allows efficient combustion of low-grade solid
fuels at any heat value between 4 and 12 MJ/kg
without using the additional fuels, both for
nominal and low boiler loads. Such flexibility is
provided by burning a steam-gas mixture at any
regime in the combustion chamber. The process
demonstrates the possibility of using a wide
range of feedstocks, which either are wasted in
standard fuel preparation, or are not used at all
due to their low calorific value;

10
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• It increases the reliability of the boiler due to
decreased abrasive erosion of converting heat
transfer surfaces. It is also possible to increase
gas velocity in the convecb've column and,
therefore, to reduce the surface area used for
convective heat transfer. A substantial portion of
the minerals is removed in the primary furnace
and do not enter the boiler. Thus, oust content of
the combustion products in the boiler is 8-10
times lower than in the case of direct,
dusty-flame combustion;

• Final deep cleaning of flue gases before then-
emission into the atmosphere is simplified in
this system. It is sufficient to operate the ash
cleaning electric filters at about 99.5%
efficiency, since even with fuel having a 50%
ash content, the exhausted gases contain no
more than 100 mg/m3 ash;

• The effluent of nitrogen oxides is almost 3.5
times less than that of the standard one, since
75-80% of the nitrogen oxides produced in
dusty-flame burning result from the
decomposition of fuel compounds containing
nitrogen. In the present process, the fuel is
heated to about 500*C with either no or a very
little oxygen content. The result is the
destruction of fuel compounds containing
nitrogen and the formation of neutral nitrogen.
Similar conditions are created in gasifiers, in
which fuel can be heated to 500-800'C. Here
again there is no formation of fuel derived
nitrogen oxides in the combustion chamber.

If the combustion of a steam-gas mixture occurs
in the boiler, as is common when using natural gas,
the NOX concentration in the exhaust gases is no
more than 170-200 mg/m3.

Most of the sulphur remains in calcium sulphates
and sulphites and then is removed from the primary
furnace by the exhaust cyclone, together with the
ash. It occurs if the mineral part of the fuel contains a
considerable quantity of alkali metals. For example,
in the UTT process the concentration of sulphur
anhydride in the exhausted gases is decreased by
80-90% when combusted shales (Estonian, or
Kashpirsky) contain about 45% calcium oxide. If
there is an insufficient calcium concentration in the
mineral part of the shale, limestone may be fed into
the reactor for effective removal of sulphur
compounds before the boiler. The combustion of
low-grade fuels in the spout primary furnace can,
therefore, limit the content of sulphur and nitrogen
oxides in effluent gases of power station boilers. So,
the additional installation for cleaning the exhausted
gases is not required.

Experimental large-scale tests for burning coals
and shales from different USSR deposits were

conducted at pilot installations (in the spout primary
furnace) with productivity of up to 400 kg/hour. The
experimental-industrial plant (EIP) of the
Dobrotvorskaya power station was designed and
constructed on the basis of long-term test results
performed at a pilot installation, which is currently in
operation.

The main fuel for this EIP was chosen to be the
Lvovsky-Volinsky coal, which has the following
characteristics:

• moisture content—14.0%;
• ash content— 60.0%;
• low heat of combustion — 8.37 MJ/kg.
The maximum feedstock consumption of the EIP

is 50 t/h. Steam productivity of the boiler is 120 t/h,
atl lMPaand510°C.

In developing ecologically sound methods for
processing solid fuels it is necessary to reconsider
the advantages of traditional flame and layer
methods of combustion. This Revaluation seems to
indicate that systems with multiple circulation of fuel
and ash through the outer cyclones, i.e., combustion
chambers with circulating fluidized bed (CFB) and
circulating aerofountain (spout) bed (CAFB) are
preferable.

In order to supply more information on the
complex thenno-chemical processes involved in the
burning of low-grade fuels, numerical modelling is
needed. A mathematical model for burning solid
fuel in CAFB has just been developed in the
Krzhizhanovsky Power Institute.

The boiler scheme of CAFB includes the
following functional elements: ignition chamber,
accelerating-transport section, aerofountain chamber,
cyclone, reactor-pyrolyzer and boiler. In addition, it
is possible to use the model with an outer ash heat
exchanger for pre-heating the inlet air before the
ignition chamber.

The evolution of the fuel fractional content and its
conversion rate, as a result of chemical reactions,
crushing, attrition and separation in the cyclone has
been described by the kinetic equation including the
density of particles distribution and carbon content
This evolution equation was supplemented with the
equations of gas motion, heat transfer between gas
and disperse phases and the reaction kinetic. Gas and
coal particles move over the bed in CFB, and in
accelerating-transport section of CAFB was
described in a one-dimensional approximation based
on the model of ideal substitution. The description of
solid phase parameters in a fluidized bed and
aerofountain combustion chamber is based on ideal
mixing lows.

Different models of fuel particles were presented:
the model of outer ash (utilized for sufficiently small
fractions of fuel); the model of segregated ash (used
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for the fuels with easily broken ash structure); the
model of hard ash structure (in highly dispersed
flows) and the model of attrited ash shell (used for
the fuels with hard ash structure). The basic chemical
reactions determining the degree of the solid fuel
conversion in CAFB were also presented. The series
of experimental and theoretical investigations were
conducted to determine the kinetic laws governing
the combustion and gasification processes of high
ash fuel. USSR high ash coal, shales of the
Kashpirsky deposit and the Rotem (Israel) deposit
were analyzed.

In order to calculate the gasification processes, it
is necessary to take into account the porous structure
of solid fuel and its reagent ability. The coke particle
with high ash content is presented in these
calculations as a system of randomly located pores,
piercing its volume. It is assumed that within the
particle there are areas which are initially closed to
the gaseous reagent, but open during conversion. The
mineral component of the fuel is randomly
distributed in the particle volume, so direct contact
between free-from-ash organic components and
gaseous reagent occurs. An equation that describes
the probability of pore distribution and takes into
account the growth of pores as a result of decreasing
organic mass, coalescence of pores, destruction of
baffles between them and the opening in the inner
areas of particles was obtained.

Using simplified assumptions (Avrami, 1940), we
found the analytical solution of a kinetic equation,
which describes the changes in the inner reactive
surface and pore volume as a function of the
conversion degree. It is assumed that during
conversion within the coke particle reaction products
preventing gas penetration are formed. This
decreases the diffusion rate of gas to the reactive
surface. The solution of the mass transfer equation
proved the dependence between the reagent
concentration (around the particle and on the reactive
surface) and the degree of conversion. The thermal
effect of the process was also taken into account by
calculating the heat transfer from the particle to the
flowing reagent.

The developed mathematical model has been used
to evaluate the potential of high ash coal utilization
in a CAFB system. The calculations were performed
for Levovsky-Volinsky coal and anthracite. We note
that the structural parameters of cokes were found by
measuring the inner surfaces in water and they were
assumed to be constant throughout the calculations.
Gasification experiments between anthracite coal
and carbon dioxide were performed in IPE of the
Ukraine Academy of Sciences. The comparison of
calculation results with experimental data was
presented. The obtained results correlated well with

known data from semi-industrial plants.
An important step in analyzing the operation of

CAFB is the determination of the aerofountain
thermal characteristics as a function of different
operating conditions in the reactor-pyrolyzer, mainly
the degree of fresh fuel transition into the steam-gas
mixture. For example, at the same degree of
transition, the outlet gas temperature from the
combustion chamber is substantially lower for the
Rotem shales than for Levovsky-Volinsky coal. This
is due to high ash content of the shales. Therefore, in
shale combustion, it is necessary to use an ash heat
exchanger to preheat the air entering the combustion
chamber.

It is also important to optimize various parameters
such as operating conditions in the combustion
chamber and in the reactor-pyrolyzer for proper
steam-gas mixture combustion and control of fine
particles, which are not caught in the cyclone. The
combined calculation model describing the two-stage
process of solid fuel combustion was also presented.
It includes the two-dimensional (or three-
dimensional) governing equations of flow and
mass-transfer in the gas phase, the equations
describing the coal particles dynamics, the energy
equations, which include radiative and convective
heat transfer, and the calculation of thermophysical
and radiative properties of the gas mixture and
disperse phase. This system of governing equations
is supplemented with a two-parameter turbulence
model. The calculations were performed by using a
system of nonlinear equations for front-burner
boilers. Analytic and experimental data were
compared. The comparison provides a satisfactory
description of furnace processes.

The ENIN model therefore can be efficiently used
to calculate and predict the operation of circulation
combustion systems for processing high ash fuel.
This model is especially important for analyzing the
transition from prototype to industrial plant and for
predicting plant performance with different kinds of
fuels.

A laboratory installation for investigating solid
fuels behavior during quick heating was also
developed and constructed in ENIN. The
experimental technique which includes quick heating
of solid fuels without air access provides reliable,
quantative decomposition data over a wide
temperature range. It is achieved by direct
measurements of products: solid components are
weighed, while liquid and gaseous fractions are
determined by volume measurements. The absence
of foreign-nonhydrocarbon components in die
measured products suggests that the analysis is
accurate.

The results of laboratory investigations were
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compared with the data from large plants. The
experimental fuel samples were identical to
industrial feedstocks; reaction time and heating rate
of the industrial processes were duplicated in the
laboratory. Secondary pyrolysis of steam-gas
mixtures were carried out in a specially designed
reactor with a stationary packed bed. It models the
actual counterflow process of superheating these
mixtures up to temperatures that are higher than that
of the fuel's thermal decomposition. The
experimental procedure allows evaluation of
hydrogen sulphide absorption by the shale ash at
specified reactor temperature in laboratory
conditions.

Over the last three years nearly 20 low grade solid
fuels from different USSR shale and coal deposits
were investigated in this laboratory installation. The
data obtained permitting determination of:

• the thermal decomposition of solid fuels and its
dependence on the process temperature;

• the effect of the fuel heating rate on the thermal
decomposition of the products;

• the optimization of heat balance and process
conditions;

• the absorption of sulphur compounds which
were formed in the thermal decomposition
process, by the shale ash.

We believe that the data are sufficient for the
optimization of the process. Three important factors
are considered in the optimization:

• achievement of required quantitative and
qualitative characteristics of the obtained
products;

• the transition of heat according to the
requirements of the process;

• the decrease of sulphur in pyrolysis gases to
ecologically acceptable values.

The possibility of using Israeli shales from the
Rotem deposit in thermal power plants was also
evaluated. On the basis of laboratory tests, we
considered both a two-stage combustion process, and
a method of chemical production.

The investigations of Israeli shale were carried
out in the temperature range of 480-650'C. In this
temperature range an increase in gas output from
3.1% to 6.0% was observed due to die predominating
effect of the thermal recomposition reactions. The
maximum gas output during the thermal
decomposition of dry shale (SO liters per 1 kg of
cracked feedstock) was achieved at 6S0'C. The
maximum content of hydrocarbons (28%) was at a
temperature of SSO'C. It has a great interest for the
optimization of the regime of shale processing. At
600'C the emission of carbon dioxide from the
mineral part of the fuel is practically finished and the
decomposition reactions are accelerated. This is

characterized by the increased content of the main
products of thermal decomposition: hydrogen (17%)
and methane (21%).

The resins which form during the thermal
decomposition of shale account for 5% of the
processed fuel. They consist of 75% of normal and
iso-paraffin hydrocarbons. These hydrocarbons are
easily cracked and may form substantial quantities of
lighter hydrocarbons. The content of the relatively
stable aromatic hydrocarbons in resins is very low
(12-14%). They are the main source of the secondary
processes of polycondensation and polymerization
resulting in formation of coke.

The Israeli shale ash has a very high ability to
absorb acid gases; the experiments show that the
degree of acid gases absorption by the shale's ash is
92-95%.

The optimal temperature regime of processing
low-grade solid fuels for two-stage power
applications should be based on the relations
between the heat value of semi-coke and that of the
steam-gas products of thermal decomposition. On
the one hand, the important parameter is the
remaining heat value of the semi-coke which is
necessary for carrying out the reaction of thermal
decomposition in the reactor. On the other hand, it is
desirable to reach the maximum possible organic
mass output during the combustion process, since the
remaining organic content of semi-coke would
determine the heat losses due to incomplete
combustion (unburned carbon) and, as a result, will
decrease the boiler's efficiency.

From this point of view, the optimal temperature
regime of the thermal decomposition process is
5S0'C. In this regime 40% of potential shale heat
value remains in the semi-coke and is partially used
for heating the feedstock, while another 60% is
transfered to steam-gas products directly used in the
boiler.

Laboratory experiments on the kinetics of coals
and cokes interaction with reagent gases w o e carried
out in the RSK installation developed by IPE of the
Ukraine Academy of Sciences. The kinetic constants
were determined by measuring the reaction rate of
specific coal samples with single-size particles at
different temperatures; the results were correlated
using the relation W = K exp (-E/(R -T). The values
of the activation energy W and the constant K were
calculated by the least square method.

The study of Israeli shale coke combustion was
conducted in the following manner — the
combustion rates of particles were studied in a
fluidized bed of sand, over a specified temperature
range. The average temperature between that of the
fluidized bed and the burning particles was used to
determine the thermophysical properties. The
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calculation model can predict the reaction rates for a
cycle with the built-in cyclone at initial particle
diameter range of 0.1 — 1S.0 mm, and temperature
range of T=300-115(TC.

The calculations show that the coefficient of
reactive gas exchange increases with raising the
combustion temperature. The particle size has a
negligible effect on the combustion rate. The
combustion of coke takes place in an inter-diffusing
regime.

Full scale tests of two-stage combustion were
carried out on pilot plant UTT-2T. This plant was
developed by ENTN at the experimental facility
IGGGI of the Ukraine Academy of Sciences to
conduct the combustion of low-grade solid fuels
from different Soviet deposits.

On the basis of the test results, a prototype of an
industrial plant for low-grade fuel combustion of
Israeli shale in circulating bed with preliminary
thermal treatment was developed.

The working program at TJTT-2T includes
investigations of the following areas:

• the optimal particle size and their possible size
range, as well as limiting moisture content;

• the structural and physical characteristics of raw
shale and intermediate products (porosity,
dynamic and static angles of natural slope,
density, etc.);

• the rates of material combustion along an
aerofountain furnace at various operating
conditions;

• the optimal conditions of solid phase
recirculation, taking into account system
efficiency, economics, working temperature and
minimum pollution of the atmosphere with
sulphur compounds and ash particles;

• the behavior of the shale's mineral part and
sulphur during the process;

• the optimal operation parameters of the process
(flowrate of air, its pre-heating temperature, cir-
culating factor, temperature in the aerofountain
furnace and in the reactor) to provide minimum
losses of organic matter and to protect the
environment from harmful effluents;

• the control of feedstock loading;
• the variation of harmful effluents (NO,, SO2 and

ash) with the temperature at various stages of
the process, such as the pyrolysis and the
reburning of solid semi-coke products in the
aerofountain furnace;

• the material and heat fluxes as well as
distribution of solid, liquid and gaseous fractions
at different stages of the process;

• the complex combustion process (steam-gas
mixed with combustion products and ash from
an aerofountain furnace).

As pointed out, ENIN developed two principal
schemes for utilizing low-grade solid fuels. In both
schemes, the main process is the thermal
decomposition of solid fuel, which determines the
degree of organic matter decomposition, ash
remainder and steam-gas products. We believe that
for economic operation it is necessary both to burn
the products obtained from shale and to produce
useful gaseous products.

Developing of a shale processing industry in Israel
should begin with the construction of a UTT-S00
type plant; mis plant has proven itself quite well over
16-years of operation.

The method developed permits the evaluation of
the potential suitability of shales from different
deposits for processing in UTT units. A specific
shale feedstock can be recommended for processing
by a given method only when the heat value of its
semi-coke is equal or higher than the heat necessary
for the thermal decomposition. To characterize the
UTT auto-thermal process we introduce a coefficient
of shales excess heat — Keh. The UTT process uses
shales with Keh equal to 1, whose semi-coke heat
value is sufficient for shale decomposition. If Keh is
smaller than 1, the heat value of the semi-coke is
insufficient for this process. The shale which we
received from the Rotem deposit had an organic
matter content of 23.5%, the semi-coke output of the
organic matter — 31%, and Keh equal to 1.5. The
results indicated that such shale from the Rotem
deposit could be processed by the UTT method.

The dependence of semi-coke output on kerogen
content, obtained by the Fisher method, is important
for Keh determination. We obtained the following
linear relation:

ga = 121.5-1.4C

where g^ is the semi-coke output from organic
matter of the shale, and C is the carbon content of
kerogen. This relation is based on the results of
shale samples investigations from 30 deposits.

An industrial facility for the production of
pharmacological substances (ichthyol, albichthyol,
thiephene) based on the UTT-500 prototype is
currently being evaluated for the Volga region
(Kashpirsky deposit, city Sizran). The sulphur
content of Israeli shales lies between that of Estonian
and Kashpirsky shales. Israeli participation in the
development of a shale processing plant in Sizran
can open the way for this industry in Israel, both for
power and chemicals production. The possible
content of valuable sulphur-organic compounds,
which can be produced from the resins of Israeli
shales, should be investigated. Positive results can
substantially change the economics of shale
processing in Israel.
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For the combustion of very low-grade Israeli shale
in an aerofountain primary furnace, we suggest the
use of a 25 MW boiler. The above process of shale
combustion permits:

• reduction of dust in combustion products. This
would decrease substantially the contamination
and erosion of convective heat transfer surfaces
in boilers. It would also reduce atmospheric
pollution;

• boiler operation conditions are similar to
combustion of gaseous fuel;

• elimination of the need for additional fuel at any
boiler load;

• an increase of boiler efficiency up to 85.3%;
• control of boiler loading in a wide operation

range;
• an improvement in the ecological features of

power plants.
The possibility of reaching the above benefits was

confirmed by laboratory tests and analyses
performed in ENIN. Li preliminary calculations, the
overall dimensions of the main parts of the
aerofountain primary furnace were given with
reserve of 20-25%. The testing of Israeli shales in a
full-scale combustion unit will enable us to confirm
the validity of the previous calculations.

The author did not submit figures or tables with his presentation.
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OIL SHALE UTILIZATION IN ISRAEL:
THE FIRST YEAR OF COMBUSTION DEMONSTRATION PLANT OPERATION

A. KAISER

PAMA (Energy Resources Development) Ltd, Mishor Rotem

ABSTRACT. Geological surveys have confirmed the existence of substantial Israeli oil
shale reserves. The proven reserves contain approximately 12 billion tons of available ore,
and the potential is deemed to be much higher. Economic studies conducted by PAMA
indicate promising potential for power generation via Israeli oil shale combustion. Electric
power from oil shale appears competitive with power generated from coal fired power
plants located along the coast. PAMA's demonstration power plant has been in operation
since the end of 1989. Based on the successful results of the first year of operation, PAMA
and IEC are now engaged in a pre-project program for a 1000 MW commercial oil shale
fired power plant, based on eight 120 MW units; the first unit is scheduled to begin
operation in 1996.

INTRODUCTION
Oil shales are sedimentary rocks containing a
petroleum-like substance called "kerogen," whose
age is estimated by geologists as 70 million years.
Oil shale reserves are the only major fossil fuel
resource which has been discovered in Israel so far.
The shale deposits have been found all over the
country, but the largest reserves are in the Northern
Negev.

Oil shale exploration in the area began in the
1930's with geological surveys mainly — to locate
oil shale deposits. During the fifties and the sixties
research activity was begun on oil shale properties.
In the early seventies, the Rotem-Yamin deposit was
discovered and R&D on combustion technology
picked up considerable momentum.

In the late 1970s, under the sponsorship of the
Ministry of Energy and Infrastructure (MOEI), the
R&D activity in this area significantly increased. The
impact of the oil crisis, combined with indications of

GOVERNMENT
50%

Israel's Ministry
of Energy

INDUSTRY
50%

Israel Chemicals Ltd. — 25%

Oil Refineries Lid. — 25%

The Israel Electric Corp. — 50%

j | PAMA {EflcijyRcjourcclDciclufmicnl) Lid. jj

Goal: Commercial Utilization Of Israel's Oil St&re Resource

Fig. 1. Financial structure of PAMA

much larger oil shale reserves, prompted the MOEI
and some major Israeli energy companies to form
PAMA, a company for commercial exploitation of
oil shale in Israel. The financial structure of PAMA
is shown in Figure 1.

BASIC APPROACH AND ACTIVITIES
As is well known, the mineral and chemical industry
is typically capital intensive, and the economy of
scale has a very significant effect on i t Israeli oil
shale is a low quality material with poor energy
content (about 14% organic matter). Thus, from the
outset it was obvious that the oil shale industry
would require large and expensive installations.
Nevertheless, given the economic constraint of our
country, coupled with the high risk development
program envisaged, a cautious strategy was adopted
incorporating two main guidelines:

• Disregarding the economy of scale
considerations during the first development
stages with preference for low risk over
economic optimization. So, the development
strategy is based on small modular units;

•In the quest for suitable technologies, all
traditional stages of development should be
implemented.

PAMA's development effort is concentrated on
proceeding simultaneously in two main lines of
activity:

• The development/adaption of a commercial
technology for shale's oil production (retorting);

• The development/adaption of a commercial
technology for oil shale combustion.
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The R&D program is structured according to the
classical three stage development plan:

• Feasibility study, including piloting and
techno-economic evaluation;

• Demonstration stage, completed by erection and
operation of small scale units;

• Commercial program with erection and
operation of full scale commercial facilities.

To date, PAMA has successfully concluded the
feasibility stage, meeting the following targets:

• Reserves
Large-scale deposits containing over 12 billion
tons of oil shale have been identified and
characterized (Figure 2); The oil shale deposits
found in Israel are equivalent to 600 million tons
of crude oil. Since Israel consumes nearly 11
million tons of oil equivalent (TOE) annually,
the nation's oil shale reserves are sufficient to
supply Israel's total fuel consumption for 50
years.
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The biggest deposit, which has been the most
thoroughly studied, is the Rotem-Yamin deposit,
formerly called the Efe deposit The northern
part of the deposit contains about 2.S billion tons
of mineable ore and the southern part about S
billion tons of mineable ore.

• PAMA Center
PAMA has established its center adjacent to the
Rotem-Yamin deposit The center contains pilot
units, laboratory and support facilities which
enable PAMA to examine, adapt and develop
technologies suitable for the commercial
utilization of Israeli shale.

• Technology
Oil production from shale as well as oil shale
combustion have been successfully proven in
several laboratory and pilot plants, both in Israel
and abroad. It was also found that by
conventional methods die upgrading of extracted
oil to a higher quality product is possible.

• Techno-economic potential
PAMA identified and tested a number of
processes that reached advanced stages of
development Several processes were found to
be suitable for synthetic fuel production and
direct combustion.
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Fig 2. Oil shale resources in Israel (April 1984) Fig. 3. Alternatives for oil production by oil shale retorting
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Two extensive techno-economic evaluations were
made by PAMA as part of the feasibility study for oil
shale utilization. The first study examined a
large-scale oil production plant with the following
characteristics:

• Oil production rate —18,000 barrels a day;
• Investment — approximately 1 billion dollars;
• Discount rate —12%;
• Operating cost —100 million dollars per year,
• Project duration — 20 years.

This study was carried out in 1982-1983, when oil
prices reached levels of 40 dollars per barrel. Results
of the study indicated a price range of 30-35 dollars
per barrel, demonstrating that such utilization would
be technically feasible and under certain conditions
economically viable from the national standpoint
(Figures 3 and 4).

The second study indicated promising potential
for large-scale power generation from Israeli shale.
This study was motivated by a comparison showing
that oil shales could be provided at approximately
half the cost of equivalent coal (Table 1). So, it
examined the trade-off between the lower fuel prices
and the higher investment and operation costs
needed for an oil shale power plant, as compared to
coal combustion. The study concluded that a 600
MW station, powered by oil shale would generate
electricity at a cost compatible to large scale coal
fired coastal power plants (Table 2). Figure 5 is a
schematic presentation of PAMA's shales
combustion pilot plant.

Summary of Results

•Oil production rate: 18,000 barrels per day

• Investment: about 1 billion dollars

• Operating cost: about 1 hundred million dollars per year

' Production duration: 20 years

Production Cost of One Oil Barrel

discount rate 12%

30 - 3 5 dollars =

cost of money

operating cost

Fig. 4. Production of oil from shale — an economic
evaluation.

There is another reason to develop the combustion
process — a combustion plant, combined with an
oil-extraction plant, is an essential condition for large
scale oil production from shales, improving the
economics of both.

Table 1. Comparison of coal and oil shale cost

Low heating value
Price per ton

Efficiency of coastal coal plant

Efficiency of inland oil shale plant

Shale cost in equivalent price of coal:

COAL

6125 Kcal/Kg
$ 55-65

= 1.34

6125
2.5 x x 1.34 ~

700

$
30 —

ton

OILSHALE

700 Kcal/Kg
$2.5

Table 2. Comparative cost ofpower generation from coal and oil shale in 600 MW stations. < in centslKWh, 1986 US $)

Discount Rate

12%
8%

COAL
INLAND

5.0
4.2

TYPE OF PLANT

COAL
SEA SHORE

4.2
3.6

OIL
SHALE

4.1
3.4

OIL SHALE
(20% HIGHER INVESTMENT)

4.5
3.7
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SECONDARY CRUSHER •

BUCKET ELEVATOR FLUID BED COMBUSTOR

CYCLONE

PRIMARY CRUSHER

Fig. S. PAMA's fluidized bed combustion pilot plant

Having concluded the feasibility stage, PAMA
began the construction of a demonstration unit for
direct combustion of oil shale. Given the recent
decline in oil prices, the company decided to
postpone construction of the retorting demonstration
unit, while concentrating instead on developing an
advanced extraction process tailored to the specific
properties of Israeli shale.

The objective of the recently constructed
demonstration power plant, shown in Figure 6, is to

study the combustion of Israeli oil shale at a
sufficient scale to resolve the technical and economic
issues associated with large scale commercial plants
thereby reducing the uncertainties and risks. Table 3
lists the design parameters of the demonstration
plant The plant is producing electricity for the
central grid, as well as low-pressure steam, utilized
directly by Negev Phosphates Ltd. Figure 7 presents
the oil shale fired boiler of the demonstration plant

Emergency A s h T r c a l m c n t
Oil Shale Pile

Pyroflow Boiler.

I Crusher Bag House

Fig. 6. Overview of the demonstration plant for direct combustion of oil shale
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Table 3. Design parameters of the cogeneration
demonstration boiler

Design Data
Nominal Capacity
Steam Pressure
Steam Temperature
Total Electricity Output
Electricity Generation (Net)

Fuel Data
Organic Matter
Sulphur
Moisture
Ash
Lower Heating Value

Design Performance
Furnace Temperature
Flue Gas Exit Temperature
Feed Water Temperature
Boiler Efficiency (DIN)

50TPH
43 bar
480* C
up to 6.3 MW
up to 4.5 MW

Oil Shale
13.6—16%
1.1 —1.7%
22%
44 — 50%
700 — 750KcaVkg

800° C
155* C
105'C
83.7%

PAMA'S DEMO PLANT — FIRST YEAR OF
OPERATION
PAMA began the constniction of its demonstration
plant in August 1987, completing erection on
schedule within 24 months (August 1989). Hot
commissioning started in September 1989, and
revenues from steam sales were already generated
about a month later. Electricity production and sales
began in February 1990, and since then the plant has
been operating continuously.

The following are some results and achievements
after more than a year of operation:

• It is possible to combust Israeli shale on a large
scale meeting emission standards and
operational requirements. A self-sustained and
stable combustion is feasible, with no need for
additional fuel;

• All facilities connected with the combustion
process have been proven;

• Although the fuel used had a lower heating
value (LHV) of 700 kcal/kg, combustion was
maintained even with 460 kcal/kg of shale's
heat;

• The boiler and auxiliary systems have
demonstrated great flexibility responding well to
sudden changes in steam demand; fluctuations
of up to 50% of capacity in a matter of minutes
were introduced successfully;

• Actual production of both electricity and steam
surpassed the original plans (Figures 8 and 9;
Table 4);

Fig. 7. Oil shale fired demonstration boiler
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Fig. 8. Electricity generation (sales). Actual vs. planned
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Fig. 9. Steam generation (sales). Actual vs. planned
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• The demonstration plant performed as follows:
Maximum capacity achieved —120% MCR
Longest uninterrupted run — 90 days
Combustion efficiency — 99%
Overall boiler efficiency — 82-84%
Availability — 90%
Sulfur capture—99%
Emissions—SO2 - 50 ppm

CO - 50-70 ppm
Dust —70mg/m3 .

Table 4. Steam and electricity generation (sales).

First Year of Operation (1990 -1991)

Actual Planned

Steam 284,500 tons 270,000 tons

Electricity 25,456.5 MWH 25,077 MWH

OUTLOOK
Given the demo plant operation results of the first
year, PAMA and E C have recently embarked on a
pre-project to a full scale shale fired 1000 MW
commercial power plant The power plant is based at
this stage on 8 units of 120 MW each; the first unit
should be operational in 1995/5, and the others will
be introduced at intervals of one to two years
(Figure 10).

Fig. 10. Overview of the 1000 MW commercial power
plant

In general, the potential in the field of oil shale
combustion is big. Oil shale reserves would be
sufficient to supply Israeli electricity demands for
the next 160 years at the current level of
consumption. The only limitation is whether it can
be done economically.

In the oil production field, PAMA plans to
construct a pilot plant. The development of advanced
catalytic processes, which could significantly
increase the yield of top distillates, is progressing
rapidly. It will help in making a strategic decision
concerning the oil-extraction process.
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PRODUCTION OF OIL FROM ISRAELI OIL SHALE

D. GIVONI

PAMA (Energy Resources Development) Ltd., Mishor Rotem

ABSTRACT. Oil shale can be utilized in two ways: direct combustion to generate steam
and power or retorting to produce oil and gas. PAMA has been developing both direct
combustion and retorting processes. Its main effort is the combustion. An oil shale fired
steam boiler was erected in the Rotem industrial complex for demonstration purposes.
PAMA also has been looking into two alternative retorting concepts — slow heating of
coarse particles and fast heating of fine particles. The present paper provides operating data
of oil shale processing in the following schemes: (a) retorting in a moving bed, pilot and
bench scale units, and (b) retorting in a fluidized bed, bench scale unit.

INTRODUCTION
The term "oil shale" has been given in Israel to
bituminous marls of the Senon era. Deposits of oil
shale have been found all over the country, but
mainly in the north-eastern part of the Negev. The
overall reserves are estimated at over 10 billions of
tons.

The Rotem deposit, located near the Negev town
of Dimona, has been studied extensively. Table 1
presents a list of its main components — organic
material, calcite and clay minerals, mainly kaolinite.
Minor amounts of quartz, apatite, gypsum and pyrite
also have been found. The concentration of organic

Table 1. Typical Israeli oil shale composition

Table 2. Typical analysis of Rotems oil shale

(%WL—dry basis)

Organic material
Calcite
Clays
Moisture
Quartz, Apatite, Gypsum, Pyrite

(% WL — dry basis)
10-27
45-65
10-30
22%

balance

carbon is not constant but increases significantly
towards the bottom of the deposit; a typical content
is about 10%, as shown in Table 2. The organic
material, the kerogen, consists of about 66.5%
carbon, 7.6% hydrogen, 2.3% nitrogen, 14.6%
oxygen and 9.0% sulfur.

Oil shale is a friable, porous and dusty material.
Its compressive strength is relatively low, about 100

Organic material

Pyritic sulfur
Bound water
CO2 (carbonate)
Non-volatile

C
H
N
O
s

9.70
1.12
0.33
2.13
131
0.60
1.80

23.68
59.33

kg/cm2, while its porosity is very high - 30 to 35%.
The raw mine material may have a moisture content
of about 20%.

Although the oil shale of the Rotem deposit has a
very low calorific value (LHV = 750 Kcal/kg), two
of its characteristics make it suitable for fluidized
bed combustion:

• very high reactivity due to the high porosity of
the rock and the weak S-C bond in the organic
material;

• high calcium content which serves as a natural
absorbent for sulfur oxides; the Ca/S molar ratio
is over 10:1.

Therefore, it was decided to utilize the oil shale
mainly for combustion. A filed steam boiler using 50
tons per hour (tph) of oil shale was erected for
demonstration purposes and has been operating
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continuously since October 1989. As expected, the
carbon utilization and the sulfur capture have been
very high — over 99%.

A second way of extracting energy from oil shale
is the production of liquid fuel. Although this
process is not economically justified today, as the
price of conventional crude oil is very low, the
Ministry of Energy and PAMA have decided to
continue research and development of oil production
from shale for the following reasons:

• starting a commercial operation once the price
of crude oil goes up;

• as of today, shale's oil is the only significant
source of liquid fuel in Israel and therefore
should be exploited if and when necessary;

• shale oil may be a source of special chemicals
and other products.

I S R A E L OIL S H A L E A S A S O U R C E O F
L I Q U I D F U E L
The following discussion is based on the well known
Fischer Assay (F.A.) evaluation standard (ASTM
D3904) . Although this procedure was originally
developed for coal, it is also considered as a good
estimate of the liquid fuel production potential of oil
shale.

Table 3 presents a typical F.A. yield of Rotem's
oil shale as well as high heating value of raw shale
and products. Tables 4 and 5 list the analyses and the
composition of the F.A. products. Typical F.A. oil
properties are illustrated later in Table 9. The
following points need to be highlighted:

• the oil yield of the shale's original organic
material is about 43%. However, the yield of
thermal energy, carbon and hydrogen is over
50%;

Table 3. Israeli oil shale—typical FA. yields and
heating values

Raw oil shale
Oil
Gas
Spent shale
Water

Yield on dry basis
(%WL)

6.23
3.14

88.13
2.5

HHV
(Kcal/Kg)

1060
9550
5580
310

_

Table 4. Analysis of FA. products (% wt.)

Composition Kerogen Oil Char

cH
N
O
s
H/C Ratio

66.5
7.6
23

14.6
9.0
1.37

78.5
9.5
1.1
3.7
7.2
1.45

72.1
3.5
4.2

15.6
4.6
0.58

• the raw shale oil is characterized by high
content o f sulfur and nitrogen — 7.2% and
1.1%, respectively. It is also highly unsaturated
— the bromine number is about 100 and the
H/C ratio is only 1.45. Therefore, this oil
should be severely hydrotreated before its
processing in the oil refinery;

• the residual organic matter of the spent shale
(char) is a very low quality fuel; its nitrogen
and sulfur contents are high, while it i s very
hydrogen deficient. Its best use would be as a
source of heat for the oil production process;

• the shale's gas is rich in H2S, CO 2 and CO,
which normally cannot be found in natural or
refinery gases. The H2S should be scrubbed
away from the gas before it can be used.

Table 5. Typical FA. gas analysis
%vol.

2

NH3

CO
CO2

H2S
CH4

C2H+

C3H,

19.49
0.69
3.94

23.84
22.87
14.99

1.27
4.59
1.92
1.90
0.33
1.30
0.66

SHALE OIL PRODUCTION PROCESSES
Shale's oil is the product of thermal cracking of the
organic matter contained in the shale. The cracking
is achieved by heating the rock to a temperature of
about 500'C and maintaining it for a few minutes;
this process is called retorting. There are two main
types of retorting processes — slow and fast
heating.
Slow heating of coarse particles:
Processes of this type are characterized by slow
heating of raw shale at a high temperature for up to
30 minutes. The shale particles are coarse, having a
diameter of up to 3". Normally, gas is used as heat
carrier. Installations using this technology include
the Paraho and Petrosix vertical shaft moving bed,
the Union oil upflow vertical shaft, the Superior and
Dravo circular grate and the Soviet Union's Kiviter
process.
Fast heating of fine particles:
Finely ground oil shale, with a maximum diameter of
less than 7 mm, as presented in Table 6, is heated
within seconds to 500'C and maintained at that
temperature for a few minutes. Theoretically, the
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short residence time results in high throughput The
spent shale is sent to a combustor, and the ash is then
recycled back to the retorting chamber as a heat
carrier. The retort is designed to ensure good mixing
of the oil shale with the ash. Facilities using this
process include the Lurgi screw retort, the Chevron
stage fluidized bed, the Galoter rotary drum, the
Hebrew University split stage reactor and the PAMA
fluidized bed process.

Figure 1 is a simplified scheme of an indirectly
heated moving bed retort Oil shale moves
downward by gravity through a vertical shaft At
first, the shale is dried and preheated by an
upflowing gas, then retorted and finally cooled by a'
cold recycle gas. Heat is supplied to the process by
the externally heated recycle gas. The off-gas with
the oil mist and the spent shale leave the retort at a
low temperature of 100'C. The oil mist is collected
in a coalescer and by an electrostatic precipitator.
This process is very simple and reliable.

The main disadvantage of the indirectly heated
moving bed retort is the low thermal efficiency —
the char is not utilized, while the product gas is
consumed in the recycle gas heater.

The directly heated moving bed retort was
developed to solve this problem. Figure 2 presents a
scheme of this process. Air is injected into the bed
under the retorting zone and the heat is generated by
partial combustion of the char and the gas. The
process was developed in the late 1970s by the
Paraho Company, USA. The oil yield of this process
is 90-95% of the Fischer Assay.

The particle size of the
feedstock in the moving bed is
between 7 and 75 mm. As is
shown in Table 7, these
particles account for only
about 75% of the crushing oil
shale. Consequently, the
moving bed retorting process
must be integrated with a
process which is able to utilize
the fine particle — either a
fluidized bed combustor or a
fast heating retort Figure 3
depicts such an integration.

There is another
disadvantage of the direct
heated moving bed retort — it
produces a large volume of
low heating value gas. This gas
has a calorific value of about
100 BTU/SCF and HjS content
of about 0.5%. Therefore, it is
very expensive to treat the gas
and very difficult to use it in

conventional boilers. PAMA recommends using this
gas in co-combustion with oil shale, in a fluidized
bed combustor.
Table 6. Sieve analysis of oil shale

nun %wt
9.0 +
8.0 - 9.0
6.3 - 8.0
4.0 - 63
2.8 - 4.0
Z 0 - 2.8
1.4 - 2.0
0.8 - 1.4
0.5 - 0.8

- 0.5
"top size" — 7mm

1.2
1.6
3.8
93
10.4
113
14.1
15.4
93
23.6

Figure 4 presents a simplified scheme of a
fluidized bed retort and combustor. Raw oil shale is
mixed in the retort with hot recycled ash, whereby it
is heated to about 500'C. The vapors of oil, gas and
steam are sent to a fractionauon section, via a
cyclone. The mixture of spent shale and recycled ash
enters the combustor where the char is oxidized. The
circulation of the ash is achieved by pneumatic
conveying from the retort to the combustor. Rotary
valves are used to control the flow of solids as well
as for sealing.

Figure 5 is a block diagram of this process. It
includes dryer, retort, combustor, ash cooler, heat
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Fig. 1. Moving bed retort — indirectly heated
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Table 7. Sieve analysis of oil shale after
primary crushing

mm
75.0 +
53.0-75.0
37.5 - 53.0
19.0-37.5
9.5 -19.0
7.0- 9.5
2.8- 7.0
1.4- 2.8
0.5- 1.4

- 0.5

16.4
27.7
14.6
17.8
16.2
2.9
5.2
1.8
1.6
1.8

suitable as feedstock to
a moving retort:

processes for oil shale
utilization. It should be noted
thatPAMA's work is part of a
national effort. Many research
groups have worked in this
field. Two of these groups are
still working in cooperation
with PAMA: the Fuels
Research Group of the Hebrew
University and the Energy
Center of the Weizmann
Institute.

Table 8 summarizes
PAMA's effort on retorting
processes. Tests on slow
heating, moving bed retorting
w o e carried out in various
units, using direct as well as
indirect heating. Most of the
tests were highly successful,
with an oil yield of about 95%
of the Fischer Assay value. As
can be seen in Table 9, the

processed shale's oil is heavier than the F.A. oil, but
has a similar composition. It almost completely lacks
the naphtha fraction.

The data obtained from the tests were used by
PAMA in the design of a demonstration plant The
moving bed, vertical shaft design was completed in
1985. The unit, with an internal diameter of 11 ft
was proposed. This demonstration plant would be
able to process 30 tph of oil shale and produce 250
BPD of synoil. The required investment was
estimated at 15 million dollars.

PAMA has also been working on fast heating
fluidized bed retorting. A bench scale unit has been
operating since 1985, and the testing program will be

7.0-75.0 73.2

recovery unit and dust collector.
Although the process is complicated
compared to a moving bed, it has some
potential advantages:

• all mined shale can be processed;
• the process has high thermal

efficiency;
• product gas has a calorific value of

over 500 BTU/SCF.

PAMA RESEARCH AND
DEVELOPMENT PROGRAM
For more than 10 years, PAMA has
been working on the development of

FROM MINE
crushing

•75nn

-7im
|

7-7.5 on (75%)
AHmrlnrr

crushing

Bed Retort

- 7 m 25% Fluidlzed

Coabustor
or
Fast
heating
retort

Fig. 3. Integration of moving bed retort and oil shale fines utilization
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Fig. 4. Simplified scheme offluidhed bed retort and combustion system

produced in the bed process, as
can be seen in Table 9;

• no significant scrubbing of HjS
from the gas was observed; it was
expected that the HjS would react
with the recycled ash to form CaS
and FeS. The phenomenon was
observed by PAMA's lab, as
shown in Figure 6, and by other
laboratories.

The fast heating process proved to
be much more complicated than the
moving bed retort However, we
believe that the 3 main operation
problems have been solved:

• controlling the ash circulation;
• preventing the leakage of gases

between the retort and the
combustor;

• preventing clogging of the gas
cooling and oil collection systems
by entrained fine particles.

This year, PAMA intends to

WATER
OIL

CAS

FLUE CAS

OIL SHALE
FEED

DRYER

COOLING
SYSTEM

RETORT

DUST
COLLECTION

,

HEAT
RECOVERY

COUBUSTOB ASH
COOLER

. ASH

RECYCLE GAS
AIR

Fig. 5. Block diagram of fast heating retort process

completed this year. Here are the main results:
• the average oil yield is 80% of the F.A. value.

This value is lower than expected, probably
due to the low temperature in the retort, lower
than optimal temperature;

• the shale's oil is very similar to the oil

evaluate the fast heating process and to compare it
with the moving bed retorting. A joint team of the
Ministry of Energy and PAMA will then select the
best process. If the moving bed would be selected, as
mentioned, we will recommend to erect and run the
30 tph demonstration plant. If the fast heating

26



D. GIVOM O i PRODUCTON FROM ISRABJ O L SHALE

Figure 8. Summary of PAMA's R&D program on shale oil
production

Moving Bed Retort
1979-80,83 Pilot tests in Paraho pilot plant.
1983-84 Feasibility study of 18,000 bpd plant.
1985 "Pre-project" - preliminary design and cost

estimate for a 250 bpd Demonstration Plant
1988 Pilot tests in Petrosix pilot plant.
1989-90 Tests at PAMA Lab Scale Unit.

Fast Heating • FIuMired Bed
1985 Erection of a Bench Scale Unit.
1986-87 First Phase Testing.
1989-90 Second Phase Testing.
1991 Process Evaluation.

Table 9. Comparison between shale oil from different
processes

Fischer Moving Fluidized
bed bed

Density (gr/ml at 15'C)
Simulated distillation ('C)

IBP
10% vol. over at
30%
50%
70%
90%
FBP

Total:
Sulfur (% wt)
Nitrogen (% wt)

n-Heptane ins. (% wt)

Kin. vise, at:
40*C (cst)
5O'C(cst)
Pour point (*C)

0.9646

70
147
227
299
369
445
513

7.2
1.1

1.0

6.6
5.0

0

146
232
311
374
440
510
598

6.9
1.3

5.3

31.6
19.9

12

139
228
297
353
418
499
633

6.8
1.1

7.6

33.1
24.2

9

process is decided upon, the pilot with a capacity of
about 6 tph of oil shale will be constructed.

As stated earlier, raw shale oil must be
hydrotreated before it is fed to a refinery, in 198S
Israeli shale oil was hydrotreated in the pilot plant of

a USA company. Table 10 lists the properties of the
obtained syncrude. It can be classified as a high
quality crude oil; the sulfur content is low, less that
0.05%, and it has no residue.

It is possible, however, that better oil would be
obtained with new catalysts. Therefore, PAMA and
researchers of the Ben-Gurion University are
working on the development of novel catalysts
which will enable hydrotreating and hydrocracking
of the raw shale oil in one plant It is expected that
the product would be of better quality than the
syncrude of Table 10, thereby improving the
economics of shale's oil production in Israel.

Table 10. Properties of Israeli oil shale syncrude

Gravity ("API)
Sulfur (%wt.)
Nitrogen (ppm)
Kin. viscosity at 50'C (cst.)
Pour-point CC)
Yields: (% vol)

Naphtha
Jet fuel
Gas Oil
HVGO

31.2
<0.05
1000
5.5
35

5
15
40
40

Fig. 6. Gas composition at different ash/oil shale ratios
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CLEAN COAL TECHNOLOGIES: OPTIONS AND RESEARCH ACTIVITIES

G.S ASLANIAN

Institute of High Temperatures, USSR Academy of Sciences, IVTAN, Moscow

ABSTRACT. According to the World Energy Council (WEC). at the beginning of the next
century three main energy sources — coal, nuclear power and oil will have equal share in
the world's total energy supply. This forecast is also valid for the USSR which possesses
more than 40% of the world's coal resources and continuously increases its coal production
(more than 700 mln tons of coal are processed annually in the USSR).
The stringent environmental regulations, coupled with die tendency to increase the use of
coal are die reasons for developing different concepts for clean coal utilization. In mis
paper, the potential efficiency and environmental performance of different clean coal
production cycles are considered, including technologies for coal clean-up at die
pre-combustion stage, advanced clean combustion methods and flue gas cleaning systems.
Integrated systems, such as the combined gas-steam cycle and the pressurized fluidized bed
boiler combined cycle, are also discussed. The Soviet National R&D program is studying
new methods for coal utilization with high environmental performance. In this context,
some basic research activities in the field of clean coal technology in the USSR are
considered. Development of an efficient vortex combustor, a pressurized fluidized bed
gasifier, advanced gas cleaning methods based on E-beam irradiation and plasma discharge,
as well as a new catalytic system, are presented. In addition, implementation of
technological innovations for retrofiting and repowering of existing power plants is
discussed.

THE AVAILABILITY AND ABUNDANCE OF
COAL
As is well known, coal is the most abundant and
available fossil fuel with estimated resources of
about 10 trillion tons (7.7 trillion tons of coal
equivalent, TCE). This amounts to about 87% of all
available fossil fuel resources.

Distribution of coal resources and reserves in
selected countries is given in Table 1. USSR, USA

reserves, USSR —17% and China— 15%.
WEC assessments of coal resource-reserve

categories are the following: resources — 9700 bin
ton (7700 bin TCE), proven reserves —1520 bin ton
(1200 bin TCE), proven recoverable reserves — 946
bin ton (690 bin TCE). The Statistical Review of
World Energy estimates the quantity of the world
proven recoverable reserves as 757 bin TCE. This
value differs somewhat from WEC data but has the

Resources
(trillion tons)

Reserves
(billion tons)

Recoverable
Reserves

(billion tons)

Production
(million tons)

T TCE TCE TCE TCE

and China each have more than 1
trillion tons Of COal resources; Australia T i b l e ^. CoaJ tesources. prmen recoverable reserves and production in the
has about 800 billion tons. These main coal producing countries (WEC, 1986)
countries account for about 90% of the
total world coal resources. In spite of
that, coal deposits are regionally
distributed over die world, even more
than oil. Coal is a very important
energy source for many countries, such USA^
as Germany, South Africa, Poland etc.,
with resources of over a hundred billion
tons of coal each. Such coal resources W I I U U I

are certainly more than enough for their ^ ' ^ J , ' ,
energy supply in the coming years. Poland

As is illustrated in Table 1, USA world
shares are 29% of the world's coal

1.57
4.40
1.93
0.13
0.29
0.79
0.18
9.7

1.00
134
1.42
0.12
0.23
0.64
0.15
7.7

429
288
200
112
99
91
76

1520

348
203
182
102
61
62
61

1200

257.2
239.4
99.0
51.8
65.1
65.7
37.0

946.0

204
167
90
47
41
41
29
690

746
718
593
130
214
125
204

3822

637
565
540
118
132
96
164

2900
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same order of magnitude, which again hints to the
role of coal in future energy supply.

According to the statistics, proven recoverable
resources of oil and gas are about 135.7 and 131.4
bin TCE, respectively. The reserves of gas
condensate, oil shales and peat amount together
about 40 bin TCE. Hence, there is a total of more
than 1060 bin TCE recoverable reserves of fossil
fuels from which coal amounts for 757 bin TCE, or
about 70% (Table 2). To stress the quantity of coal
reserves, note that the total cumulative coal
consumption from 1860 till 1985 amounted to 155
bin TCE. Analysis of coal production history shows
that there is a steady trend in growth of coal demand,
which currently accounts for about 3 bin TCE; of
this, more than 700 mln tons are processed annually

Table 2. Assessment of world fossil fuel reserves (bin TCE)
(Statistical Review of World Energy, 1986.)

Region Oil Gas Coal

North America
Latin America
West Europe
East Europe
Africa
Middle East
Asia/Oceania
Total

6.6S0
18321
4340

15.607
10.721
76.270
3.800

135.709

10.080
6.920
6.678

50.393
7.407

32.421
7.523

131.427

201.400
4.542

74.200
352.829
56.785

67385
757.141

in the USSR.
The world total annual energy production in the

late 80's was more than 10 bin TCE. The distribution
of energy resources is shown in Table 3. As
illustrated, a large share of the current world energy
demand (about 38%) is still supplied by oil. On the
other hand, the recoverable oil reserves are less than
13% of total fossil fuel reserves. At the current rate
of consumption, oil could be exhausted in the next
35 years.

The only practical way to change this trend is a
shift from oil to coal utilization. USSR energy policy
recognizes this need. In the 50's coal accounted for
about 60% of the country's total primary energy
sources; by 1990 coal's share dropped to less than
20%. But at present there are plans to overturn this
trend. In the next 15 years coal production growth of
26-35% is expected (Table 4).

This increased coal processing is closely related to
a growth in its consumption for power generation.
Currently, electricity is supplied by coal (32%),
heavy oil (22%) and natural gas (43%); in the year
2000 the expected figures will be 42%, 8% and 47%
for coal, heavy oil and natural gas, respectively. In
2010,45% of the power generated in the country will
be supplied by coal..

Table 3. Projection of the world primary energy production sources

Energy 1980 2000 2020 2040

Source

Solid fuel*
Oil
Natural gas
Nuclear energy
Renewable

sources
Noncommercial

resources
Total

b i i L T C B *

2.9
4.3
1.9
0.2

0.0

0.9
10.8

26.6
40.0
173
2.3

0.0

8.0
100

blaTCE*

4.1 25.8
4.9 30.8
2.7 17.0
1.3 8.1

0.3 1.9

1.6 10.1
15.9 100

HILTCE %

6.6
4.4
3.7
2.4

1.3

1.7
21.5

30.5
20.5
17.2
11.3

6.0

7.9
100

bfa.TCB«

8.3
4.0
4.4
3.3

2.3

1.4
29.5

32.2
15.6
17.2
12.8

8.9

4.5
100

Table 4. Forecast of energy sources in the USSR.

Source 1990 1995 2000 2005

Oil and gas
condensate (mln t)

Natural gas
(bbimS)

Coal, (mint)
Oil shale, (mm t)
Fuel peat, (mln t)
Fuel wood (mln t)
Renewable!
(mlnTCE)

617

845
771
28

22.6
11

2

600-610

1000-1050
810-830

28.3
20
11

7

590-610

1070-1170
860-920
30-35

20
10

20-25

580-610

1150-1250
920-1050

30-35
15
10

35-40

ENVIRONMENTAL IMPACT
Until recently specialists of many countries
have been predicting a sharp increase in coal
consumption, mainly for electric power
generation and production of different
multi-purpose liquid and gas synthetic fuels.
Recently, however, the attitude toward coal
combustion has become less favorable due to
a stringency of environmental regulations.

Ecologically, coal is one of the most
polluting fuels: it contains various
impurities, mineral matter, sulfur, nitrogen
and heavy metals which restrict its
usefulness as a fuel. Coal combustion
generates a large amount of sulfur and
nitrogen oxides, as well as particulates (fly
ash and dust). It produces the highest
amount of CO2 per unit of generated power,
compared with other types of fossil fuels.
For example, during combustion of coal the
rate of CO2 emission is 90 kg CO2 per kj;
oil combustion produces 73 kg CO2 and
natural gas combustion generates only 55
kg. Ecological problems caused by coal
have been experienced for a long time.
Besides some domestic problems, such as
penetration of disposed soot and ash
particles into apartments, the presence of
solid pollutants in the air has provoked
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various respiratory illnesses. Combustion of coal
also leads to the formation of extremely harmful
polyaromatic hydrocarbons, which have very strong
carcinological and imitative effects.

On a global scale, coal consumption growth
would increase sulfur and nitrogen oxides emission
into the atmosphere. Emitted oxides are transformed
into higher oxides, which interact with water vapor
to form fine drops of sulfuric (HjSQ,) and nitric
(HNO3) acids. These drops become the nucleuses of
acid rain, which causes tremendous damage to trees,
animals, constructions and cultural monuments; it
also presents a severe health hazard to human beings.

Nitrogen oxides (mainly NO and NO2, but also
some N2O) are major contributors to photo-chemical
smog. N2O, which is relatively unreactive in the
troposphere, becomes an effective catalyst in the
destruction of ozone at the
stratosphere.

As was mentioned above,
combustion of coal and other fossil
fuels leads to an emission of a great
amount of carbon into the atmosphere
— approximately 7 bin tons of CO2

per year. Many specialists believe that
the growth of CO2 concentration in
the atmosphere could lead to global
wanning. Most scientists predict a
significant global warming over the
next 50 years unless emissions of
carbon dioxide and other greenhouse
gases are substantially reduced. To
counter this trend, the World
Commission on Environment and
Development recommended a
reduction of 20% in CO2 emission
level by the year 200S, based on the
1988 level. It was assumed that about
half of this reduction would be
obtained by increased energy
production efficiency and improved TOTAL
conservation measures; the other half

these constitute, 80,32 and 54% respectively of the
total fossil fuel combustion emissions, respectively.
Table 6 provides the emission components of
different fuels, including the most important air
pollutants.

Concerning the situation in the USSR, emissions
from the heat and power industry constitute 24% of
the total industry emission; the part of the main
pollutants is very high — 35.5% of the total
particulates emission, 44% of the SO2 and 57% of
the NO, emissions (Table 7).

As shown in Tables 5 and 6, the combustion of
coal leads to considerably higher emissions of
harmful substances than an equivalent amount of any
other fossil fuel. Besides particulates, nitrogen and
sulfur oxides, the combustion of coal emits into the
atmosphere about 60,000 tons of lead; 50,000 tons of
nickel; 30,000 tons of arsenic; 300 tons of mercury

Table 5. Emissions to the atmosphere originated by human activities
(Holdren, 1985)

Form
of Activity

Global
Material
Flow (Mt/y)

Emission (mln tons per year)

Particulates HC NOX SO2

Energy supply
Coal
Oil, oil refining
Motor fuel
The rest of

combustion processes
Biomass

Non-energy
industrial activities
Copper smelting
Iron and steel making
Cement production
Lime production

Other human
acdvites
Wildfires (partly

anthropogenic)

3000
3000
1500

1500
1500

10
700
900
150

5300

2300

55.5
30.0

3.0
6.0

1.5
15.0

3.0
4.0

30.0
5.0

50.0

23.0

38.8
1.0
3.0

30.0

0.8
4.0

—
—
—
—

50.0

23.0

92.5
30.0
0.6

45.0

15.0
1.9

—
—
—
—

4.8

2.3

113.5
90.0

3.0
5.0

1.5
0.7

25.0
—
—
—

1.9

0.9
170.5 112.0 110.0 141.5

would be achieved by modification of Table 6. Components offoss'lfuel derived pollutants
energy sources, among others, by an
increased use of renewables and
nuclear power.

To illustrate the negative influence
of coal combustion on the

Particulates Hydrocarbons NOX SO2

multiple
kgAc range

multiple
kgAc range

multiple
kgAc nnge kgAc

multiple
range

100 (10) 0.4 (3) 10.0 (2) 30.0 (3)Coal combustion
Natural gas

. combustion
atmosphere, we can use the data of oil refining
the American ecologist J. Holdren Oil as a motor fuel
(Table 5). The annual emission of
pollutants to the atmosphere
associated with coal combustion is
accordingly: sulfur oxides — 90.106

 N o t e . M] f l gWBS fa v m a m i n ^ ^ mume r a n g e s o f g i v e n va lues>

tons, nitrogen oxides — 30* 10° tons (2) means that the range extends from 2 times smaller to 2 times larger than
and paniculate matter — 30*10* tons; the indicated value.

combustion
Biomass combustion

0.1
1.0
4.0

1.0
10.0

(3)
(3)
(2)

(2)
(4)

10.0
1.0
20.0

0.5
5.0

(2)
(30)
(2)

(2)
(5)

0.0
0.2
30.0

10.0
2.0

(2)
(2)
(2)

(2)
(3)

0.01
1.0
3.0

10.0
0.4

(2)
(3)
(2)

(3)
(3)
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Table 7. Emissions from heat and power industries in the
USSR (mln tons/year)

Emission 1980 1985 1988

Total
Fly ash
Sulfur dioxide
Nitrogen oxides
Average ash
removal efficiency (% )

193
6.4

10.6
2.3

933

17.9
6.36
9.66
2.41

93.3

15.35
4.94
7.55
2.67

94.2

Table 8. Nitrogen oxides emissions in flue gases of boilers (mg/m3)*

Fuel Boilers
(capacity or type)

Emissions
as designed

Actual
emissions

Controlled
combustion

Oil

Brown coals

Bituminous coals

230-670 l/h
300-1200 MW units

Dry-bottom
Slagging

Dry-bottom
Slagging

413
447

445-576
524-576
639-778

—

500-700
700-1200
500-600
600-800
600-1100

1200-2200

350
400
350
500
550
650

* for oil — dry gas sample with 3% O2 and a = 1.167
for coals — with 6% O2 and a = 1.4

and 60 tons of cadmium annually (which are
concentrated in the fly-ash panicles). All these
substances are harmful, specifically to the kidneys
and cerebrum; their large concentrations can cause
poisoning and other health damage.

The above-mentioned emission is given under the
assumption that no emissions control methods are
used and all the pollutants formed are emitted into
the atmosphere.

In practice, however, it is possible to
reduce the disposal of harmful substances into
the atmosphere by available methods. A wide
variety of clean and efficient coal utilization
techniques also is under development,
awaiting commercialization. The main
options of environmentally clean coal
utilization are presented below.

OPTIONS TO REMOVE POLLUTANTS
Figure 1 illustrates available options for coal
pollutant removal. These options include:

• mineral matter and sulfur removal by
physical and chemical cleaning at the
coal preparation stage (before
combustion or processing);

• retention of pollutants (mainly sulfur
oxides) during the combustion stage by
injection of absorbent;

• participates and sulfur removal by
integrated fuel processing (gasification
pyrolysis and/or hydrogenation);

removal by advanced flue gas clean-up.
The most efficient sulfur removal is achieved with

limestone or dolomite injected into a fluidized bed
boiler (FBB), working under atmospheric or elevated
pressures. In addition, due to low combustion
temperature, a low amount of NO, is generated.

In the last few years worldwide efforts have been
directed toward developing new, promising
modifications of the fluidized bed concept. Among

them is the circulating fluidized
bed boiler (CFBB), which
employs high velocities (5-25
m/sec) and actually promotes
solids elutriation. The CFBB has
higher heat intensity per surface
area (up to 8 MW/m2) and higher
steam productivity of each unit
(up to 100 tons of steam per
hour) than the FBB. Moreover, a
CFBB allows burning of various
solid fuels and a better sulfur
retention is achievable. The
dense bed is maintained at a
reducing atmosphere, resulting in

essential suppression of NO, formation by
multi-stage air feeding. In FB reactors heat exchange
surfaces are usually located within the bed itself,
while in CFB reactors the combustion and heat
exchange regions are separated; a separate design
diminishes the erosion rate of heat exchange
surfaces.

Four main CFBB designs have been developed
and commercialized: Lurgi, Batelle, Ahlstrom and

Load reductsn
Low execs* air
Staged combustion
Flue gas recirculation
Rebumlng

JV-combmOon I Cleaning u
coal upgrading combuaion

Intercycle , Flue gas cleaning from
cleaning I pamculales, SO2 and NOX

1 paiticulates, sulfur and nitrogen oxides Fig. 1. Different emission control options
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Fig. 2. Scheme ofBalelle CFBB
I — combustor; II — high efficiency cyclone; HI — convective heat
transfer surface; IV — external heat surface; V — "cold"
compartment; VI — hot compartment; VII — heat transfer surface;
Vm— dense bed
1 — coal; 2 — primary air; 3 — secondary air; 4 — lift air,
5 — fluidizing air; 6 — cold recycle; 7 — hot recycle;
8 — hot flue gas; 9 — flue gas to clean-up equipment and
chimney.

Stone-Webster. A scheme of the CFBB designed by
Batelie is shown in Figure 2. In 1989 the Lurgi
company started the commercialization of CFBB
with a capacity of 900 MW (thermal), supplied by
hot cyclones and external ash heat exchangers.

R&D on CFBB is also being conducted in the
USSR at the Krzhizhanovsky Power Engineering
Institute (ENIN) and at the All Union Thermal
Engineering Institute (VTI). The ENIN combustor is
shown in Figure 3. This design is suitable for
combustion of fuels with high ash content and
incorporates a reactor-pyrolyzer for a preliminary
coal thermal processing. The products of coal
pyrolysis feed the steam boiler or gas turbine
combustor; the char residue from the reactor is
burned in the CFB pre-combustor. Flue gases are
cleaned from partkulates in the hot cyckmes and
then flow into the steam boiler. ENIN's technology
provides high environmental performance: exhausted
flue gases contain no more than 200 mg/m3 of sulfur
oxides, 1S9 mg/m3 of nitrogen oxides and 100
mg/im3 of dust [Volkov, Gavrilov, 1991].

A semi-industrial module, incorporating
reactor-pyrolyzer and CFB pre-combustor designed
to supply 120 tons of steam per hour, has been
erected at the Dobrotvorskaya plant and fed by
high-ash Lvov-Volynsky coal.

VTI design uses a conventional CFBB concept.
The first module will be erected in 1994 in the
Petrovskaya cogeneration power plant, generating

1200 MW of electricity, by Kuznetzky coal.
The plant will be equipped with 6 CFBB,
generating 620 tons steam per hour. The
construction of the plant will be completed in
1999.

Pressurized fluidized bed combustion
(PFBQ can be incorporated with a combined
cycle, resulting in a remarkable increase in
plant efficiency, and hence, in electricity
output.

The following attributes of PFBC may be
distinguished:

• hot gases require paniculate cleanup
before entering the gas turbine;

• no flue gas cleanup is required;
• high pressure and intense turbulent

mixing produce higher combustion
rate and reduce the size of the unit;

• plants can be composed of standard
modules. This leads to easier installation
and a relatively low cost without the
usual economy of scale penalties;

Rue gas to the heat-recovery boiler

Fig. 3. Layout of the ENIN combustor module
1 — crushed fuel hopper; 2 — separator; 3 — ash/gas flow
divider; 4 — reactor-pyrolyzer; 5 — air spray combustor;
6 — screw conveyer; 7 — ash heat exchanger.
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• modularity provides stage construction, which
permits smaller increments of capacity, thereby
shortening construction time and lowering
costs;

• the waste generated is a dry, benign solid that
can be disposed of easily or usefully employed.

Unfortunately, R&D on PFBC is currently only in
its laboratory scale in the USSR.

Now we return to combustion control techniques
and options to remove or suppress the formation of
pollutants. The following means of combustion
control greatly reduce the formation of nitrogen

Selective noncatalytlc-

NO reduction

Flue gas
reclrculatlon*

Two stage air
Injection

Two stage fuel

feedlng/NO reduction

Multistage

combustion

uuu
\/

Fig. 4. Methods for NOX control at the combustion stage

oxides:
• load reduction
• low excess air combustion
• staged combustion
• flue gas recirculation
•reburning
• selective non-catalytic reduction
The main principles of combustion control are

presented in Figure 4. Such control techniques are
broadly implemented in the USSR at existing oil and
coal-fired boilers; as shown in Table 8, they
effectively reduce NOX emission.

Removal of mineral matter and fuel molecules can
also be achieved by inter-cyclic fuel processing, i.e.,
by integrated gasification, pyrolysis and maybe
hydrogenation. The integrated gasification can be
incorporated into combined steam-gas turbines cycle,
providing highly efficient power generation.

The following attributes of integrated gasification
combined cycle (IGCC) may be distinguished:

• it is relatively non-sensitive to coal feedstock;
• gases require only paniculate and sulfur

clean-up before the gas turbine;
• in addition to increased energy production

efficiency, the units can be composed of
standard modules, applicable to large and small
utilities. This leads, as mentioned, to easier
installation, less construction time, and
relatively low cost without the usual economy of
scale penalties;

• sulfur removal of over 99% is achievable;
• nitrogen oxides removal of 40% is possible;

Raw coal

Air I
Fuel
preparation

Air
separation

Oxyeen
9 H jl' X

Casificr

Gas clean-up
from S-compounds
and dust

Clean gas

Gas turbines

Heat recovery
steam generator

Fig. 5. Principal scheme of the 625 MWIGCC unit (Berezovsky Plant-2)
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R&D conducted at the All Union Thermal
Engineering Institute within the frame of the national
"Environmentally Clean Power Generation"
program, is aimed at developing 625 MW integrated
gasification-combined cycle units. Each unit consists
of two modular entrained bed slagging gasifiers with
100-120 t/h coal throughout, two 200 MW gas
turbines designed for gas inlet temperatures of
12S0 'C, two recuperators downstream from the gas
turbines and one 225 MW steam turbine (Figure 5).

Such an IGCC unit will have a thermal efficiency
of 44-45% and very low pollutants emission:
particulates — 1.5 mg/m3; SO2 — 7 mg/m3 and NO,
— 80 mg/m3. A demonstration facility will be built
in 1992-1994. The first commercial plant with a
5000 MW output (8 IGCC units; 625 MW each) will
be put into operation in 1999 in the Krasnoyarsk
region using brown coal from the Berozovskoe
basin.

Another IGCC technology was developed by the
Central Boiler and Turbine Institute (CKTI). CKTI's
300 MW concept consists of steam-air gasifier (100
t/h coal under 2 MPa), gas cleaning system,
pressurized gas-fired boiler, 114 MW gas turbine
(with a gas inlet temperature of 1100'Q and 180
MW steam turbine (Figure 6).

The technology has the following environmental
performance: emission of particulates — 9 mg/m3,
SO2 — 34-70 mg/m3, NOX — 80 mg/m3. Compared
to the conventional coal-fired plant, it saves 10-12%

[ I Pressurized stem generator

Generator

120 MW

Steaa turoine

System for
regeneration

and water heating

Drops separator

Fig. 6. Principal scheme of IGCC concept, developed by CKTI

of the fuel consumption per kWh of generated
electricity. Two such modules are planned to be
constructed in 1998-2000 at the Petrovskaya plant
near Kemerovo.

Removal particulates, sulfur and nitrogen oxides
from the flue gases can be obtained also by
conventional and advanced methods of gas clean-up.
These include precipitators, bag filters or wet
scrubbers. The efficiency of gas cleaning from
particulates in power plants of the leading industrial
countries is as high as 99.9%. In the USSR, the
average efficiency of particulates removal in 1988
was still only up to 94.2% ( Table 7).

All environmentally clean combustion
technologies propose gas clean-up from particulates
(dust, fly ash, soot) by introducing electrostatic
forces.

Such development was carried out also in the
USSR to improve the efficiency of dust and
particulates removal. These studies emphasized the
use of pulse and alternating-sign power supply to the
electrostatic filters. Units with a relatively large
distance between the electrodes were also
recommended. These efforts are aimed both at
assuring dust removal and improving the economic
characteristic of the equipment.

It should be stressed that the alternating-sign
power supply to electric filters is a promising idea
currently in use only in the USSR. This concept is
based on the fact that an inverse corona is fonned on

a high resistant dust layer sometime
after the voltage (which is requited
to accumulate the layer) has been
applied. At this moment, if the
polarity of the voltage is alternated,
the inverse corona formation could
be eliminated over the time
necessary for the layer to be
recharged. Thus, by periodic
alternation of the voltage polarity,
we can completely eliminate or
significantly reduce the formation
of the inverse corona. In this case,
the drop in the rate of dust
precipitation cannot be allowed.
This is achieved by choosing an
optimum time interval for each
voltage polarity.

The second advantage of the
alternating-sign power supply,
which expands its application range
beyond high resistant dust, is the
ability of precipitation electrodes
for self-shaking. At the moment the
polarity is inverted under the effect
of the alternating voltage, the force

C0249T/hr
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which keeps the charged layer close to the electrode
transforms into a breaking one. This contributes to
self-purification and allows either to suspend or to
simplify significantly the system of electrode
shaking.

An optimized alternating-sign power supply,
which was applied in an industrial bipolar electric
filter, reduced ash emissions by a factor of 1.5
compared to the unipolar supply mode. Activities in
this direction are also carried out in a number of
other coal-f red power plants which use coal adverse
electro-physical properties. A prototype of a
complete supply source, in which elements of a
commutator and a high-voltage source are combined
in a single container filled with oil, is being currently
tested.

In many cases combustion of coal with a high
sulfur content requires flue gas cleaning to meet
existing environmental regulations on sulfur oxide
emissions. The wet scrubbing of gas with limestone
injection seems the most efficient technology for
SO2 removal, which presently has a commercial
application. On the other hand, it is rather difficult to
ensure maximum permissible NO, emission values
(MPEV) by simple combustion control. Therefore,
all ecologically clean technologies are currently
equipped with a system for flue gas cleaning from
nitrogen oxides. Such NO, removal system is shown
on the right side of Figure 1.

The selective catalyst reduction (SCR) of NOX to
N2 is commercially acceptable and gains in the
presence of ammonia and a vanadium catalyst. A
main disadvantage of this SCR method is the short
life of the V2O5 catalyst and the disposal of the spent
catalyst Hence much efforts has been made in
IVTAN, ENIN and other research centers to develop
new, more efficient and cheap ways. Novel methods
for SOyNO, oxidation by radicals (such as OH,' O',
HOj and O*3) which are formed in flue gas under an
irradiation or electric discharge, are currently under
study. The main advantages of this technology are
the absence of catalyst, high degree of gas cleaning,
extraction of pollutants in the form of valuable
fertilizers and a relatively low energy consumption.

An interesting possibility to remove
simultaneously SO2 and NO, is provided by ozone
treatment. In this case the ozone oxidizes SO2 and
NO,; then the products (SO3 and NO,) are
neutralized and converted into sulfate and nitrate of
ammonia. Based on this idea, an ozone-ammonia gas
cleaning method was developed by ENIN. The
process is carried out in one absorption chamber, in
which ozone is injected into the flue gases via spray
nozzles installed in the Venturi tube orifice. This
increases pollutants removal efficiency by 10-12%.
A combination of oxidation and neutralization stages

(only in one unit) produces a practially neutral
mixture and significantly decreases corrosion.

The consumption of ozone amounts to 1.1-1.2 kg
per kg of NO,. The method allows removal of
75-80% of the NO, and 90% of the SO2 from flue
gases and consumes approximatly 5% of the power
generated by the unit About 90% of this power is
consumed for ozone production. The method is
implemented now in its demonstration stage in a
coal-fired plant Ammonia fertilizers utilization, as
process by-products, ensures the economic feasibility
of the technology.

In many cases the fulfillment of the required
environmental regulations could be achieved only by
a combination of several cleaning methods. For
example, it is possible to apply simultaneously
preliminary coal washing, wet scrubbing of flue gas
(to remove particulates and sulfur compounds) and
selective catalytic reduction to reduce the amount of
nitrogen oxides.

Implementation of different cleaning options
shown in Figure 1 would ensure the environmental
acceptance of the process. Realization of these
options is not simple, but quite a realistic task which
has been implemented in many coal-fired power
plants (in the U.S., Japan, and the former West
Germany).

Utilization of complex clean-up systems leads to a
considerable rise in the cost of coal technologies.
Thus, in the U.S. the cost of new coal power plants
equipped with flue gas desulfurization and SCR is up
to $2,000 per kW of installed capacity; at least 25%
of the capital cost is related to sulfur and nitrogen
oxides clean-up systems.

Figure 7 depicts an evaluation of cost and
efficiency of various emission control measures.
Industrial processes, such as physical clean-up by
upgrading of ash, pyrite sulfur removal, combustion
in an atmospheric fluidized bed with limestone
injection, wet scrubbing of flue gas and combustion
control to suppress NO, formation, are shown double
shaded. Technologies which are at their
demonstration stage are shown simply shaded. Dots
mark off prospective technologies.

OPTIONS TO MODIFY EXISTING
COAL-FIRED PLANTS
Reasonable, cost-effective options to improve
significantly conventional coal power plant
environmental performance do exist The innovative
clean coal technologies considered here could be
grouped into two major categories.
Retrofit Technologies
This system can be installed in existing plants to
reduce emissions. They are used at the "front end"
or the "back end" of the fuel chain and at the
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r ~] Prospective
I I technologies

40

20

10 30 50 70 90

Reduction of SOZ and NO, emissions

Fig. 7. A comparison between costs and efficiencies of
various emission control measures (EPR! assessment with
author's additions]
1 — physical cleaning; 2 — advanced physical and
chemical cleaning; 3 — dry absorbent injections; 4 —
suppression of NOX formation by controlling combustion
regimes; 5 — NOX selective catalytic reduction (SCR);6 —
wet flue gas desulfurization (FGD); 7 — atmospheric
fluidized bed combustion (AFBC); 8 — pressurized
fluidized bed combustion (PFBC); 9 — combined
steam/gas cycle with coal gasification; 10 — electron
beam gas cleaning; 11 — FGD + SCR; 12 — natural
gas-fired combined steam-gas cycle

combustion stage. Technologies which could be used
for retrofiting at the fuel side include conventional
coal cleaning (coal washing) and innovative methods
such as advanced physical, chemical and microbial
cleaning.

Retrofit technologies generally cause some losses
of efficiency (3 to 10%) and power output, because
power is also required to implement them.
Post-combustion clean-up technologies, namely
conventional and advanced flue gas scrubbing, have
similar economic performance penalties. Flue gas
scrubbing generally costs more than combustion
modification processes, such as stage burner,
reburning, slagging combustors and sorbent
injections. Pre-combustion clean-up, i.e., coal
cleaning and coal slurry preparation, can result in a
better efficiency due to less ash handling, however,
fuel cost is increased. In general, the advanced
retrofit control devices expand the range of coal
types that can be cost-effectively used; they also are
not space or site limited as is flue gas scrubbing.

Reconstruction Technologies.
This option is aimed at replacing a significant
portion of the original plant to reduce emissions and
often to increase capacity.

Reconstruction options include:
• Integration of coal gasification with combined

cycle;
• Fluidized bed combustion at atmospheric

pressure (AFBC);
• Pressurized fluidized bed combustion integrated

with combined cycle;
These technologies (except AFBC) are currently

at a demonstration stage and their wide
commercialization is expected by 1995.

Reconstruction technologies usually increase
efficiency and boost power output To reconstruct an
existing coal-fired power plant, the boiler has to be
replaced by a new coal gasifier or fluidized bed
combustor. If PFBC is used, integrated with a gas
turbine, gas clean-up and heat recovery systems are
required. The remaining equipment (coal handling,
steam turbine and power generation equipment)
would likely need to be renovated. Although
reconstruction requires significant capital
investment, the increased power output offsets most
of the capital cost.

According to available estimates, reconstruction
of an existing coal-fired power plant with IGCC (a
gasifier-turbine configuration) would require an
investment of $1100 to $1300 per kW installed (the
1988 US price). But since electric power will be
generated more efficiently when the plant is
renovated, the electricity price would increase to no
more than 0.2 cents/kWh. SO2 emissions from the
reconstructed plant would be reduced by up to 99%
and NOX emissions would be significantly lower than
in the original plant

Reconstruction using IGCC can increase the
efficiency from a nominal 35% to more than 40%
and boost its power output as much as 50% to 150%.
Reconstruction using PFBC increases plant
efficiency to 42-44% [Krishna, KJPillai, 1989] and
increases power output by 50-70%. Capital cost is
somewhat lower ($800-$l,000 per kW installed), but
the increase in power output is less than that of
IGCC; thus the cost of electricity is greater by about
0.4 - 0.6 cents per kWh.

AFBC reconstruction would not change
significantly power plant efficiency. It would result
only in a 10% to 15% increase in power output The
initial investment is low ($700 to $900 per kW
installed), but the relatively small increase in power
output results in a cost-of-electricity rise of 0.6-0.8
cents per kWh. Table 9 provides the estimated
performance of the various mode-of-operation
options.
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Table 9. Technical and economic performance of innovative clean coal technologies in comparison to a conventional
coal-fired power plant*

Technology

Conventional

Coal cleaning

Flue gas
scrubber (FGD)

Retrofit

Advanced flue-gas
clean-up

Limestone injection
multi-stage burner

CFB
pre-combustor

Gas-reburning

In-duct sorbent
injection

Advanced coal
cleaning

Coal slurry

Reconstruction

IGCC

PFBC

AFBC

Efficiency

small increase

decrease

decrease

decrease

small
decrease

no change

small
decrease

small
increase

small
decrease

moderate
increase

moderate
increase

no change

SO 2 &NO X

reduction
(%>

>30.
no change

90-95
no change

>90
high

50-60
moderate

50-90
moderate

moderate

55-75

30-90
no change

10-60
no change

95-99
moderate

90-95
moderate

Power
output

no change

moderate
decrease

small
decrease

small
decrease

small
decrease

no change

small
decrease

no change

small
decrease

50-150%
increase

50-70%
increase

10-15%
increase

Plant
life

slight
extension

no change

no change

no change

slight
extension

slight
extension

no change

slight
extension

no change

moderate
extension

moderate
extension

moderate
extension

Capital
cost
($/kW)

additional
fuel cost
only

180-200

175-190

80-110

50-60

10-20

40-90

additional
fuel cost
only

20-50

1100-1300

800-1000

700-900

Cost of
electricity
(c/lcWh)

0.2-0.3

0.9-1.1

1.0-1.2

0.5-0.8

0.1-0.2

depends on
gas price
0.2-0.4

0.6-2.1

1.1-23

0.1-0.2

0.2-04

0.6-0.8

* Assumes a conventional coal-fired power plant with only paniculate matter removal. For reconstruction technologies,
capital costs are relatively high because the capacity of the plant is increased. The incremental costs of electricity are costs
associated with reducing emissions from the original plant
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Session 3— Solar Energy

SOLAR ENERGY IN ISRAEL — UTILIZATION AND RESEARCH

Y. ZVIRINl and S. ZAMKOW*

'Technion — Israel Institute of Technology, Haifa, and %rael Ministry of Energy and Infrastructure, Jerusalem

ABSTRACT. The State of Israel has been a pioneer in solar energy development and
utilization since it was founded. In the 50's, Solar Domestic Hot Water Heaters (DHWS)
became commercially available. At the same time research work was started in different
areas of solar energy, which led to more advanced solar systems for additional applications.
The presentation includes some details on commercial utilization of solar energy and a brief
description of the main R&D projects in industry, universities and research institutes.

INTRODUCTION
Currently, solar energy accounts for over 3% of the
total energy consumption in Israel, mainly by DHWS
use. It makes Israel the world's largest solar energy
user per capita. The share of solar power in the
energy market is expected to rise to 4.5% by the year
2000. Local industry provides the components for
DHWS and other applications of solar energy. Most
DHWS use natural circulation systems for hot water
supply to small residential units. Forced flow
installations have become common as well and are
used in high-rise buildings, hotels and in agriculture
and industry. About 65% of all households in the
country have DHWS. Their reliability is
demonstrated by the fact that their manufacturers
guarantee them for up to 8 years. Israeli legislation
requires that every new apartment building up to 9
stories will employ a DHWS.

While Israel does not yet have a commercial solar
power plant, the Jerusalem-based Luz Company has
manufactured concentrating trough collectors for the
construction of thermal power plants in the USA.
The company has installed a number of electricity
generation units with overall capacity of more than
350 MW; these comprise about 95% of the world's
electricity supply produced by solar energy. The
Negev Desert is the region best fit for solar power
stations in Israel due to abundant sunshine and
extensive undeveloped space. A solar radiation and
land survey is being carried out there to choose the
best location for future solar power stations.

Two types of Solar Ponds have been investigated
in Israel. The first large-scale efforts to utilize solar
energy trapped in salt-gradient Solar Ponds, by
means of organic Rankine cycle turbines and
applications to solar desalination, were done by
Sobnat (a subsidiary of Ormat Industries). The other

was a Thermal Diode Solar Pond based on use of
fresh water and developed by the Arel/Argaman
Company. Various solar thermal units with novel
solar collectors (Paz/Pimat), selective coatings and
cooling systems have been constructed. The
technology of solar space heating and absorption air
conditioning (Paz-Gal) has been developed,
demonstrating technological feasibility in various
applications.

Solar energy is extensively utilized on a large
scale for industrial evaporation at the Dead Sea
Works and in sophisticated greenhouses all over the
country. The use of photo-voltaic systems is rapidly
increasing, mainly in small-scale systems. The
applications include an experimental project for the
supply of electricity to single houses in a small
community, spot illumination and emergency
communication. Passive climate control principles
were developed and are being increasingly
considered in designing new buildings.

At present, advanced R&D is being carried out by
research institutes, universities and industry. Some of
the projects are close to commercialization. Two
large facilities for solar R&D, the Sde Boqer Test
Center and the Weizmann Institute Solar Tower, are
in operation — investigating various methods of
electricity production and thermal utilization. This
presentation describes the main areas of solar energy
utilization and current solar research in Israel.

UTILIZATION OF SOLAR ENERGY
Israel was the first country to utilize solar energy on
a commercial basis. Considering the lack of fossil
fuels, the very limited hydro-power potential, and the
relatively large number of clear days during the year,
the orientation towards solar energy development
was natural.
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1. Solar Hot Water Supply
People in Israsl began to buy solar flat plate
collectors for heating water about 40 years ago.
These systems were based mainly on natural
circulation (thermosyphon) and served individual
families. With the growth of high-rise buildings,
forced circulation systems have become increasingly
common. The energy crisis following the Yom
Kippur War in 1973 caused the acceleration of R&D
activity to improve the performance of existing
collectors and to develop more advanced systems. It
is interesting to note that 16 years ago, the
installment of solar heaters and water tanks on
building roofs was forbidden in several
municipalities, due to esthetic reasons. Today, roofs
covered with DHWS systems are a common sight in
Israel (Fig. 1).*

Thermosyphon systems of variable sizes, for
single family homes, are marketed extensively. The
common system includes a 2m2 flat plate collector
with a 160 liters tank. Since there is no pump and no
moving parts, little maintenance is required,
involving mostly occasional cleaning of the
collectors.

The common collector is constructed of a
transparent cover, an absorber plate and black
painted steel tubes. The leading manufactures
(Chromagen, Miromit, Amcor, etc.) have made some
improvements, like selective coatings on the
absorber plate to reduce radiation losses, finned
structure in the air gap between the cover and the
absorber to decrease neat convection losses, and
copper tubes to increase heat conductivity.

Natural circulation systems are obviously not
suitable for large-scale applications, i.e. high-rise
buildings and industry. Thus, the development from
thermosyphon systems to a forced circulation was
necessary. Forced circulation systems are controlled
by differential thermostats which activate the pumps
whenever the temperature of the liquid in the
collector exceeds that of the storage tank. Many such
systems have been built for hotels, hospitals, military
camps, dormitories and kibbutz communities. The
cost of additional components, such as the pump,
controller and piping, is quite small per family unit,
and therefore in many cases forced circulation
systems are used in apartment buildings as well.

Today, solar hot water systems are extensively
used in Isnwl. There are a few dozen firms that
produce and market collectors or systems
incorporating them. Many of the systems meet the
requirements of Israel Standards Institute's (ISI)
codes and are manufactured under ISI supervision.
DHWS systems are reliable and their prices have

gone down. The leading manufacturers guarantee the
systems for 8 years and have sold millions of
collectors in Israel and abroad. The price of a
complete theimosyphon system ranges between $600
to $800, about half of it for the collector. The forced
circulation central system is priced in the range of
$800 per apartment Experience shows that the
payback period is in the range of 4-7 years for most
families. It is noted that in the mid-seventies, the
universities and research institutes, especially the
Technion, Ben-Gurion University and Weizmann
Institute, cooperated with industry in developing this
kind of systems.

The government has encouraged the installation of
solar heating units by reducing taxes and by
promulgating regulations requiring solar systems in
all new buildings having up to 9 floors (except
hospitals and industry). The Ministry of Energy and
Infrastructure gives partial financing for solar energy
conservation in the public and private sectors. The
Ministry also provides information to the pubr ;
through the printed and electronic media and
individual consultations in Advisory Bureaus.

2. Swimming Pool Heating
Swimming pool heating seems to be one of the most
feasible applications of solar energy, due to low
temperature requirements and the built-in energy
storage in the pool water. Since pool water
temperature does not exceed 28-29*C, the outlet
water temperature of the collector can remain below
40'C. There are two possibilities of delivering heat
— by using regular flat plate collectors at relatively
high efficiency (over 60%), or by using inexpensive
plastic collectors at lower efficiencies. The second
option is becoming more popular in Israel and
several companies produce and install these plastic
collectors. Plastic collectors can also be used for
pre-heating water in open systems.

3. Natural Evaporation and Utilization
in Agriculture
One of the Israel's main natural resources is the
Dead Sea, with its very high concentration of salts.
The Dead Sea Works, one of the most successful
Israeli chemical industries, processes and exports
large volumes of potassium chloride produced by
natural solar evaporation of the Dead Sea brine. The
salt solutions flow into large evaporation ponds. The
first one, about 70 km2, is used to deposit sodium
chloride, which is not marketed in such large
quantities. The brine is then transferred to smaller
ponds to deposit the main raw material, camallite —
for production of potassium chloride and other
chemicals.

* All color figures appear at the end of the article; the pages have been misnumbered
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The abundant solar energy, coupled with a severe
shortage of water in Israel, has led to very advanced
agricultural production in greenhouses. Solar heating
has been adapted to enable the export of vegetables
and flowers during the winter. Israeli researchers
have developed several types of solar greenhouses,
which can absorb and store the excess energy during
the day and release it as heat at night (Fig. 2).
Different design techniques have been adopted to
maintain temperature and humidity at the required
levels: sloped greenhouses, soil and space heating,
natural and forced ventilation, storage of energy in
water pool or in rock bed, etc. As a result, the
average energy requirement of a greenhouse has
been reduced by a factor of two over the last 30
years. On-site computerized systems for greenhouse
control, including irrigation, have been developed to
optimize growth of various crops.

Several agricultural products, such as tobacco,
spices, herbs and vegetable seeds require air-drying
at moderate temperatures and are natural candidates
for innovative solar drying systems (Fig. 3).

4. High Temperature Hot Water and Steam
Production
The solar heated water systems discussed in the
previous sections are based on flat plate collectors.

Fig. 2. Storage of solar heat in salts to cool and heat a
greenhouse

Fig. 3. Low-cost thermosyphon dryer

To produce hot water at higher temperatures or
steam, concentrating collectors are necessary. In the
past such systems were too expensive, but today they
compete quite favorably with other energy sources.

Paz Oil and Pimat have together developed and
installed several novel fixed concentrating systems
for heating water to temperatures of 80-90'C and
tracking systems for producing steam at 150-200'C.
These systems are suitable for laundries, hotels,
hospitals, apartment houses and industry.

Hot water heaters, based on an original design for
a low-profile collector which is similar to a
compound parabolic concentrator with a working
fluid tube at the focus of the mirrors, have been
developed (Fig. 4). This system consists of an
aluminum mirror reflecting a beam onto a selectively
coated steel pipe at the line focus and has a collector
efficiency of about 50% at 90"C (Fig. 5). The
collector stand allows simple adjustment of
orientation to summer and winter positions.

Figure 6 shows a steam generation system with
higher concentration ratio than the water heater, it
has modules of parabolic mirrors positioned on a
rotating axis which reflect sunlight onto a glass pipe
located above them.

Recently, a system combining 300m2 of collecting
areas was installed to supply hot water and steam to
the Hillel Yaffe Medical Center in Hadera (Fig. 7).
In all, 20 such units are now in operation in Israel.

5. Solar Cooling, Refrigeration and Desalination
A unique solar-powered cooling system has been
developed at Ben-Gurion University. This system
uses solar energy at 90-95*C; the heat drives an
absorption cycle by using an organic working fluid
(Fig. 8). The system is able to lower the refrigerate
temperature below 0'C, in contrast to conventional
systems which are limited by the freezing point of
water. The Paz-Gal firm applies this technology to
industrial systems with up to 120 tons of
refrigeration (Fig. 9).

A desalination process which can be powered by
solar energy was developed by Israel Desalination
Engineering (IDE) and has been used in different
locations over the world. However up to date, IDE's
low-temperature multi-distillation desalination units
have been powered by fossil fuels due to economic
reasons. Such a system at an installed capacity of
20,000m3 of fresh water per day has been operating
near the southern Israeli city of Ashdod, adjacent to a
coal power station.

6. Solar-Thermal Electricity Production
Three main concepts have been tested in the world to
produce electricity by solar thermal processes. The
only one which has succeeded on a large scale is the

41



— USSR ENERCV CONFEHENCE MAV 13-15,1991

COOLINC
WATER

GENERATOR

HOT
WATER

SEPERATOR

ECONOMIZER

i

w
CONDENSER

EVAPORATOR

JET

AISOR1ER

"S= I
COOLING

WATER

Fig. 8. Flow chart of the Pazgal Absorption Machine

Luz parabolic trough collector system. The Luz
corporation has constructed eight power plants in
Southern California, USA (Fig. 10), with a total
capacity of more than 350 MW. The collectors have
been developed and manufactured by the Luz plant
in Jerusalem, Israel, which continuously unproved its
technology from one generation to the next These
improvements include the type, size, shape and
material of the mirror, the tracking system, the
various coatings and materials for vacuum tubes,
vacuum technology, connections between metal and
glass, etc. (Fig. 11).

Figure 12 is a schematic presentation of a Luz
plant. The unit consists of a series of modular solar
through collectors (large parabolic mirrors), which
track the sun and concentrate the solar radiation on a
heat-collecting pipe placed at the linear focus of the
reflectors. The working fluid is oil, which can reach
temperatures of about 380'C. The hot oil is pumped
through a heat exchanger to produce superheated
steam. The steam then powers a conventional,
electricity generating, Rankine-cycle steam power
plant. A natural gas fired boiler provides back up
steam for the turbine.

Today, the Luz power plants are the only large

scale solar thermal power
production in the world — a 10
MW power plant using the solar
tower concept was shutdown some
years ago in Southern California
and the operation of a 5 MW Solar
Pond at the Dead Sea in Israel was
also stopped. The last two concepts
are further discussed in the R&D
chapter. Finally, Luz has carried
out feasibility studies in India,
Mexico and Italy and has been
negotiating additional programs in
several countries, including Israel.

7. Direct Sunlight Conversion to
Electricity by Photo-Voltaic
Solar Cells
Although the price of photo-voltaic
(PV) systems has considerably
decreased in the last few years,
they are still too expensive to
replace electricity obtained from
the national grid. Since the
electricity supply network is highly
developed in Israel, the market for
PV systems is rather limited and it
does not appear that it will become
very attractive in the near future
either. Several applications do
exist, however, where it is not

cost-effective to invest in an electricity distribution
system. These include communication systems in
remote areas; illumination of bus stops, cross roads
and even street lighting (as shown in Figure 13);
control elements in large irrigation systems; cathodic
protection to prevent piping corrosion, etc.

The Ministry of Energy and Infrastructure
supports a demonstration project to supply all the
energy needs by solar energy to 18 private houses at
the small village of KUI, in the Galilee. Each house
receives 2.5 KWh per day entirely from PV panels.
The hot water is provided by solar DHWS. Batteries
are used to store the power. Recently PV panels have
started to appear in the market for several private
applications, such as garden and front-house illumin-
ation, water pumps, etc. These are affordable to
many people, showing that the cost of PV systems is,
indeed, going down and a potential of increasing
utilization exists.

Unlike the solar thermal applications, there is no
real effort towards large scale commercial
production of solar cells in Israel. Two Israeli
companies (Manor and Sonerco) have designed and
installed imported solar cell systems for public
organizations, like the government and local
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municipalities. The companies have also developed a
smart system, which increases the illumination when
it senses the presence of people at a bus station. This
device helps to reduce the size of both panels and
batteries, as well as the cost of the whole system.

SOLAR RESEARCH AND DEVELOPMENT
Solar research in Israel started in the early 1930's.
During the SO's research and development begun on
selective coatings for DHWS, parabolic-trough
tracking concentrators and solar ponds. After the oil
crisis of 1973, solar R&D picked up considerable
momentum. In 1977, the new Ministry of Energy and
Infrastructure took over responsibility for energy
programs, including solar energy. Since its founding,
the Ministry has spent more than $50 million on
solar R&D and a comparable investment has been
made by the industrial and academic sectors.
Currently, research and development in solar energy
is carried out by many Israeli organizations —
universities, research institutes and industry. Even in
areas where solar systems are used on a commercial
basis, industry continuously works to improve
design, materials, coatings and production methods
to develop more efficient, less expensive systems.

1. Test Facilities
In 1987, the Sde Boqer Solar Test Center was built
in the Negev Desert by the Ministry of Energy to
facilitate the comparative evaluation of solar

powered technologies under actual field conditions.
Today, the facility is operated by the Ben-Gurion
University. Several Israeli firms utilize the center to
test various units, using on-site computerized
data-logging and processing systems. The layout of
the site is shown in Figure 14.

Another facility for R&D is the 3 MW Solar
Tower at the Weizmann Institute of Science, in
Rehovot (Fig. 15). Sunlight is reflected to a target at
the focus of 64 concave, computer controlled
heliostats arranged in a field (Fig. 16). The heliostats
2-axes tracking system makes it possible to obtain
high concentration of solar radiation at the central
receiver aperture, generating working gas
temperatures of up to 600-1000'C (Fig. 17). Since
1988, the facility has been used for high temperature
solar research, such as methane reforming with solar
energy providing "chemical storage" in a solar
"chemical heat pipe" (Fig. 18). The product gas
(syngas) can be transported at ambient temperature
by pipeline to a distant terminal and reacted to
release heat for various applications. The Solar
Tower can provide sunlight at a concentration ratio
of more than 10,000. The facility can also be used
for testing high temperature gas turbines (a further
description follows in Section 3), oil-shale
gasification and converting solar radiation to
monochromatic laser light, required for efficient
photo-chemical reactions.

The following sections describe briefly the main
R&D projects.

Fig. 75. The Solar Tower at the Weizmann Institute
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Fig. 16. Heliostats arranged in afield at the Weizmann Institute

HOW THE SOLAR TOWEH FUNCTIONS

F;>. 77. The Solar Tower Functions

2. Climate Control in Buildings:
Room Heating and Cooling
In principle, solar panels for heating water can also
be used for home heating. However, this application
is not yet economical due to the large investment in
collectors and storage needed for only a few winter
months with many cloudy and rainy days. A large
system to supply heat for a library, constructed at the
Technion, was the first attempt at solar space healing

in Israel. This demonstration
facility has been operating for
about 15 years, much longer than
was previously estimated. The
accumulated experience from the
Technion unit was used later for
the design of more advanced
forced circulation solar heating
systems.

Solar-powered air conditioning
is also not economical, because the
temperature provided by flat plate
collectors is barely sufficient to
operate an absorption system.
Furthermore, a large collector area
is needed for a limited period of
time. A demonstration system with
a nominal cooling capacity of 200
tons of refrigeration, powered by a
3000 square meters of solar
collectors, was built about 12 years
ago by Tadiran — to supply air

conditioning at the Sheba Hospital in Tel-Hashomer.
This system has proven to be technologically sound,
but not economical. A more realistic concept would
be the use of the same collectors for heating in the
winter and air conditioning in the summer. Indeed,
the Paz Corporation is experimenting with a novel
absorption system of concentrating collectors which
is described under Utilization of Solar Energy,
Sections 4 & 5. The first demonstration project has
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been built for the Visitor's Center in the Sde Boqer
Test facility. Initial calculations indicate that this
system has the potential to be economical. Moreover,
it is possible to integrate a solar panel with a back-up
biomass combustion system. The simplicity, easy
installation and low operating cost could be useful at
small combined facilities in remote locations.

Another approach to space heating is solar air
heaters. Unlike water heaters, this kind of units is not
commercially available, although it seems that quite
efficient collectors can be produced at a low cost.
Several designs of solar air collectors, which
significantly reduce the heat convection losses,
including reflective-fins and capillary-tube
structures, are being tested at the Technion (Fig. 19).
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Fig. 19. Reflective-Fin or Capillary-Tubes for solar air
heater

3. Research in Solar Thermal
Electricity Production and Desalination
As mentioned under Utilization of Solar Energy,
Section 6, the Luz Company worked to improve
collectors, tracking systems, structures, coatings,
production and treatment methods. Moreover, Luz

tested a new concept, in which direct steam
generation occurs in the collector itself. This
approach would eliminate the use of thermal oil and
steam generator, thereby increasing the overall
efficiency and reducing the cost of the system.
Further experiments were planned in the Sde Boqer
Test Center.

Another approach to thermal electricity
production is the salt-gradient Solar Pond
investigated and developed by Ormat/SolmaL In this
pond, a salinity gradient (and therefore a density
gradient) is created and continuously maintained.
The density of the water-salt solution increases with
depth. The heat is "trapped" in the bottom layer and
temperatures of 85-90'C can be reached there. The
top layer has relatively low salinity at temperatures
near those of the ambience. The hot bottom brine is
withdrawn for the extraction of thermal energy by
low temperature turbine. The organic fluid chosen
provides the optimization of overall efficiency. The
power module consists of an evaporator, a vapor
turbine coupled to a generator, a condenser and a
feed pump (Fig. 20). Several test facilities of
increasing scales have been built with different
combinations of solar pond size and power block
capacity. A 5 MW Solar Pond power plant was
constructed in Beit Haarava at the Dead Sea shore
and was operated at partial capacity for a certain
period of time (Pig. 21). The project showed the
capability of a solar pond to act as a large collector,
including its own built-in storage, and demonstrated
the technological feasibility. A solar pond power
plant can be built, properly maintained and operated
for many years. Also, such a plant can be coupled
into a grid, supplying either peak or base-load
electricity. The size of the pond and the power
module can be tailored to match the power profile
required. Currently, however, a power plant based on
a solar pond does not seem economical, mainly due
to its low thermal efficiency. The Qrmat organic
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vapor low-temperature turbine, developed for solar
ponds, has been used in several countries for power
production from geothermal sources.

Another concept for solar thermal electricity
production is that of a central receiver located on a
Solar Tower, coupled with a gas turbine, as
mentioned here in Section 1. A ceramic receiver
(Fig. 22) heats pressurized air to about 1000'C. The
hot air is expanded through a gas turbine, which
drives the generator. An experimental 250 KW
Ormat gas turbine is now installed at the Weizmann
Institute Solar Tower to test this method. Israel
Electric Corp. is also participating in the project.

The Ormat Company is also examining several

Main
Iraow

Fig. 22. Artist's sketch of the ceramic receiver

desalination processes, using heat and electricity
provided by a solar pond (Figs. 23 & 24). As
mentioned above, water shortage is a severe problem
in Israel, so large scale desalination will be needed in
the near future.

Other methods of desalination, based on the
extension of the solar still concept (evaporation and
condensation under a transparent cover), are being
studied at Ben-Gurion and Tel Aviv Universities
(Fig. 25).

4. Additional R&D Projects
Another concept of a solar pond, based on the use of
fresh water, has been developed by Arel Energy Ltd.,
a subsidiary of Argaman. This pond is created by
covering the surface of the water with special
thermal diode panels, comprising a transparent
polycarbonate encased within a glass box. The panel
transmits solar radiation downward, but prevents
upward heat losses that would normally be caused by
natural convection and radiation. The depth of the
pond can be tailored to provide storage for daily,
weekly or seasonal cycles. The thermal diode solar
pond can store energy in the form of hot water at 60-
90'C. The energy is suitable for commercial space
heating, absorption refrigeration cycle, hot water
supply, greenhouse glazing, etc. Today, several units
of up to 400m2 surface area are in operation.

A very brief summary of additional current R&D
projects on solar thermal processes, methods and
equipment is given below, listed by research centers.
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• Technion and Rafael: Improvement of
intermediate and high temperature sytems —
concentrators, evacuated collectors, reflective
heat mirrors and various selective coatings,
anti-reflective for solar radiation (Figs. 26 & 27).

• Ben-Gurion University (BGU): novel
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Fig. 26. Glass radiation properties and improvements by
coatings

concentrators; hybrid systems; radiation
measurement methods (equipment and data
analysis); stochastic modeling; orientation of
collectors and efficiency determination methods.

• Tel Aviv University (TAU): Improved
thermosyphon configuration; thermodynamic
analysts and system optimization; phase change
materials for solar pipe energy storage; ejector
cooling.
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• In the 80's, research programs were also carried
out at the Hebrew University in Jerusalem in
such areas as fluorescent glass solar
concentrators, storage of thermal energy in
phase change materials, improving the
electronic properties of amorphous silicon,
hydrogen production by solar radiation and
photo-chemical reactions.

5. Photo-Voltaic Systems
As mentioned under Utilization of Solar Energy,
Section 7, solar cells are not manufactured in Israel
on a commercial basis. However, R&D projects on
materials, coatings and production methods are
carried out in all the universities mentioned above, in
the Jerusalem Technical College and in industry.
Paz, for example, is testing the concept of increasing
cell array efficiency by using side-mirrors, which
reflect additional radiation onto the solar PV panels.
Other projects include combined thermal and PV
systems, as well as irrigation applications. A group at
TAU is investigating satellite electric power and
solar radiation on Mars. Finally, a group at the Sde
Boqer campus of BGU developed the PV-ISRAEL
software to design photo-voltaic power production
systems.

6. Passive Solar
Passive solar principles, together with other means of
energy conservation in buildings, can be
incorporated in the design stage to save energy
without compromising comfort The principles of
passive solar include conservation, orientation,
materials, windows, shading, illumination and many
others. The R&D projects have included numerical
simulations, computer aided design and promotional
programs. Researchers have found that passive solar

features, which add 10-20% to the construction cost,
can save 60-80% of winter heating expenditures.
Energy saving of 20% can also be achieved through
proper building orientation and placement of
windows. Two groups at the Technion (Architecture
and Civil Engineering) and one at the Sde Boqer
campus of BGU have developed the principles for
more efficient buildings and have issued guidelines
for planners. The guide covers existing buildings,
new constructions and regional planning, especially
in desert areas. A Climatic Atlas of Israel for
planners, which includes data from 40 weather
stations, has also been completed. A number of
"solar houses" have been built in Israel, employing
these principles (Figs. 28 & 29).

Regulatory efforts have focused only on rules for
thermal insulation of residential and public
buildings. Unfortunately, the scope of regulatory
efforts has yet to be extended to cover the thermal
mass of buildings and regional planning based on
climatic factors. As a result, passive solar principles
are not yet implemented on a large scale by
architects and civil engineers. It is believed that
government incentives and legislation could change
the picture, similar to the success in implementing
solar water heating, as described under Utilization of
Solar Energy, Section 1.

EDUCATION
The rapid R&D progress and the large scale
utilization of solar energy in Israel has been
supported by educational programs all over the
country. All universities offer teaching and training
curricula in solar energy and related areas on both
undergraduate and graduate levels. Theses on a
variety of solar energy subjects have been written,
including experimental and theoretical studies,
numerical simulations and optimizations, technical
and economical evaluations.

The Ministry of Energy and Infrastructure has
been conducting numerous educational programs,
including courses, workshops, conferences,
promotion in the media and consulting in advisory
offices.

The Israeli Section of the International Solar
Energy Society (ISES) holds various workshops and
conferences, providing information on local and
international activities. Israeli experts in solar energy
participate in the international solar energy
conferences and present the latest developments in
the international journals.

SUMMARY
The presentation attempted to describe, briefly, the
achievements and advancement of solar energy in
Israel, both in utilization and R&D.
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6m'TrombeWall

6m ! Solar Air Collectors

7m2IrombeWall

13m2 Green House

14mJ Solar AirCollectors

Under Roor Hear

Storage—9m1 Pebbles

Fig. 29. Passive Solar in Jerusalem

As mentioned above, solar energy supplies over
3% of the energy consumed in Israel, which makes
this country the world's largest solar energy user per
capita. Solar energy has the potential to supplement
or replace conventional energy in a variety of
applications, such as water and space heating,
cooling of buildings, steam production in industry
and electricity generation.

Israel is among the world's leaders in the
application and development of solar energy. A
strong capability exists to supply a variety of solar
energy technologies. About $38 million have been

invested between 1979-1990 in a number of
industrial scale solar demonstration facilities (Table
1) throughout the country. Most of them are still in
operation. Local industry provides systems for
DHWS, concentrating collectors and equipment for
solar power utilization, exporting complete panels
and systems. Different projects are at various stages
of development, including some at or near
commercialization.

Advanced R&D is being carried out in various
universities, research institutes and in industry,
encouraged by the Ministry of Energy and
Infrastructure.
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Ser.
No.

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
5!
52
53
54
55
56
57
58
59
60
61
62
63

D e s c r i p t i o n

Solar toot & collectors heating swimming pool
Herb drying
Water heating for kibbutz laundry
Cooling by absorption in hospital
Water healing in an industrial process
Hydrosolar greenhouse
Fruit drying
Sanitary waler heating
Sanitary water heating
Sanitary waler heating
Sanitary water heating
Sanitary waler heating
Sanitary water heating
Sanitary waler heating
Wa'.er heating (addition)
Sanitary water heating
Sanitary water healing
Sanitary water heating
Sanitary water healing
Waler healing in student's quarters
Sanitary water heating
Sanitary water heating

Solar passive homes
Water heating for dairy farm
Sanitary water heating
Water heating in restaurant
Sanitary water heating
Water heating for swimming pool

Water heating for communal kitchen
Water heating for communal kitchen
Water heating for dairy farm
Water heating for hotel kitchen
Storage for space heating
5 MW solar pond demonstration
Waler heating for dairy farm
Waler heating lor plating process
Waler heating tor hotel kilchen
Sanitary water healing by solar pond
Waler healing lor hotel kitchen
Steam tor comm.unal kitchen
Sanitary water heating
Sanitary water heating
Swimming pool healing
Photovoltaic lighting systems
Water heating for hotel kilchen

Village electrification by photovoltaic systems
Wafer heating tor communal kitchen
Various small remote photovoltaic systems
Demonstration project—photovoltaic—by Paz
Hydrosolar greenhouse
Hydrosolar greenhouse
Sanitary water heating in boarding school

Sanitary water healing in boarding school
Sanitary & community kitchen water healing
Solar pond for greenhouse healing
School dormitory heating by solar pond
Demonstration project — heal — by luz
Solar tower tor fl&D
Demonstration proiecl — steam — by Paz
Water heating for guest house
Water healing for communal kitchen
Steam and hot waler for hospital
Demonstration project — PV — Israel Elec. Corp.

L o c a t i o n

Weizmann Institute
Maon District
Kibbutz Geval
Tel Hashomer
Kefar Sava

Tiral Yehuda
Rishon-Le-Ziyyon
Jabotinsky boarding school
Haifa University
BelYona
Eshkol Regional Council
Tel Aviv University
Senior citizens home at Be'er-Sheva
Naval school al Akko
Haifa Univrsily
Kibbutz 'En Gev
Iskar Blades Plant

Technion - Israel Institute of Technology
Senior Citizens home at Ramal-Gan
Haifa University
Beit Hachayal at Be'er-Sheva
Girls' Institute al Bene-Beraq

Ir-Ganim
Kibbutz Giv'al Hayyim
Kibbutz Alumot
Kibbutz Dovraf
Senior Citizens Center at Akko
ILAN — Disabled Sports Center
Dovrat Hostel
Kibbutz Nir Yizhaq
Kibbutz Usha
Elat
Jerusalem
Bet ha'Arava
Kibbutz Ma'agan Mikha'el
Ra'ananna
Elal
Kibbutz Ma'oz-Hayyim
Jerusalem

Kibbutz Nir Eliyahu
Giv'ai-Shemuel
Kibbutz Alumim
Mizpe-Ramon Municipality
Natural Reserve Authority
Elat
Mizpe Kelil
Elat
Hundreds; dispersed
Sede Boqer Test Center
Giv'al Khen
Kefar Bialik
Giv'al Washington

<efarBalya
<ibbutz Shetayim
3et ha'Arava
'etah Tiqwa

Sede Boqer Test Center
Weizmann Institute
Sede Boqer Test Cenler
<ibbutz Kefar-Blum

Kibbulz Neliv-haLamed-He
HillelYaffe Hospital
Sede Boqer Test Cenler

Year of
start-up

1979
1979
1980
1980
1981
1981
1981
1981
1981
1981

1981
1981
1981
1981
1982
1982
1982
1982
1982
1982
1982
1982
1982

1982
1982
1983
1983
1983
1983

1983
1963
1983
1984
1984

1984
1984
1984
1984
1985
1985
1985
1985
1985
1985
1986
1986
1986

1987-90
1987
1987
1987
1987

1987
198B
1988
1989
1989
1989

1989
1990
1990
1990
1990

Total

Capital
invest

$1000"

80
50
16

462
9

25
37
4
8

20
25
35
42
35
69
9
8

67
22
45
4

18
6
2
8
7

34
50
6
2
2

22
12

21000

8
51
30
50
15
35
14
16
20
17
27

271
27

810
180
25
20
35
40
42
76
27

783
12000

720
58
46

750
220

38654

' Cost at the time of investment.

Table I. List of induslrial scale solar inslallalions in Israel
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Support From

Fuel-Fir«d Boiler Steam

Consumer.

^D—\ICondintittV
Pump

Fig. 6. Schematic diagram ofCS 112 solar steam generating system

Fig. 7. Hot water and steam supply unit at the Ilillel Yaffe Medical Center
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Fig. 9. Pazgal Absorption 40 RT Machine including Circumferential Equipment

Fig. JO. Aerial view ofSEGS plants, Kramer Junction, California
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Fig. II. Collectors, Kramer Junction, California

Fig. 12. The Schematic Luz System - SECS VW-IXXXl-XIl
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LUZ DIRECT STEAM
GENERATION FACILITY

F - { ( i f^—f.
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y V f V f v u f 7 r r r '

Fig. 14. List of existing and planned installations:

1. Photovoltaic — by Paz Oil Co. (operating)

2. Solar Thermal — by Paz Oil Co. (operating)

3. Solar Thermal — by Luz Industries Israel (operating)

4. Two-axis photovoltaic system—by Israel Electric Corp. (SEC) (operating)

6. Base for future photovoltaic program— by IEC

5. Photovoltaic solar modules testing facility — by [EC (operating)

7. Cooler Absorber— by Pazgal (operating)

8. Solar Thermal Direct Steam—by Luz Industries Israel (planned)

9. Central data logging and processing — computerized systems

10. Meteorological Station

11. Visitors' Center
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Fig. 13. PV Unit - Commercial Utilization

must i M
I.ONDISSIH

Fig. 20. Schematic diagram ofOrrnal Solar Pond Power Plum
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Fig. 21. Ormat Solar Pond Power Plant in Beit Haarava. Aerial view.
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Fig. 28. A House in the desert



SOLAR ENERGY UTILIZATION IN THE USSR

E.E. SHPILRAIN

Institute of High Temperatures, USSR Academy of Sciences, IVTAN, Moscow

ABSTRACT. The conditions for solar energy utilization in the USSR are not loo favorable.
Only in the country's southern regions is there sufficient insolation to make solar energy
utilization economical. In higher latitudes only seasonable use of solar energy is reasonable.
Up to now, the main application of solar energy was to produce low temperature heat for hot
water production, drying of agricultural goods, space heating and thermal treating of
concrete. A substantial part of the solar heating installations is flat plate solar collectors. The
total installed area of solar collectors slightly exceeds 100,000 m2. The collectors are
produced by industry, as well as by small enterprises. In some cases selective coatings are
used over the absorber plates; black nickel or chromium is the main coating material.
Recently, new projects were launched to develop and produce advanced collectors with
enhanced efficiency and reliability. Substantial progress has been made in the USSR in
developing and producing PV cells, mainly for space applications. Terestrial application of
PV is only in a very early stage. About 100 KW of PV cells are produced annually in the
USSR, based on mono or polycrystalline silicon. Some experimental PV-arrays in the range
of several tenths of KW are installed in different places. R&D work is carried out to produce
thin film cells. Efforts are in progress to construct automated production lines for 1MW per
year of crystalline and amorphous silicon. In the Crimea, a solar power plant SES-S (S MW
peak power) was commissioned some years ago. The plant is of a tower type, with a circular
heliostat field. The plant's working fluid is steam. The experience gained demonstrates that
this design concept has several disadvantages. The cost of electricity produced by such type
plants is extremely high. Recently, alternative types of solar power plants have been under
development, in particular, a project to construct a 1 MW parabolic through plant. A
combination of thermal solar with PV also has been investigated, to use solar energy in a
cogeneration mode.

INTRODUCTION
Renewable energy sources (RES) have a very large
potential in the USSR; in particular, solar and wind
energy. Large amounts of energy can be derived from
different types of wastes (agricultural, industrial,
residential). Significant power can be extracted from
hydraulic energy of small rivers, which can be
utilized by mini- and micro-hydraulic plants.

The mere enumeration gives die idea of the
diversity of RES. Therefore, the approaches for their
utilization also have to be quite different But all of
them have a common feature — the rather low
energy density of the primary energy source. It is

particularly valid for solar and wind energy per unit
of ground surface. It is obvious, therefore, that
facilities for utilizing RES must be rather large,
material consuming and, hence, expensive. In
addition, the efficiency of the devices which convert
RES into useful energy is usually low, mainly due to
rather low temperatures of natural heat sources, etc.
Taking into account the recent low prices of
conventional energy sources and the
above-mentioned reasons, RES cannot economically
compete with fossil fuels. Therefore the attitude
towards RES has been more or less hesitant, and
investments in RES R&D and related industries have
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been insufficient. This low-level funding influences
the quality of RES equipment: it has poor availability
and reliability, low efficiency and high costs.

On the other hand supporters of wide RES
implementation emphasize that they are
environmentally benign and their utilization can help
to solve some social problems. These advantages are
not yet supported by legislation and, therefore, have
no reflection in government policy.

STATE OF THE ART IN SOLAR ENERGY
APPLICATIONS
At the beginning of 1990 the total energy
contribution of RES in the USSR was about 1.2 mln
ton of coal equivalent (TCE) per year. The share of
different sources was as follows:

• solar energy (heat) — 15%
• geothermal energy (heat) — 45%
• biomass energy (biogas) — 4%
Electricity production by RES (sun, wind,

geothermal, tidal) was negligible. The mini- and
micro-hydraulic plants (less than 5MW in one unit)
were an exception; in 1989, they produced about 1
bin kWh of electricity.

The aforementioned quantities of energy were
produced by the simplest installations.

1. Solar heat
Solar heat was produced by flat plate collectors
whose total installed area is about 100,000 m2. In
Table 1. Prospects of RES utilization

Year

1991
1995
2000

RES coniribution (mln TCE/y)

1.2
6 + 7
20*

solar share is about 10% of total RES output

Total collectors area:
about 100,000 m2 of flat plate collectors.

Heat loss coefficient:
6+7 W/foiVK (USual collectors)

4 W/m^'K (black chromium selective coating)

Cost of collectors:
50Rbl/m2

Cost of installation:
lOORbWn2

Cost of solar heat at latitudes of 40°-45°:
200+220 Rbl/TCE

Cost of heat produced by conventional fuels:
70+100 Rbl/TCE

most cases they are fabricated from steel (a small
fraction is from aluminium) with one sheet of cover
glass. The average heat loss coefficient for these
collectors is 6-7 W/m^'K. In 1989 one of the
producing shops started to fabricate steel collectors
with black chromium selective coating, having a heat
loss coefficient of about 4 W/m^'K. Initial steps
were taken towards production of plastic collectors
as well as vacuum tube collectors, etc. (Figure 1).

The cost of industrially produced flat plate solar
collectors is now about 50 Rbl/m2 and the total cost
of a solar heat water installation including pipes
valves, pumps and storage tanks is about 100
Rbl/m2. At latitudes of 40-45', one m2 of solar
collector can produce annually about 0.1 TCE of
heat at a temperature of 40-60'C. Using the
methodology which was recently adopted in the
USSR, the cost of heat produced by such an
installation will be 200-220 Rbl/TCE. This is about
2-3 times higher than the cost of heat produced by
conventional fuels in most regions of the country.

Presently, most of the solar collectors are used for
hot water supply of individual units or groups of
consumers. There is some experience in using solar
installations for home-space heating. In this case
about 50% of the house's annual heat demand is

l .TURKMENIA
(combine "Sotatoe")

desalination facilities
drying modulci cotton, fruits, grapei, etc.
chlorella breeding installation
water pumping
hot water production

2. UZBEKISTAN
• 1 MW foUr furnace (material sciences)

3. DAGESTAN
(Scientific Station "Sun," IVTAN Division)

several solar bouses (active and passive)
different types of space heating
combined systems with heat storage and heat pumps
collectors' testing and certification
concentrators
Armenian solar bouse

4. UKRAINE
(Institute of Technical Thermo-Physfcs)

• solar refrigeration

5. CRIMEA
• solar conditioners
• concentrators
• hydrogen production

Fig. 1. Solar heat in the US3R Fig. 2. USSR solar energy scientific centers
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usually supplied by a conventional fuel. Some solar
installations are used for drying of agricultural
products and processing of concrete components.

The best conditions for solar energy utilization in
the USSR exist in the southern republics. Figure 2
lists solar energy scientific centers. A
Scientific-Technological Center Combine, named
Solntze (or "Sun" in English), has been operating in
the Turkmenian Republic since 1979. During this
period the Combine was involved in development
and implementation of various installations using
low temperature solar heat A number of solar
desalination facilities, greenhouses, hot water
producing modules and installations for drying of
cotton, grapes, hay and other agricultural products
was installed. An interesting unit, constructed at the
Combine site, appeared to be an installation for
chlorella breeding with a capacity of 1 ton of dry
product per year. Similar facilities were placed in
different collective farms. The experience gained by
their operation is quite positive, but the equipment
still needs essential improvements.

A 1 MW solar furnace was erected in Uzbekistan.
It is used for development of high temperature
technology mainly in material science.

The large "Sun" scientific station, which is an
IVTAN division, is located on the Caspian Sea shore
near the Daghestan capital Makhachkala. Several
houses with solar space heating and hot water supply
were installed there, testing different types of
collectors. The space heating systems are either
conventional-type radiators or more suitable for solar
energy low temperature heating loops built into the
floor. In some cases the combined systems, including
solar collectors, are used to utilize low temperature
heat from aquifers. One house was built using
passive solar heating principles.

The center is also equiped with facilities for solar
collectors testing and certification. For this purpose a
large solar radiation simulator was constructed,
which facilitates testing of solar collectors with up to
2 m2 area in steady state conditions. Two solar
radiation concentrators are used for accelerated tests
of various materials utilized in solar technology.

Several years ago IVTAN, in cooperation with
Armenian organizations, designed and constructed a
"solar" house near Erevan city. The house is equiped
with 40 m2 solar collectors incorporated into the
roof, which are used to provide space heating and hot
water. An electrical back-up heater is also provided.
This installation is automatically controlled. Over a
three year period, records of all the parameters were
made to calculate the overall heat balance of the
house. This very useful information was used for
further improvement of similar installations.

Research and development of solar driven cooling
devices is underway at the Institute of Technical
Thermophysics in Kiev. Several pilot installations
using an absorption concept have been produced and
tested. Unfortunately, the equipment is rather
expensive.

The Krzhizhanovski Energy Institute (ENIN), is
also active in developing and implementing different
kinds of equipment for solar energy utilization. Its
design office developed different types of flat plate
solar collectors. Electrochemical deposition of
selective coatings (based on black nickel) for
different types of absorber plates were also
developed on test sites in Crimea and in Daghestan.
Various installations were erected for testing and
demonstration of the equipment

Although this brief description gives the
impression of active R&D work in the field of solar
energy utilization, there is almost no industrial
production of solar installation components.
Therefore, all the aforementioned demonstration
facilities are very expensive and cannot convince
potential customers to use them.

2. Solar thermal electricity
In 1987 the pilot solar plant, SES-S, was
commissioned in the USSR. It is a tower type plant
with an installed capacity of S MW. The heliostat
field has an area of 40,000 m2. A boiler is installed
at the top of the 60 m tower, producing steam at 40
atm and 250'C. A heat storage tank with pressurized
hot water at 200'C is also provided. The designed
electricity production is 5.8 mm kWh per year, but
up to now this value still has not been reached.

The SES-S is an experimental plant and, therefore,
its specific capital investment is extremely high —
5,500 RH/kW installed. The calculated cost of
electricity, at availability of 1650 hours per year, is
about 60 kop/kWh! (For comparison, the cost of
electricity produced by conventional plants is around
2 kop/kWh; for diesel installations, it is about 7-8
kop/kWh).

3. Photovoltaic cells
During the last decades, photovoltaic cells (PV)
were successfully developed for space applications,
and in this field reasonably high efficiency and
reliability were achieved. But implementation of PV
cells for terrestrial application is still in a very early
stage. During the last ten years the cost of a PV
module dropped from 15 to 7-8 Rbl per peak watt,
but nevertheless, it is still too high to be widely used.

During the last few years, about 100 kW mono-
and polycrystalline silicon PV cells were produced
annually (Figure 3). Several demonstration facilities
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I. PILOT SOLAR TOWER, SES-5 (1987)
• installed capacity area
• heliostats area
• tower height
• steam parameters
• heat storage
• designed electricity production
• specific cost
• availability
• cost of electricity
• cost of electricity in

conventional plants
U.PV CELLS

Type ofPV Silicon Cells
• polycrystalline
• monocrystalline
• amorphous

5MW
40,000 m2

60m
40atm,250'C
water at 200'C
5.8mln.kWh/year
5,500 Rbl/kWinst
1,650 hr/year
60kop/kWh

2kop/kWh

Production Rate
lOOkW/year

Fig. 3. Existing solar electricity in the USSR

in the range of several tenths of kW were installed in
different places. Industrial production of PV cells
from amorphous silicon has not as yet started.

PROSPECTS OF SOLAR ENERGY
UTILIZATION
The energy program for the coming 15-20 years
estimates that the contribution of RES would be
quite modest, but the rate of their implementation is
planned to be rather high. For example, in the five
year period 1991-1995, the contribution of RES
would increase from 1.2 to 6-7 mln TCE per year.
For the year 2000 this figure would be about 20 mln
TCE, which is nearly 1% of the projected total
energy production for this year. The share of solar
energy is estimated to be about 10% of the total RES
energy output (Table 1).

To convert these plans into reality, there is a need
for measures which could make RES more attractive
for individual, as well as for large scale users.

First of all we must recall that the USSR has a
highly centralized system of power supply. Most of
the country's population is connected to the
centralized electricity supply grid. The centralized
natural gas supply system is enhanced from year to
year. The heat supply in cities is provided by large
cogeneration plants or district heating systems. This
situation is not favorable for utilization of RES. They
either have to compete with the traditional
centralized systems, or be used by customers who do
not benefit from those systems and receive then-
energy from expensive fuels transported over long
distances. In both cases economical considerations
are of paramount importance. The important factors
which influence the economic competitiveness of
any installation are: the cost of the power unit, the
availability factor (i.e., the number of operation

hours per year), the service life of the equipment and
the operational cost In the existing equipment, as
was already mentioned, all these cannot be
considered satisfactory.

For individual consumers a rather important
feature is the reliability of installation, supported by
proper warranties and servicing facilities. Intensive
R&D, therefore, has been initiated to improve
dramatically the quality, as well as economical and
operational characteristics of the RES equipment
The design and construction proposals were selected,
and the winners received government support to
develop their projects. Figure 4 lists R&D projects
for the next 5 years. Three projects for utilizing solar
energy were accepted. The first one is devoted to
developing new types of flat plate solar collectors.
The existing, industrially fabricated collectors in the

I. Advanced Flat Plate Solar Collectors
• improved insulation
• low iron content glass
• selective coatings
• improved casing (cheap stainless steel, aluminium,

plastics)

IL1MW Power Plant
Project features:
• parabolic trough collectors
• one water/steam fluid loop
• steam parameters — 130barat425'C
• modules: 51 m long, 400 units
• concentration ratio — 60
• one-axis tracking
Additionalftaturtt:
• fossil fuel superheater

steam temperatures — up to 525*C
maximum cycle efficiency — 28%

• photo-thermal module (silicon PV cells)
concentration ratio — 20
capacity—100 KW
cells temperature — 60' C
(provided by cooling)

HI. Amorphous Silicon Cells
Project targets:

production line (modules) — 1 MW/year
module efficiency — 7%,
service life — 5 years
cost of module — 2+3

IV. Combined Unite
aolat + bionuss
solar + wind

to produce electricity or gas;
for water pumping; for
agricultural applications, etc.

Fig. 4. RAD projects for the next five years
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USSR do not meet modern requirements regarding
performance, reliability and cost For example, the
steel collectors produced by the Bratsk factory have
a weight of 40 kg/m2, the thermal insulation is rather
poor and the cover glass has a low transparency. The
new collectors would be produced from different
materials — metals (cheap stainless steel,
aluminium) or plastics. Various designs of the
collector's casing will be developed. Different
insulating materials will be implemented, and low
iron content glass sheets with increased strength will
be produced. In some cases selective coatings will be
provided to enhance the efficiency and, therefore, the
temperature of the heated liquid or gas. New
production lines will be installed at existing
facilities. Along with flat plate solar collectors,
vacuum tube collectors are also considered.

The second project deals with the development of
a 1 MW solar thermal plant, consisting of parabolic
trough collectors. This plant will be constructed at
the site of the SES-S plant to combine some systems
and, therefore, decrease expenses. The project has
some salient features. First of all, it uses a one loop
scheme, i.e., the same water/steam fluid is
circulating between the solar receiver and the
turbine. The water is heated and partly evaporated in
steel tubes, installed inside evacuated glass pipes.
The pipes are placed in the linear focus of the
parabolic trough concentrators. The steel tube wall
thickness is enough to withstand steam pressure of
130 bar at 425'C. The receiver has an aperture of 6
m and provides a concentration ratio of 60. It has a
modular design, where each module is 51 m long and
supported by a rigid frame. The total receiving array
consists of about 400 modules; they are installed
horizontally with a north-south directed axis and
track the sun by turning around this axis. An
important feature of the design is the seal assembly
between steel and glass tubes, which is equiped with
bellows to allow thermal expansion and flexibility of
joints between modules. Several prototypes of this
system have been fabricated and tested,
demonstrating satisfactory performance. The steam
produced in the solar receiver is superheated by
fossil fuel up to 535'C, providing a maximum cycle
efficiency of 28%.

The second feature of the power plant is a 100 kW
photo-thermal module incorporated into i t The
silicon PV cells of this module are installed in the
linear focus of a parabolic trough, with a
concentration ratio of about 20 to increase fhc cell's
efficiency. The cell is cooled to maintain its
temperature at about 60'C: the heated coolant then
delivers the heat to different consumers. The
electricity produced by the PV module can either be
used for the plant's needs or be delivered through a

DC to AC converter to the grid. It is worthwhile to
mention that we are looking for participation of
foreign companies in this project.

The third solar project deals with the production
of amorphous silicon to produce modules with total
annual capacity of 1 MW. The cost of such modules,
before the last price increase, was found to be no
more than 2-3 Rbl per peak watt

The aim of the project is to develop a technology
which will ensure production of amorphous silicon
modules with 7% efficiency and 5 years service life.

There are also some projects, mainly for
agricultural applications, which include combined
installations of solar, wind and biomass to supply
energy to cattle and flock forms, to pump water to
remote areas, etc. The objective of these projects is
to develop prototypes of equipment which could be
transferred to industry for mass production.

ECONOMIC ASPECTS
As was already mentioned, in most cases, energy
produced by solar installations (heat as well as
electricity) is rather expensive and cannot compete
with conventional energy sources.

Still, there are some applications of RES where
economic characteristics are not the main criteria to
make the best choice. In particular, these are cases
where social and environmental aspects become the
most important Some customers at remote sites do
not have transmission lines or centralized energy
supply systems. For them RES are the only available
energy sources which can provide an acceptable
standard of living. In these cases, the price of the
installation is not the crucial point for the consumer.

Not less important are RES utilization where the
protection of the environment becomes crucial.
Unfortunately, the evaluation of clean energy costs is
yet to be introduced in our country, despite the fact
that this problem was often discussed. It is necessary
to establish a different pricing system, which
considers the ecological features of the delivered
energy.

All plants producing electricity and heat should
meet ecological standards and install proper cleaning
facilities. These measures would increase the cost of
energy produced by conventional plants. Therefore,
the environmentally benign RES would appear to be
more attractive. This could be of particular interest
for resort areas, where ecological standards are
especially high and therefore the cost increase of
traditional energy would be rather high.

Along with the approaches which have to be
imposed by law, government also has to play a large
role in RES implementation. Recently some
measures have been discussed to provide incentives
for RES users. They include some grants, loans, tax
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reduction, etc. In the course of Perestroika these been started. Hie success of these plans will greatly
measures appear to be extremely important. depend upon industrial investments in RES.

An important impetus can be gained by
CONCLUSION international cooperation which could accelerate
Extensive projects to enhance RES and, in particular, R&D work and enable us to create efficient and
solar energy utilization arc planned or already have cheap installations over a short period of time.
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Session 4 — Nuclear Power

NUCLEAR ENERGY IN ISRAEL TOWARDS THE 21ST CENTURY

S.Y. ETTINGER

Israel Atomic Energy Commission

ABSTRACT. Nuclear energy utilization has been facing substantial difficulties worldwide
in the last decade. Safety problems led to public distrust and economic performance did not
always fulfill the utilities expectations. However, recent events in Israel and worldwide call
for a review of the national energy policy. Nuclear power should be considered a viable
solution to energy problems which may confront us in the future. The main objective of
incorporating nuclear power in Israel's energy program is to minimize its total dependence
on imported fossil fuel, which may be hindered by fluctuations in fuel prices and disruptions
in Tegular supply. In order to achieve this goal, 50% of the electric power generation should
be obtained from nuclear plants. Thus, long-term planning is required, extending over a
period of 25 to 30 years, for implementation of a nuclear program. The projected Israeli
installed capacity for 1995 is 5600 MW at an annual development rate of 4%. If this trend
continues, it will require installation of approximately 5 units, 600 MW each, every ten
years, about half of which should be nuclear. It is in Israel's interest to opt for an advanced
type of nuclear reactor, that could provide many important advantages, e.g., improved
safety, prolonged life, high load factor, etc. A high local participation in the planning and
construction of the plant is also desirable.

Energy consumption is a measure of the living
standard. Currently, the annual energy consumption
in Israel is 4000 kWh per capita; in the U.S. it is
10,000 kWh per capita, while in third world
countries, this value is only 1000 kWh.

An improvement in living standards, or even more
so, an increase in population, will inevitably be
accompanied by an increase in energy needs. This
fact is particularly applicable to the current situation
in Israel: to absorb very large numbers of new
immigrants, industry must develop in a fast pace, to
provide work and a reasonable living standard to the
population. So, an annual increase of 4-5% in the
demand for electricity which has been projected over
the next decade is reasonable.

Israel is almost devoid of natural energy resources
and is totally dependent on import of fuel for all
kinds of energy requirements. It is well known that
all power stations in Israel operate on fossil fuel. Luz
International's achievement in solar energy is
encouraging and should be followed closely, but as
yet, it does not present an effective solution for
electricity generation on a national scale.

Oil shale plants, at best, will provide a small
contribution to our energy requirements, assuming
the first unit of about 70 MW in 1997 and about ISO
MW units in the year 2000, followed by additional

units of 150 MW. Thus, to attain independence and
control over our energy generation means that the
only viable option available is nuclear energy. At
present, Israel must maintain a continuous
unhindered supply of imported fuel for its energy
production. Fluctuations and hikes in oil prices, as
we have witnessed recently, or disruptions in regular
supply of coal, could be detrimental to the economy;
this is particularly true in a growing economy which
strives to reduce production costs in order to be
competitive on world markets.

In the last decade, nuclear energy utilization has
been facing substantial difficulties worldwide. Safety
problems led to public distrust and economical
performance did not always fulfill utilities'
expectations. However, recent events in Israel and
worldwide call for a review of the national energy
policy and nuclear power should be considered as a
viable solution to energy problems that may confront
us in the future.

As was mentioned earlier, the main objective in
incorporating nuclear power in Israel's energy
program is to reduce our dependence on imported
fossil fuel. Fuel diversity is a strong asset of an
electricity supply system. In order to achieve this
goal — 50% of the electric power should be obtained
from nuclear plants. Thus, long-term planning is
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required, extending over a period of 25 to 30 years,
for the implementation of a nuclear power program.

The projected Israeli electricity installed capacity
for 2003 is 8000 MW. Thus, in the next decade the
installation of approximately 5 power units of SSO
MW is required; hopefully, one of them will be
nuclear. Following that, the nuclear power program
calls for the installation of one nuclear power plant
every five years.

It is in Israel's interest to opt for an advanced
nuclear reactor type, that could propose many
important advantages, such as improved safety,
prolonged life, high load factor, better economy, etc.
It follows, therefore, that a nuclear energy program
for Israel is a national endeavor which requires the
commitment of large resources in manpower and
finance. It is a long-term commitment and requires
thorough planning. There are many gains to this
endeavor:

• first and foremost, it will provide us with better
control of the national energy supply;

• it will make a major contribution to the
development of industry, nuclear sciences and
technology;
we will benefit from diminished pollution in
densely populated areas;

• and last but not least, a significant portion of the
budget for this project will be invested in Israeli
industry if we succeed in incorporating a large
local interest in this project.

Currently, there are some commercially available
large LWR reactors, which do not fully conform
with the latest safety standards of passive core
cooling systems. The nuclear industry concentrates,
therefore, on new types of reactors, smaller in size
(500 - 600 MW), to accommodate contemporary
needs. The principal efforts in the U.S., Japan,
Germany, France and the USSR are the development
of passively stable, light water reactors. The PWR
AP-600 (by Westinghouse) is based on a proven
technology, plus passive emergency core cooling and
ensured integrity. The advanced 600 MW BWR
employs proven General Electric technology, at a
reduced power density and safer thermal margins.
Similarly, the W E R 500 being developed in the
USSR has passively operated emergency cooling
systems.

The 135 MW Modular High Temperature Gas
Cooled Reactor (MHTGR) remains the only option
available in advanced, gas cooled reactor
development Its low power density combined with a
large heat sink, provided by the core structure and
fuel elements, makes this reactor inherently safe.
Inherent safety is a very important consideration for
a country with little experience in operation of
nuclear plants and which is bound to encounter

human errors and mishandling, at least in the
beginning.

However, one should also consider the
disadvantages of the MHTGR:

• this size of reactor is not economical for
generating electricity;

• its technology is not fully matured. Hence,
failure due to lack of operating experience may
impair the reactor's performance;

• lack of standardization and licensing regulations
pertaining to MHTGR are bound to result in
economic penalties.

Hence, light water reactors remain the preferred
choice with PWR being the dominant system.

The responsibility to recommend the appropriate
type of reactor, on which the long-term nuclear
energy program should be based, lies on the
shoulders of the scientific and industrial community.
Issues which must be addressed in this context are:

• maximum safety;
• minimum cost;
• best performance, efficiency and load factor;
• standardization;
• compliance with regulations and licensing

requirements.
Good ways to reduce capital costs are -

minimizing construction times, to reduce interest
charges; duplicating standardized systems, to gain
maximum benefits from past experience; simplifying
design and construction techniques; adhering to
accepted international standards of safety
regulations. Operation and maintenance costs can
also be reduced by plants co-location which offers
the advantages of common services and operations.
The extension of plant operation life can also reduce
electricity generation cost.

Safety, like justice, must not only be implemented
— it must be visible, if we wish to gain the
confidence and approval of the public. The approach
to nuclear safety is based on several strategies:

• "the defense in depth concept" with three or
more design barriers which provide several
levels of protection;

• the use of very high standards of quality
assurance, particularly in all systems which have
a direct effect on plant safety;

• it must be recognized that people and machines
are imperfect and, therefore, a variety of
duplicated and triplicated safety devices should
be installed, so if the reactor fails it should fail
safely! Here again the question of "how much is
enough" will be debated, especially if one
considers advanced reactors and aims for a large
local content;

• attention must be paid to operators' training and
competence.



S.Y. ETTNGER NUCLEAR ENERGY N ISRAEL

Standardization is also a major consideration,
particularly when the long-term program comprises
the construction of several nuclear power plants.
Standardization is directly related to cost,
maintenance, safety and licensing.

Regulation and licensing should rely on
accumulated international know-how, on one hand,
and local requirements adapted to Israel's
environment on the other. In addition to generally
established norms concerning nuclear power plants,
attention should be paid to local seismic conditions
and to the protective measures that must be
incorporated in the reactor's design as a result of
Israel's vulnerability to hostile attacks. All countries
can more readily acquire and improve the
operational knowledge and experience needed for
sound regulatory judgement through international
cooperation. International discussion on safety norms
help national authorities to accumulate know-how
and adapt it to the formulation of well balanced
licensing recommendations.

Besides technology, there are many other issues
relating to a nuclear power program that must be
addressed, if such an endeavor is undertaken. A
dominant factor in Israeli readiness to meet such a
challenge is the availability of a domestic
infrastructure to cope with such a formidable task. A
competent industry, high quality standards,
supporting scientific institutions, well trained staff
and adequate training facilities, reliable safety
authorities, cooperation among the designers - aU
contribute to the preparedness of a country to venture
a nuclear project with a significant local input.

Some factors which are considered in the process
of shaping our national energy policy are:

• mobilization of national resources in finance and
manpower;

• incorporation into the electric grid in a stream
lined manner;

• public acceptance;
• international relations and accords.
In many of these domains Israel has to develop

further the essential infrastructure to cope
successfully with this task.

If the main goal is gaining partial independence in
electricity generation, we have to establish reliable
organizations which would take responsibility over
all phases of the nuclear plant life cycle; namely
design, construction, operation, improvement,
modification, fault analysis, trouble shooting and,
finally, decommissioning.

Public awareness of the benefits and desirability
of nuclear power is another important task the
nuclear community has to promote.

In addition, nuclear energy is a cheaper power
source than fossil fuel. This is concluded from data
published in late 1989 by Nuclear Engineering

International, which compared costs of generating
electricity from coal and uranium. Similarly, a
USCEA analysis indicates that in an advanced
reactors built under stable regulatory conditions,
nuclear energy costs will be 10% lower than coal,
30% lower than gas, and 47% less than oil.
Naturally, these values are influenced by the cost of
capital, as well as the fluctuations in the price of fuel,
which is expected to rise, as this commodity
becomes scarce.

To conclude, let me reiterate the key elements for
developing an industrial nuclear program in Israel. A
national project in nuclear energy is a viable
long-term solution to Israel's energy needs. It also
encompasses a vast potential for Israel's future
development

Realization of this potential demands indigenous
efforts dedicated to the goal of building an Israeli
nuclear power plant. A combined effort of all the
organizations associated with nuclear energy is
essential for the implementation of this long-term
program within the time and budget framework
allocated. In particular, Israel Electric Co., Israel
Atomic Energy Commission, the large industries and
the Government must be actively involved.

It needs a foresighted leadership with the
resolution to launch a national nuclear power project
It requires large investments and supportive
infrastructure. But the yields and benefits which will
be gained in the future would fully justify these
efforts.

Many important issues relating to a national
nuclear power program must be addressed, to lay the
foundation for strategic decisions. Some of them are:

• economic aspects, i.e., nuclear energy cost
versus the cost of alternatives; financing and
interest rates; construction and operation time;
capacity factors; etc.;

• a survey of indigenous technological and
scientific capability, which is desired and
necessary in planning and construction of an
Israeli power plant;

• regulations and licensing confronting with
Israel's environmental conditions;

• allocation of suitable sites for nuclear power
plants.

• cooperation with other countries to provide an
important asset to the program;

• preparation of an appropriate infrastructure. This
is an urgent requirement to insure Israel's
readiness for the nuclear power era;

• pubiic awareness and sound public knowledge
of the risks involved vis-a-vis the prizes of
success, namely: a clean environment, savings
which will benefit all, and long-term freedom of
our energy supply at a time of need.
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PROSPECTS OF NUCLEAR POWER IN THE USSR
AFTER THE CHERNOBYL ACCIDENT

N. PONOMAREV-STEPNOY and V. ASMOLOV

Kurchatov Institute of Atomic Energy, Moscow

ABSTRACT. Nuclear power is an integral part of the USSR power industry. At present,
about 12% of the country's electricty is produced by nuclear power plants, saving about 70
million tons per year of equivalent fossil fuel. The FEC analysis reveals that any acceptable
solution of the energy supply problem and limitation hazardous ecological effects cannot be
achieved without appropriate development of nuclear energy capacities, with the necessary
safety level ensured. The thorough comparative analysis of nuclear power development in the
USSR, taking into account the economic factors and ecological consequences of power
delopment shows that nuclear power capacity has to be systematically increased — up to 56
million kW by the year 2000, and 9S-1S0 million kW by 2010. The main condition for this
expansion is the enhanced nuclear power safety. This development has to be competitive with
the ecologically acceptable coal power plants operating in the European part of our country.

NUCLEAR POWER IN THE ENERGY
STRUCTURE OF THE USSR
The significant changes in the power industry
structure toward energy-saving technologies will not
offset the expected increase in energy demand over
the next few decades, particularly the demand for
electricity.

Nuclear power (NP) is an integral part of the
power industry. At present 12.5% of our country's
electricity is produced by nuclear power plants,
saving about 70 million tons per year of equivalent
fossil fuel. Figure 1 illustrates the development of
nuclear power in the USSR. The state of the art
analysis of our power industry and prospects for its
future development reveal that any economically
acceptable energy supply system with limited
ecological effects cannot be achieved without further
development of nuclear power with the necessary
safety level ensured. Figure 2 lists the areas of NP
utilization in the USSR.

However, the character of NP development after
the Chernobyl accident became very uncertain. For
the Soviet Union, the Chernobyl disaster has become
not only a new reference point in NP development It
also forced the revision of the main Energy Program
statements, which were based on the concept of
increased electricty generation, preferably due to
accelerated development of NP in the European part
of the country. The pre-Chernobyl plans suggested
that by the turn of the century the installed NP

capacity would be more than one third of the total
energy capacity of the country.

The accident at the Chernobyl power plant
generated wide opposition to NP development. There
is an increasing negative attitude of the public to
nuclear power, including some authoritative
scientists, officials and the mass media. Opponents
to NP point out insufficient safety level of operation,
slow development of new generation plants with
enhanced safety designs and the unsolved problem of
radioactive waste disposal. All these results in
radical revision of nuclear power policy. The
construction of nuclear power plants (NPPs) with
total capacity of 25 million kW, planned to begin
within the next five years, was postponed.
Construction of nuclear power plants in the South
Ukraine, the Tatar and other locations was
suspended; construction of NPP's in Kursk and
Smolensk was stopped. As a result of the new
changes, the total NP capacity in the Ukraine, North
Caucasus, Transcaucasus and the North-East regions
will be lower than originally planned.

In the discussion on the development prospects of
our national economy and power industry various
scenarios are considered, including a long-term
moratorium on nuclear energy utilization. In this last
scenario, use of natural gas, coal and renewable
energy sources are considered as compensating
measures.

In the absence of realistic estimates on costs
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Fig. 1. Development ofNPPs in the USSR

associated with energy resources development, it is
difficult to carry out any long-term comparative
economic analysis. Consequently, strategic planning
of the optimal development stnicture is complicated
and the future objectives of the power industry and
national economy are unclear.

The economic and political reforms which are
taking place in the Soviet Union will inevitably lead
to an economic correlation between work input and
cost; thus, they will permit a more adequate
estimates of the economic competitiveness of various
energy producing industries. Fuel prices, capital
investment and operation costs of various power

• Electricity Generation

• Heat Generation:

-District Heating

-Industrial Applications

-Process Heat

• Remote Regions Energy Supply

(Siberia, Northern Areas)

Fig. 2. Areas of nuclear pova- utilization in the USSR

plants should be correlated with world market prices
under the conditions of normal market economy.

Over the past 10-15 years the cost of nuclear
electricity production in most countries has been
noticeably l o w c than that produced by using fossil
fuel. Only the USA and Canada have some coal
power plants which produce electricity cheaper than
NPPs. In general, power plants operating with fuel
oil and natural gas have higher electricity prices than
those using coal. Thus, from an economic point of
view, the advantages of nuclear power development
in the European part of the USSR are beyond any
doubt. Nuclear district heating also seems to be
economically justified in this region. However, the
NP industry must be developed taking into account
not only economic but also ecological aspects.
Nuclear power must also be socially acceptable by
both the population of the region and the whole
society.

Under norm*! operating conditions, nuclear power
is characterized by almost complete absence of toxic
material discharges and combustion process
products. The level of radioactive leakage into the
environment is low. Also radioactive contamination
•s much lower than the sanitary and hygienic limits
established. Nuclear power production has a
relatively low health ;isk compared with other
energy sources, taking into account the whole fuel
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and production cycle. The effect of nuclear power on
natural resources (thermal effect, land alienation) is
comparable with that of fossil fuels.

As for thermal power generation plants based on
fossil fuels, pollutants discharge is so high that it
leads to some serious negative effects on a local,
regional and even global scale. The latter implies a
change in the earth's thermal balance due to carbon
dioxide emissions and dr-st discharges.

In spite of all advantages there is a strong public
opposition to nuclear power. The key reason of the
negative and even hateful attitude towards the
nuclear power is that people believe it poses risk of
accidents wiih radioactivity release. The main
condition for nuclear power development is,
therefore, the assurance of public safety in accidental
situations.

The NPP safety requirements should be specified
by analyzing risks of severe accidents and their
social and economic effects. The social criterion is
based on the assumption that even one severe
accident anywhere in the world, in the foreseeable
future, would destroy forever public confidence in
nuclear power. The economic analysis suggests that
the risk of financial penalty due to an accident in a
nuclear unit should be much less than the profit from
the energy produced. Figure 3 illustrates the
conditions for safe nuclear power development NPP
safety level, i.e., the probability of severe accidents
obtained from the analysis of social and economic
criteria was stated as:

• the probability of a severe accident with core
melting shall not exceed 1 0 s per reactor per
yean

• the probability of a significant release of
radioactive products from the containment
during a core melting accident shall not be
higher than 10"7 per reactor per year.

Rick of Severe Accidents

• Basic Criteria:

-Social risk

-Economic effects

• The probability of severe accident

-Disruption of the core

P <J0'5 Jlreactor • year

-Exceeding the radioactive

release limits

P<10'71/rtactor • year

This is a real and technically feasible goal for new
generation NPPs. It can be achieved both by
improvement of the current WER-type reactors and
by development of alternative concepts of nuclear
reactors with inherent safety features and high level
of self-protection. These concepts are evaluated by
specialists at various scientific centers both in our
country and abroad. Their commercialization will
require considerable expenditures, but it will enable
rhe nuclear power safety problem to be cardinally
solved.

Social acceptability of NP requires a technological
level comparable with the current world's highest
standard. This will lead to a high safety level and
will strengthen public confidence in nuclear power
technology. It is also necessary to carry out an
extensive explanatory campaign to establish strict
inspection and licensing procedure, as well as to
develop a support system to municipalities with NPP
sites.

Comparative analysis of nuclear power
development in the USSR, considering both
economic factors and ecological consequences of
power development, shows that NP capacity has to
be systematically increased — up to 56 million kW
by the year 2000 and 95-150 million kW by 2010.
Prime conditions for this development are an
improved safety design and competitiveness of NPPs
with the ecologically acceptable coal power plants,
which are operating in the European part of the
country.

STATUS OF NUCLEAR POWER IN THE USSR
Table 1 presents the status of nuclear power
generation in the USSR. As of January 1991, 46
power units are in operation at IS Soviet NPPs. Their
total installed capacity is 36,560 MW. The rate of
introducing new capacities slowed down after the
Chernobyl accident in 1987 four power units were
put into operation, only one in 1988, two units in
1989 (Zaporozhye, unit No. 5; South-Ukraine, unit
No. 3) and again only one unit in 1990 (Smolensk,
unit No. 3). All power units introduced are equipped

Table 1. Nuclear Paver: Status as of January 1,1991

Status No. No. Total installed
of Plants of Units capacity (MW)

Fig. 3. The conditions for safe nuclear power development
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with a VVER-1000 reactor. In the first half of 1989,
two power units with VVER-440 were shutdown at
the Armenian NPP; two similar units were shutdown
in 1990 at Novovoronezh (unit No. 2) and Beloyarsk
(unit No. 2).

In accordance with unit type, the installed powe?
is as follows:

• VVER-1000, 16 power units.
N i n s t .* —16,000 MW

• VVER-440, 8 power unto.
N ins t — 3,412 MW

• RMBK-1000, 14 power units.
N i n s t —14,000 MW

• VVER-1500, 2 power units.
N i n s l — 3,000 MW

• EGP-6, 4 power units.
N i n s t . - 4 8 M W

• BN-600, 1 power unit.
N inst .— 600 MW

Another power unit with a BN-3S0 reactor is in
operation in the city of Shevchenko; it is used for sea
water desalination. Table 2 lists NPPs with
VVER-440 reactors currently in operation. Table 3 is
a similar list for plants with RBMK reactors.

The power units at all nuclear power plants are in
stable operation under base load conditions. The
Bilibin NPP is also stable under load-follow
operating conditions, covering the regional needs in

Table 2. Operating nuclear power units with WER-440
(Type B-230,179)

NPP location Connection to the network
Novovoronezh NPP

Unit 3
Unit 4

Kola NPP
Unitl
Unit 2

NordNPP(inGDR)
Unitl
Unit 2
Unit 3
Unit4

Kozloduj (Bulgaria)
Unitl
Unit 2
Unit 3
Unit 4

Bogunitze (Czechoslovakia)
Unitl
Unit 2

1971
1972

1973
1974

1973
1974
1977
1979

1974
1975
1980
1982

1978
1980

electricity and heat. The electricity output of all
Soviet NPPs reached: 186.9 million MWh in 1987;
212.6 million MWh in 1989 and 211.5 million MWh
in 1990. This amounts to 12.5% of the total electricity
generated by all power plants in the country (Table
4). The share of nuclear electricity production in the
world's industrialized countries is much larger and
varied in 1988 from 19 to 75% (USA — 19.1%,
France — 75%). Among the 26 countries operating
NPPs, the USSR is only 18th in the amount of nuclear
electricity produced. It should be noted, however, that
in the more industrially developed regions of the
USSR a nuclear electricity output in 1990 reached
higher values. For example, the share of nuclear
electricity produced is as follows: the United Energy
System (UES) Volga region — 16.7%; the UES
Center—21.7%; the UES North-West — 33.1%; the
Ukraine — 22.7%. In 1990, as in previous years,
nuclear electricity was mainly produced by the
RBMK and VVER reactors. The load factor of NPP
units in the world's developed countries and in the
USSR are about at the same level, varying from 60%
to more than 70%. Experience shows that the

Table 3. NPPs with RBMK reactors

NPP

LNPP

KNPP

CNPP

SNPP

MPP

LNPP
SNPP
CNPP
KNPP
INPP

Unit

1

2
3
4
1
2
3
4
5

6

1
2
3
4
1
2
3
4

1
2
3

Type Commissioning

1000(1)

1000(1)
100001)
1000(11)

1000(1)
10000)
1000(11)
1000(11)
1000(11)

1000(11)

1000(1)
1000(1)
1000(11)
1000(11)

1000(11)
1000(11)
1000(11)
1000(11)

1500(11)
1500(11)
1500(11)

— Leningrad NPP
— Smolensk NPP
— Chernobyl NPP
— Kursk NPP
— IgnalinaNPP

12.1973

7.1975
2.1980
2.1981

12.1976
12.1978
10.1983
12.1985

9.1977
12.1978
12.1981

11.1982
5.1985
5.1990

12.1983
9.1986

Notes

Backfitted in
loon

Find stages of
construction
Construction
closed down

Accident in 15S6

Construction
closed down

Construction
closed down
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Table 4. The slate of nuclear power in the USSR

Parameter
Total NPPs electricity output (mln MWh)
NPP share in total electricity output (%)
Installed capacity utilization, ICU (%)
Number of unplanned shutdowns (per 1 reactor-year)
Number of shutdowns by personnel faults (total)

UEPS*

Center
North-West
Ukraine

1986
160.8
—
67.4
—
—

1987

187.0
—
69.5
5.56
69

Share of NPPs in Total
Electricity Output* {%)

21.7
33.1
22.7

1988

215.7
—
71.4
4.04
52

NPP

72.2
77.9
61.6

1989
212.6
12.6»
68.5
2.67
48

ICU (%)
TPP

58.8
38.5
62.4

1990

2113
12.5
64.8
3.02
—

•United Energy Power System (UEPS)
NPP — Nuclear Power Station
TPP — Thermal Power Station

VVER-440 and RBMK-1000 power units are the
most stable in operation; they have relatively high
load factors and shortest shutdown periods.

In 1988-1990, the main reason for deterioration
was failure of the steam generators at the
VVER-1000 NPPs. In 1990 alone electricity losses
due to this reason amounted to 11.52 billion kWh.
There were 48 unplanned shutdowns of power units,
39 of them were the result of human errors. The
number of shutdowns per a reactor-year increased
from 2.60 in 1989 to 3.02 in 1990. The number of
unplanned emergency shutdowns was 1.63 per a
reactor-year in 1990 and 1.5 — in 1989. In 1989, the
corresponding shutdown values for nuclear power
plants in the USA, France, Germany and Japan were
2.2; 2.0; 1.0 and 0.3S for emergency shutdowns per a
reactor-year, respectively. In 1990 the unplanned

• Improvement of Risk Criteria

• Resistance to Severe Accidents

• Severe Accident Consequences

Mitigation

• Improvement of Physical and

Technical Protective Systems
• Safety Culture
• Human Factor

• Equipment Reliability

• Improvement of Norms and

Standards

• Safe Disposal of Radioactive

Wastes

shutdowns of the power units were due to design
problems (18.0% of all shutdowns), low quality of
equipment manufacturing (25.4%) and inadequate
level of operation (54%).

Thus, the main causes of unplanned shutdowns in

General Measures:
• personnel: additional training, simulators,

exams
• better operation and regulatory

documentation
• additional analysis of bask design and

severe accidents
• emergency planning

RBMK Reactors:
• decrease of void effect
• installation of fast-acting emergency

protection system
• installation of additional emergency

alarms
• diagnostics of metal equipment

and neutrons

WER Reactors:
• diagnostics of metal equipment

(vessels, tubes and steam generator)
• reactor vessel radiation embritUement and

annealing
• transition to three-year fuel cycle

Fig. 4. NPPs safety factors
Fig. 5. S<tfety improvements at existing NPPs after the
Chernobyl accident (1986-1989)
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1.

2.

3.

1.

2.

3.
4.

5.

6.

1.
2.

1990
Introduction of nuclear safety and radiation
monitoring specialists into the shift personnel of
each power unit.
Measures to mitigate beyond the basic design

accidents and corresponding personnel training.
More stringent monitoring during operational
shifts and procedures.

1991 —1992
Comprehensive metal monitoring of primary
equipment and piping.
Improvement of leak-tight compartments.

Diagnostic systems.
Fast acting valves at steam pipes from steam
generators.
Replacement of EP-50 emergency make-up pumps
by CN-65-130 pumps.
Emergency protection system in case of
earthquakes.

1992 — 1993
Additional feed-water system
Stand-by emergency electricity supply system and
stand-by control room.

Fig. 6. Safety measures adopted at NPP's

NPP units are equipment failure and bad operation,
including human errors. Therefore, the most urgent
needs are rapid increase of quality and lifetime of
NPP equipment, establishment of firm technological
discipline, increase of personnel skill and
introduction of operating advisory systems. These
requirements are in addition to the most crucial
condition for nuclear power development — an
inherent safety mechanism. Operating units as well
as new ones must be designed or modified according
to these conditions.

The main activities in our R&D program on
nuclear power utilization are (in priority order):

• ensuring the necessary safety level of operating
NPP units;

• increasing the safety requirements of NPP units
which arc under construction;

• developing the next generation of NPPs;
• increasing R&D efforts on nuclear power safety

by developing promising reactor concepts;
• ensuring safe operation of research reactors and

creation of new research facilities;
• commissioning and conservation.

SAFETY MEASURES AT OPERATING NPP'S
The safety level of operating NPPs corresponds to
their designing time. Therefore, in accordance with
this correlation, existing NPP units can be divided
into three groups:

• the first group, with a total installed capacity of
8900 MW, was developed and constructed
before the basic safety standards were issued;

• power units of the second group, with an
installed capacity of 16,300 MW, were designed
and constructed in accordance with a safety
standard (OPB-73), which is no longer in effect;

• power units of the third group, with a total
capacity of 11,000 MW, were built in
accordance with the safety document "General
Safety Standards" (OPB-82), currently in force.

The safety level at any NPP unit is determined by
a complex of physical properties, engineering means,
organization and technical measures. The objective
of safety regulation is to prevent an accident, but if
they do take place, to limit the consequences of
radiation effect on plant personnel, outside
population and the environment Figure 4 lists the
main safety factors of NPPs.

The Chernobyl accident made it necessary to carry
out an additional analysis of NPP safety factors.
Based on the results of this analysis some urgent

Decreased void reactivity effect
p ^ e f f
• placement of up to 80 additional absorbers into

the core
• operating reactivity margin up to 45 manual

control rods
• fuel enrichment (2.4%)

The*>. gency protection system —speed of
r- ponse (%ff for 2.5 sec)

• rod design (elongated displacer, telescopic
absorber)

• fast emergency protection (film cooling of the
:.<anncl, 21-24 channels)

• late dece'enjjon
• additional annals (operating margin, distortion of

power density, pressure drop speed)

Regulatory operational documents
• operating rules and procedures
• metal monitoring procedures
• scope of personnel training
• operating procedures for protecting

find blocking devices

Fig. 7. Additional measures to improve safety ofRBMK
reactors
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safety measures were developed and implemented at
all NPPs with VVER and RBMK power units
(Figures S, 6 and 7). The required skill of the
operating personnel was increased at all NPPs;
special attestation and additional training were
carried out; the requirements of the NPP operation
schedule became tougher. Long-term "combined
measures" for increasing the safety and reliability of
NPP power units, both with RBMK and VVER
reactors, have been developed and introduced. The
increased safety level of RBMK reactors was
attained by decreasing the positive void reactivity
coefficient and increasing the reactor's quick-acting
emergency protection response (Table 5). As a
result, the possibility of an accident with a rapid
uncontrolled transient overpower of the reactor was
eliminated.

Measures to eliminate the possibility of
unfavorable reactivity effects were introduced in the
operation rule of the VVER-1000 NPPs. Protective
measures against brittle destruction of the VVER
vessels were elaborated and implemented. In this
frame, seven VVER 4 4 0 reactor vessels in the USSR
and CMEA countries have been annealed.

The following are reconstruction tasks that must
be completed to bring the safety level of existing

NPP units (the first and second groups) to present
operating standards:

• estimation of the attainable safety level of each
power unit; evaluation of financial expenditures
needed for reconstruction; availability of other
power capacities in the given region to decide
whether to reconstruct, close or re-commission.

• some power plants in Kolsk, Leningrad, Kursk,
Chernobyl and Bilibil should be reconstructed
and put back into operation by the end of 1992.

• reconstruction of the rest of the plants has to be
completed by 1995.

A sufficient safety level at currently operating
power units (first and second groups) can be assured
by providing them with diagnostic system for
monitoring the conditions of metal equipment Work
in this direction is being carried out on a limited
scale.

The following steps must be taken to improve
operation procedures and personnel skill:

• development of a system for training and
retraining the personnel, with special
educational and technical centers.

• development and introduction of new operation
procedures, including documentation
improvements.

Table 5. Void reactivity coefficient measurement ai RBMK reactors.

Power unit

1. LNPP-3
2. SNPP-1
3. LNPP-4
4. CNPP-3
5. SNPP-2
6. KNPP-I
7. CNPP-1
8. CNPP-2
9. LNPP-3
10. CNPP-1
ll.CNPP-3
12. KNPP-2
13. LNPP-1
14. LNPP-4
15. CNPP-2
16. LNPP-2
17. SNPP-2
18. SNPP-2
19. KNPP-4
20. LNPP-2
21. LNPP-1
22. CNPP-3
23. LNPP4

Date

6.11.87
11.03.87
1.10.87

25.12.87
23.09.87

.09.87
28.09.88
23.03.88
16.03.88
29.12.88
29.07.88

.09.88
28.12.87
14.05.88
2.10.88
8.04.88

11.03.88
31.08.88

.09.88
14.08.88
6.08.88
5.05.89
.05.89

Operating
margin
(manual

control rods)
54.1
49.0
41.2
46.0
54.6
44.6
44.6
47.7
53.2
43.7
45.4
45.9
55.0
44.S
45.4
45.0
50.0
46.3
48.1
45.6
44.5
45.0
45.0

Number of
additional
absorbers

80
81
85
81
80
81
80
81
80
80
81
82
80
85
81
80
80
81
80
80
80
81
80

Number of
fuel assembly

2.4%

81
87
95
100
149
167
168
184
189
228
229
250
265
290
303
343
383
459
463
499
551
346
636

a.f

1.1 ±
1.0 ±
1.2 ±
0.8 ±
0.6 ±
1.2 ±
1.2 ±
1.0 ±
0.8 ±
0.9 ±
0.9 ±
1.42 ±
1.0 ±
1.2 ±
0.9 ±
0.9 ±
0.85 ±
1.3 ±
1.0 ±
0.7 ±
1.0 ±
0.7 ±
0.9 ±

>(/?)

0.1
0.2
0.2
0.2
0.2
0.1
0.2
0.2
0.2
0.2
0.2
0.15
0.2
0.3
0.2
0.1
0.2
03
0.2
0.1
0.2
0.2
0.2

LNPP — Leningrad NNP; SNPP — Smolensk NPP; CNPP — Chernobyl NPP;
KNPP — Kursk NPP; INPP — Ignalina NPP
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• improvement of service personnel conditions
including social support; the introduction of an
additional seventh shift; refinement of the
educational processes with emphasis on safety
principles. In addition to the aforementioned
measures, regular safety check-ups must be con-
ducted. Construction of new nuclear power units
should be planned together with other power
generating alternatives.

DEVELOPMENT OF THE NEW
GENERATION NPPS
Further development of nuclear power utilization is
directed first toward safety improvements and then
to extension of their application. New generation
plants should include passive safety systems that
would cnsi'Ti their self-protection and thus reduce
the probability of a severe accident The feasibility
analysis of new generation power plants must
consider their competitiveness with conventional
fossil fuel plants and other alternative energy
sources. The NPP designs must consider the whole
fuel cycle including nuclear power fuel supply, waste

processing and disposal (Figure 8).

1. Evolutionary Design — First Generation
In the nearest phase nuclear power plants will be
based on the VVER-reactor design. They have the
longest operational experience and better safety
record than the RBMK reactors. It is reasonable to
base new generation design on the experience with
VVER-440 and VVER-1000 reactors. Figure 9
presents some disadvantages of VVER-440/230
reactors which must be improved in future designs.
One basic design in this direction is the WER-88/1;
the WER-92 is suggested as the next generation
unit

Safety design of the WER-8S includes the
following improvements over previous models:

• negative reactivity coeffecient over a coolant
temperature under all operation states of the
reactor;

• prolonged passive residual heat sink needed
during a full loss of electric power supply;

• increased CPS control with a safety mechanism
using a quick-acting system of boron injection,

Objective:
Development of reactor designs whose physical properties, technological characteristics and passive
safety systems determining their self-protection would pennit the reduction of severe accidents
probability and would increase the reliability of the localizing barriers. Their economy should ensure
competitiveness relative to the conventional and alternative energy sources.

Trends:
• Evolutionary trend

development: new reactor type based on WER-440 and WER-1000 reactors.
design: NPP-NG -500 and NPP-NG-1000 reactors.

• Alternative trend
development: new reactor based on the experience gained in nuclear district heating and nuclear
ships.
design: VPBER-600 reactor.

Terms:
Construction and commissioning of the first power units is expected by the year 2000.

Results expected:
• new qualitative safety level;
• reduction in the construction and operation cost;
• reduction in the amount of equipment and its metal consumption;
• practically no negative effect on the environment in the site area.

Fig. 8. Development of the new, first generation NPPs
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Insufficient range of basic design accidents:

• for core cooling: rupture of Dy 32 pipe accompanied by the plant blackout without the departure from
nucleate boiling and loss of primary compartments integrity

• for the system of leak-tight compartments: one-way rupture of Dy 200 pipe.

Necessity to prevent excess embrittlement of reactor vessel materials

Absence of physical separation in safety system channels

Insufficient redundancy of active safety systems

Insufficient tightness of leak-tight compartments

Obsolete systems of protection and blocking monitoring, automatic systems, absence of stand-by control
panel

Insufficient diagnostic systems

Overestimated seismicity for some power units

Common cause failure of safety systems (fire, flooding)

Fig. 9. Disadvantages ofNPPs with WER-4401230 reactors

PROJECT GOALS

1. Reduction of the reactor core disruption

probability and releases below the values stated

intheOPB-88

2. The highest technical and economic parameters

2.1 Decreased cost of the fuel component

2.2 Decreased material consumption:

piping (T/MW)
valves

construction metal (kg/MW)
concrete (C**3/MW)

cables (km/MW)

2.3 Reduction of the site
area(ha/MW)

2.4 Reduction of the
staffing factor (man/MW)

-30%
-10-15%

-25-40%
-15-30%

-20%

-15-20%

-3-4 Tim

3. Improvement of ecological parameters

MEASURES

Quality of design and construction
Inherent safety
Diversity of main safety functions based on active

and passive systems

Improvement of the fuel and turbogenerator cycle

parameters

Optimization of lay-out, schemes and calculations;

use of monolithic reinforced concrete, small size

equipment; use of fiberglass; systems of automated

design, etc.

Improved architect planning, increased unit power

Higher automation level, centralized maintenance,
improved personnel functional duties, management
optimization

Improved systems of waste cleaning and storage, use
of dry cooling towers and towers with smaller water
consumption

Fig. 10. New. first generation design: NPP-NG-1000. Project goals
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for cases in which the reactor's CPS fails.
• wide use of diagnostic systems for the primary

cycle components and pipe lines;
• preventive measures against brittle destruction

of the reactor vessel;
• an improved protection system against excess

shell pressure caused by passive hydrogen from
the after-burning system; the new system
purifies the steam-gas mixture and discharges it
through special high effective filters;

• removal of the reserve control board beyond the
main vessel;

• creation of a general counter accident point to
check a damaged power unit after a severe
accident;

• an automated system to check the readiness of
the safety system to perform its functions at any
moment;

• introduction of new measures to increase the
NPP's fire resistance.

The designers of VVER-88 were forced to
increase safety by using available equipment, to limit
cost This constraint did not permit the project to be
optimized from the economic point of view.
Presently, it is suggested to modify operating power
plant with WER reactors, using the safety design of
WER-88, and to construct units according to this
code up to the year 2000.

Further improvement of power units with
water-water type reactors will be accomplished
within the framework of the VVER-92 project,
which includes the following objectives:

• increased reactor inherent safety by further
development of its self-protection system;
improvement of equipment and design solutions
to reduce the probability of core degradation
accidents and radioactive releases exceeding the
allowed values. These safety criteria were
established taking into account
recommendations of the International Advisor
Safety Groups (INSAG, IAEA) and OPB-88;

• introduction of ecologically clean processes
during the entire NPP service life;

• reduction of acceptable radiation doses to
personnel to 100 man«rem/year,

• setting new standards for NPPs location, relative
to large population centers;

• cost reduction at construction and operation
stages by lowering raw material consumption
(mainly concrete and metal), increasing
equipment reliability and automation and
reducing manpower.

Within the framework of VVER-92 project, it was
proposed to maintain the competitive designs of
improved reactors WER-500, WER-600 and
VVER-1000. The design of new industrial units,
based on the VVER reactor with improved safety
level and efficiency, must be finished by 1994-1995;
the construction should begin in 1995-1996 and
commissioning should b; completed by 2000
(Figures 10,11, and 12).

2. Alternative Trend — First Generation
Among the proposed promising designs, the 600
MW unit with a water-water reactor should be
pointed out This design is based on the proven LWR
technology and on the experience gained with
nuclear reactor plants developed for district heating
(NDHP) and for additional purposes. The first power
unit (VPBER-600) could be planned for 1994-1995
and construction can be completed by 2000 (Figure
13). In this plant, the safety system operates on the
principle of passive action which protects it against
equipment failures and human errors. A new aspect
of the design is the arrangement of the water-water
reactor in a strong, tight, secondary vessel.
Examination of the Gorky NPP by IAEA group of
experts has confirmed its safety and noted that the
design was performed according to present safety
standards. In the case of most severe (hypothetical)
accident, the radiation dose outside the power plant
would be as at the natural background level To
conclude, the NDHP design based on
enhanced-safety nuclear reactors would allow to
promote the construction of new NPPs plants. In this
connection, commissioning of the Gorky and

INHERENT SAFETY OF THE REACTOR SYSTEM
Negative power reactivity coefficient in all modes and at all power levels

Use of burnable poisons to compensate for excess reactivity (reactor poisoning)

Substantial reduction of radioactivity escape to the coolant in nonnal operation modes

Significant reduction of the fuel failure potential in case of basic design accidents

Subcriu'cal conditions of the reactor core ensured by control and safety ro'is, independent of the boric acid

concentration in the coolant (at temperatures above 100'C)-

Fig. 11. New, first generation design: NPP-NG-I000. Inherent safety system
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1. Improved stability of system and component operation within the operating limits:
• quality assurance in design, equipment and manufacturing, start-up and operation of nuclear

power plants
• optimization of design and architectural decisions related to normal operation, control and

monitoring systems

2. Detection of failures in safe operation limits and conditions, prevention of basic design accidents:
• modern highly reliable systems of control and monitoring

3. Basic design accident management:
• inherently safe reactor system, negative power reactivity coefficient in all modes and at all power

levels
• diversity of main safety functions, functional independence of active and passive safety systems
• development of efficient containment systems

4. The probability of reduction in impermissible accident consequences (the necessity of the population
evacuation beyond the distances specified in regulatory documents) below 10*E-7/rcactor • yean
• system of multi-level barriers on the way of fission product releases into the environment
• use of safety system protection barriers based on passive principles
• accident management beyond basic design conditions

Fig. 12. New, first generation design: reduction of severe accident probability, defense-in-depth approach (NPP-NG-1000)

1. Engineering implementation of the following principles:
• inherent safety features;
• use of passive systems for emergency protection and heat removal;
• system of protecting barriers to contain the radioactivity;
• redundancy of all protection systems;
• insensitivity to human errors;
• accident management

2. The reactor is surrounded by a leak-tight reinforced guard vessel, which is located inside the
containment together with the necessary devices and equipped with passive systems to ensure reactor
shut-down and residual heat removal.

3. The inherent safety features of the reactor system (negative reactivity feedbacks, the large volume of the
primary coolant), the passive protection systems and the radioactivity containment barriers exclude a
possibility of environmental contamination, the exposure of the personnel and the public above the
permissible level (during any technically feasible failures and eccidents of the reactor system, human
errors as well as terrorist actions and extreme external events, such as earthquakes, hurricanes, airplane
crashes, etc.).

Fig. 13. Safety of new, first generation design NPPs with the VPBER-600 reactor
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Voronezh NPPs is important for an ecologically
clean power industry development in our country.

3. Unconventional Solutions—Second
Generation
As is known, the USSR is developing sodium
breeders and a NPP of this type was constructed in
the frame of the new BN-800 project The current
feasibility analysis reveals the possibility of
suspending new generation breeders development
until engineering solutions for increasing reactor
safety and improving its breeding properties are
found. At the same time it is evident that such
construction delay would hurt the designers and
manufactures of this project and eventually could
lead to low quality and reliability of the first power
units.

The development of second generation NPPs
includes not only the commercial design, but also
semi-industrial and pilot plants, which could be
erected at the beginning of the next century. These
designs are expected to solve long-term safety
problems by a high self-protection level and passive
safety means to extend nuclear energy applications
and fuel self-supply. So, efforts to develop
vessel-type and channel-type water cooled reactors,
high-temperature gas reactors, breeders, etc., must be

continued. Another possible direction is the design of
low-power reactor plants for remote regions
(Figure 14).

The following R&D directions towards reaching
these goals may be defined:
Reactor and power unit arrangement

• modular units; increase reliability due to
advantages of commercial manufacturing with
possible cost reduction;

• integrated design; increases safety and reduces
the amount of construction metal;

• channel-type arrangement; can be implemented
with a flexible fuel cycle and possibly with
improved safety.

Coolants
Reactors with light water, both pressurized and
boiling, are common in new designs. Much interest
has been centered on natural convection schemes
which provide a relatively high safety level due to
the possibility of passive residual heat sink. It is
possible to remove some restrictions on boiling
water conditions and use water at the super-critical
phase without diminishing natural convection
cooling. Helium and molten salts are possible
coolants for energo-technological installations. Their
use promotes the highest expected safety level. Also
liquid sodium has been considered for some time.

Objective:

development of reactors with a high level of

self-protection and passive safety systems to solve the

problem of further enhancement of the safety level.

extension of nuclear power applications and fuel

self-supply.

Trends of works:

• light water reactors (vessel and channel types);

• high-temperature gas reactors;

• breeders

Terms:

development of pilot or experimental power units is

expected in the beginning of the next century

R&D trends:

1. Arrangements of the reactor and power unit:

• modular

• integrated

• channel

2. Coolants:

• light water;

• helium;

• molten salts;

• liquid metals;

• drop-steam

3. Fuel supply:

• tight lattices;

• dense fuel;

• heavy water reactors

4. Setf-protection:

• combination of inherent safety properties and

passive means (HTGR, AST. MKER).

Fig. 14. New, second generation NPPs: unconventional solutions
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However, only heavy metals are very promising as
coolants since they are able to develop natural
convection currents and resist ignition.
Fuel supply
Improvement in the fuel economy is provided by
using the tight, heterogeneous (for the breeders
lattices) and high-density fuels. However, it has a
negative effect on the system safety and research is
needed to identify compromise solutions.

Studies of the heavy water reactors are continued.
This reactor is promising from viewpoints of
reduction in fuel consumption and stability to
reactivity-induced accidents. But research directed to
improve its stability during loss-of-heat sink
accidents has to be continued.
Self-protection
This term is used for the combination of inherent
safety features and passive means used to increase
the protection of inner localizing barriers. A high
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Fig. 15. R&D program for nuclear safety

self-protection level is characteristic of HTGR
reactors, particularly those with a modular design. It
is ensured by negative reactivity feedback, rather
high heat capacity and possibility of passive
cool-down at the expense of heat capacity (in case of
helium pressure bsses). The passive safety means
arc characteristic of NDHP design. Natural
convection combined with a great number of
independent circulation loops and appropriate
arrangement of the channels in the core provide a

high level of passive protection in MKER. The
single-phase inertial properties of molten salts and
the negative feedback reactivity are prerequisites for
a reliable self-protection of MSRs. Figure IS
provides a general R&D program to ensure NPPs
safety.

The most promising solutions among these reactor
groups should be selected for further development
The basic research associated with this program
include: fundamental investigations of physical
processes, radiation material testing, fuel cycles,
diagnostics, process control problems, man-machine
interaction, etc.

NPPS CONSTRUCTION PROGRAM
According to the old nuclear power development
program, by the year 2000 the dated NPPs installed
capacity should reach 190 mm kW with an electricity
output of 1100 billion kWh.

The Chernobyl accident promoted a new approach
to safety problems, stiffer requirements on NPP
location, drastic reduction in capital investments,
need for more research work and serious public
resentment. Consequently, NPP construction and
expansion have been suspended at 39 sites with a
total design power of 109,000 MW.

After the Chernobyl accident various measures
were taken to increase the reliability and safety of
operating plants and units under construction. This
was achieved at a considerable cost in time, money
and manpower and caused a delay in the introduction
of new power units. It is suggested, therefore, to
introduce 7 mln kW of nuclear power in the next
Five Year Plan and 11.8 mln kW in the following
one. Then, by the year 2000, the total NPPs capacity
would be 56.4 mln kW. Table 6 provides the
development plan for the next decade. After the year
2000 an increase in NPP construction rate is
projected and by 2010 the installed power would be
95-150 mln kW, with allowance for
decommissioning of power units with insufficient
safety levd. The industrial infrastructure of the
Soviet Union is much higher, capable of bringing
NPPs electric capacity up to 81-83 million kW by
2000 and 113-115 million kW by 2005 (taking into
account decommissioning of outdated units).

In the next decade, NPPs would be constructed
mainly with WER-1000 reactors, similar to the
WER-88/1 design. Operating NPPs would be
modified, using the same basic design. After 2000
the construction of NPPs is expected to be based on
new generation units with enhanced safety level —
the WER-92, VVER-500 and/or WER-600
reactors, whose detail design should be completed by
2000.

Thus, the strategy of nuclear power development
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T>bk 6. Introduction of new nuclear power units (in MW)

NPP

ODU*
North-West
Kol'skaya

ODU Center
Kursk
Kalinin
Kostroma
Novo-Voron.

ODV
Middle Volga
Balakovo
ODU Ursi
South Ural
ODU South
Khmel'nitsk
Zaporozh'e

ODU East
Far East

Total 1992 1993 1994 199S
Capacity

2000

5000 1000(5)
2000 1000(3) 1000(4)
6000
1000(6)**
1000(7)

4000 1000(4)

2400

4000 1000(2)
6000 1000(6)

2000

Total in
13th Five

Yew
Plan

1000
2000

1000

1000
1000

1996 1997 1998 1999 2000

1000(5)

1000(1)
1000(6)

800(1) 800(2)

Total in
14th Five

Year
Plan

1000

1000
1000

1600

* ODU — Operational dispatcher administration
•• Number in parenthesis is the number of the unit at the site

with acceptable risk requirements can be divided into
two stages:

• the 1990-2000 decade may be considered as the
"renovation*'stage, in which emphasis will be
put on renewal of operating power units and
improving their safety. The total nuclear power
capacity will rise insignificantly. At this stage
the oldest plants will be modernized and
reconstructed; some plants, whose
reconstruction is not expedient, will be
decommissioned and new units, equipped with
WER-1000, will be put into operation in their
place.

• the 2000-2010 decade will be characterized by
active growth of capacity and introduction of
new generation power units with acceptable
safety standards to ensure a stable development
of nuclear power.

NUCLEAR POWER AND PUBLIC OPINION
Further utilization of nuclear power depends, to a
great extent, on restoring the public confidence
which was shaken by the Chernobyl accident, bad
location choices and low quality construction works
at nuclear power sites. As shown by sociological
studies, me main reasons for the public resentment
and, sometimes, even hateful attitude towards
nuclear power are based on:

• insufficient knowledge of nuclear power
hazards, particularly, its medical and biological

effects;
• lack of social and economic benefits provided to

the regions where nuclear power plants are
located;

• absence of nuclear legislation, which would
define public protection regulations in the
USSR.

All these are the consequences of the absence of a
reasonable nuclear power development policy. Such
policy must include cardinal structural changes and
increased safety, expounding the practical aspects of
nuclear energy utilization.

Serious accidents at NPPs and lack of information
have turned public opinion against nuclear power
utilization the world over. Some countries, however,
estimated the situation correctly and have taken
measures for increasing reliability, safety and
ecological protection of nuclear plants, while
providing accurate information to the public. As a
result, recent public opinion polls carried out in
France, Germany, Japan, Canada and the USA
indicate an unproved attitude towards nuclear power.
One of the main reasons for the public change of
mind is economic and social benefits provided to
districts located near NPP sites.

In summary, the difficulties facing the nuclear
industry after the Chernobyl accident must be
overcome. Otherwise our country will not have
sufficient power supply in the near future.
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ABSORPTION TECHNOLOGY FOR SOLAR AND WASTE HEAT UTILIZATION

G. GROSSMAN

Faculty of Mechanical Engineering, Technion — Israel Institute of Technology, Haifa

ABSTRACT. Absorption heat pumps, first developed in the 19th century, have received
renewed and growing attention in die past two decades. With the increasing cost of oil and
electricity, the particular features of this heat-powered cycle have nude it attractive for both
residential and industrial applications. Solar-powered air conditioning, gas-fired domestic
cooling and waste- heat-powered temperature boosters are some of the applications on
which intensive research and development has been conducted. This paper describes the
operation of absorption systems and discusses several practical applications. It surveys
recent advances in absorption technology, including the selection of working fluids, cycle
improvements and multi-staging, and fundamentals of the combined heat and mass transfer
in absorption processes.

INTRODUCTION
Absorption heat pumps, first developed in the 19th
century, have received renewed and growing
attention in die past two decades. With the increasing
cost of oil and electricity, the particular features of
this heat-powered cycle have made it attractive for
both residential and industrial applications.
Solar-powered air conditioning, gas-fired domestic
cooling and waste-heat-powered temperature
boosters are some of the applications on which
intensive research and development has been
conducted.

One attractive application for absorption systems
is solar cooling1. A single-stage absorption unit may
be employed to produce chilled water for air
conditioning, using for its source of power
solar-heated water at below-boiling temperatures,
obtainable from low cost flat-plate solar collectors.
Chilled water is cooled in the evaporator where
distilled water serves as a refrigerant, evaporates and
is absorbed by a strong LiBr-water solution in the
absorber. The solar-heated water is applied to
reconcentrate the solution in the generator by
desorbing the excess refrigerant, condensing it, and
returning it to the evaporator. The system may be
staged for better utilization of higher temperature
heat sources. Also, the same system can use for its
operation, instead of the solar heat, low grade heat
from any other source, including industrial waste
heat*.

A similar system, operating in reverse, may be
employed for temperature boosting, making it
possible to convert industrial waste heat back to

useable process heat3. This system, known as a heat
transformer, uses part of the waste heat itself as a
source of power. An application of particular interest
is the conversion of low grade heat collected in solar
ponds into process steam, at a coefficient of
performance far exceeding that obtained in the more
conventional electric power mode4.

This paper will survey recent advances in
absorption technology, including the selection of
working fluids, cycle improvements, multi-staging,
and fundamentals of the combined heat and mass
transfer in absorption processes.

PRINCIPLES OF THE ABSORPTION CYCLE
An absorption system is described schematically in
Figure 1 showing iis major sub-units. The absorbent
flow is indicated by a heavy line, to be distinguished

HEAT EXCHANGER

POCUIATIONPUMP

Fig. 1. Schematic diagram of absorption cooling system
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from the flow of refrigerant Liquid refrigerant
entering the evaporator at state 1 evaporates at the
low temperature TL while removing heat QL from
the cooled medium. The vapor at state 2 goes into
the absorber where it is absorbed by a concentrated
(strong) absorbent solution. The latter must be
cooled during the process, to remove the heat of
absorption. This is necessary for maintaining a low
vapor pressure which allows for efficient absorption.
The effect of this process on the refrigerant vapor is
equivalent to the compressor suction in the vapor
compression cycle.

The saturated (weak) absorbent leaves the
absorber at state S and is pumped via the heat
exchanger into the generator. Entering at state 7, it is
heated to the high temperature supplied by the solar
energy source and its vapor pressure increases to the
point where it can no longer contain the amount of
refrigerant it had. The latter is released at a high
pressure (state 3) and flows into the condenser. The
result produced by this process is similar to that of
the compressor discharge in vapor compression. The
refrigerant entering the condenser in the superheated
state 3 condenses (state 4) and expands into the
evaporator. The concentrated (strong) absorbent,
having released the refrigerant, leaves the generator
at state 8 and returns to the absorber at 9.

Since the absorbent solution must be heated in the
generator and cooled in the absorber, a recuperative
heat exchanger is provided between the two streams
to recover heat from the strong and preheat the weak
absorbent A circulation pump is also needed to
transfer the solution from the low pressure absorber
to the high pressure generator. In some designs, the
pump is replaced by a vapor lift system.

Figure 2 is an equilibrium diagram for the
absorbent-refrigerant solution, where vapor pressure
is plotted as a function of temperature for different
solution concentrations. To exhibit the
thermodynamic states at the different points in the
system, a log P vs. 1/T plot based on the Vant Hoff
equation is employed where the abscissa is the
reciprocal of the absolute temperature and the
ordinate is the logarithm of the vapor pressure. In
these coordinates, lines of constant concentration are
practically straight. Numbers in the diagram
correspond to those in Figure 1 designating the states
at the different points in the system. A number in
parentheses indicates a non-saturation or
non-equilibrium state.

Points 1 and 2 characterize the inlet and outlet
conditions in the evaporator, both at saturation;
points 3 and 4 describe the same in the condenser.
The refrigerant at state 3 is superheated, hence the
parentheses around the number 3. The pressure Pc in
the condenser and the generator is represented by the

VAPOR PRESSURE

pE 7T—

TEMPERATURE

I/TA I/TH - " - '/I

Fig. 2. Thermodynamic equilibrium diagram of the
absorbent-refrigerant solution in an absorption system

ordinate through point 4, corresponding to
refrigerant saturation at the heat rejection
temperature TA. Similarly, the pressure in the
evaporator and absorber, Pg, depends on the cooled
medium temperature T .̂ The absorbent cycle is
composed of the two isobars 7-8 and 9-6 in the
generator and absorber respectively and of two fixed
concentration lines in the passage through the
recuperative heat exchanger. The solution entering
the absorber at the non-equilibrium state (9) is
diluted from the high to the low concentration. The
absorption process terminates at point 5 where
pressure equilibrium is reached at the heat rejection
temperature TA. Similarly, the termination point 8 of
the desorption process in the generator is determined
by equilibrium between the condenser pressure Pc
and the heat supply temperature TH. Thus, the low
and high concentrations of the cycle are determined
by equilibrium between PE and TA and between Pc
and TA, respectively, while PE and Pc are
themselves determined by TL and TA. In this
discussion we have ignored, for simplicity, the
temperature differentials between the transfer and
working fluids, and assumed ideal recuperative heat
exchange between the strong and weak solutions. In
practice there is normally some superheat or subcool
in the solution entering the absorber and generator,
respectively. Furthermore, points 4 and 5 are shown
to be at the same temperature TA. This is correct
only if the condenser and absorber are supplied with
cooling water from the same source in parallel.
Where the cooling tower is limited in size, their
cooling water passages would be arranged in series
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and points 4 and 5 will not have the same
temperature.

If the coding water was warmer, keeping TH and
T L the same, T^ and the pressure Pc would be
higher. This would cause point 5 to move to the right
and point 8 to the left, resulting in a decrease in the
high concentration and an increase in the low
concentration. With the difference in concentrations
between the weak and strong solutions reduced, one
would need to circulate a higher flow of absorbent to
carry the same cooling load. At some point, with a
further increase in the cooling water temperature, the
lines of low and high concentration would coincide
bringing the operation to a halt. It hence becomes
clear that in a given system a minimum generator
temperature is required for given values of cooling
water and cooled medium temperatures. The value of
this minimum TH is high at the higher T A and the
lower TL.

The coefficient of performance of the
conventional absorption device, defined as the ratio
of cooling capacity to heat input, has a theoretical
limit of unity. The heat supplied to the generator is
used to evaporate the refrigerant formerly absorbed
in the solution, and hence must provide about the
same heat of evaporation removed from the cooled
medium. In addition, the generator must overcome
the heat of dilution and the heat losses in heating and
cooling the absorbent at each cycle, due to the
non-perfect recuperative heat exchanger. For this
reason the C.O.P. of a single stage system is less
than unity.

As mentioned earlier, the absorption system
described above may be operated in a reverse mode
for temperature-boosting of low-grade heat. Figure 3
describes schematically the single-stage heat
transformer. The system consists of four primary
components — evaporator, absorber, desorber and
condenser, in which the heat input or output causes
a change of state of the working fluid. In addition,
there is a recuperative heat exchanger, pumps and
piping. For simplicity, the system is described in a
form suitable for operation with a nonvolatile
absorbent such as lithium bromide-water. Absorbate
vapor at state 8 is produced in the evaporator, heated
by the low grade heat source. The vapor is absorbed
in the absorbent solution that enters the absorber at a
strong state 7 and leaves weak at state 4. The heat of
absorption is transferred to the stream of water
entering the absorber at 3 and leaving at 9 and boosts
its temperature. The weak solution is transferred to
the desorber, where absorbate is removed from it,
then returned in a strong state to the absorber.
Low-grade heat is supplied to the desorber to provide
the energy for desorption from state 5 to 6, and
cooling water is applied to the condenser, which
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Fig. 3. Schematic description of a angle-stage heat
transformer

provides the heat sink for the desorbed vapor. The
condensate is returned to the evaporator by die
absorbate pump. A recuperative heat exchanger
transfers heat from the weak to the strong solution,
as shown. The coefficient of performance of mis
system (useful heat output per waste neat input) is
around 0.5.

WORKING FLUID COMBINATIONS
The selection of the refrigerant/absorbent
combination is always the starting point in the design
of an absorption system. Several properties are
desired in the working fluids, some of which are
absolutely necessary for efficient operation.

The most important characteristics may be
summarized as follows:

1. The solubility of the refrigerant in the
absorbent must be as high as possible at the
absorber temperature and pressure, and as low
as possible at the corresponding generator
conditions. If this requirement is not met, large
amounts of absorbent solution must be
circulated between the absorber and generator
in order to transfer the quantity of refrigerant
needed to produce the cooling effect This in
turn causes excessive internal heat losses
leading to poor performance;

2. The beat required to release the refrigerant
from the solution in the generator should be
close to the heat of vaporization of the
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refrigerant in the evaporator. The ratio of the
former to the latter is normally greater than
unity due to the finite heat of dilution which
must be rejected in the absorber. The heat
which must be spent in the generator in order
to release the refrigerant from solution over
and above that which is required to vaporize it,
goes to waste;

3. The properties of the absorbent-refrigerant
solution which affect heat and mass transfer,
such as viscosity, diffusion coefficient, thermal
conductivity etc. should be favorable;

4. The absorbent should be non-volatile, or
considerably less volatile than the refrigerant,
to prevent the transfer of absorbent into the
condenser and evaporator. When this condition
is not fulfilled, an absorbent separator, also
known as a rectifier, must be installed between
the generator and the condenser;

5. The solidification temperature of the
absorbent/refrigerant solution, either by
crystallization or by freezing, must be lower
than and out of the range of the operating
conditions of the device;

6. The working fluids should be chemically
stable, nonflammable, non-toxic and non-
corrosive to common materials of construction;

7. The cost of the materials should be minimal.

Of the many fluid pairs considered and
experimented with for absorption systems, only two
have found their way to large scale use in
commercial units, having satisfied most of the above
criteria. These are the absorbent-refrigerant
combinations a water-ammonia and lithium
bromide-water, respectively. The latter is preferred
in air conditioning, since ammonia is toxic and
therefore dangerous for this purpose. The lithium
bromide-water combination seems more promising
for solar applications in particular, as it yields higher
coefficients of performance with temperatures
obtainable from flat plate solar collectors. Its
disadvantages are in that (1) lithium bromide salt
crystallizes out of solution when the temperature is
lower and the concentration higher than at saturation,
thereby clogging pipes and passages. (Even though
the machine is designed for operation away from
crystallization, this may still occur during transient
conditions.) (2) Lithium bromide salt is highly
corrosive to metals, particularly in me presence of
air, and (3) die salt is relatively expensive. The
aqua-ammonia combination is used more in
refrigeration, where the low temperatures required
rule out the use of water as a refrigerant due to
freezing. These systems operate at pressures
considerably higher than atmospheric, as opposed to

the LiBr-water operating under vacuum. A rectifier
is required downstream of the generator as the water
evaporates along with the ammonia.

A number of other working fluid combinations
has been tested in experimental setups, trying to
obtain better performance under the solar operating
conditions. Systems were built employing the binary
mixtures sodium thiocyanate-ammonia56, lithium
chloride-water7, lithium nitrate-ammonia*, calcium
chloride-ammonia9 and others. It appears at present
that none of these fluid pairs has shown a definite
advantage justifying its utilization in solar cooling
installations in place of the lithium bromide-water or
aqua-ammonia solutions.

An interesting suggestion to use a three materials
combination in absorption was made by
Radermacher and Alefeld10, who experimented with
a tertiary mixture of lithium bromide, water and
ammonia. The presence of lithium bromide in the
water reduces the equilibrium vapor pressure of the
mixture at a given temperature and "holds" the water
in solution in the generator, while the ammonia is
free to evaporate. Thus the amount of water
carryover in the refrigerant may be reduced to the
point where a rectifier is no longer needed. The
operating pressures of the entire system are also
reduced considerably, simplifying construction. This
can be achieved if the amount of LiBr in solution is
small enough to keep away from crystallization. It
appears that tertiary mixtures have an important
promise as working fluids in absorption systems.

ADVANCED ABSORPTION CYCLES
In describing the principles of the absorption cycle it
was shown that the coefficient of performance in a
conventional one-stage system is theoretically
limited to unity, and is practically always below that
(around 0.7 with lithium bromide-water).
Furthermore, a minimum generator temperature is
needed to operate the system at given evaporator and
cooling water temperatures. These two limitations do
not exist in the vapor compression cycle.

It is possible to increase the C.O.P. of absorption
devices considerably and overcome the minimum
high temperature requirement by a multi-stage
arrangement A variety of these kinds of schemes has
been proposed. They offer a great deal of flexibility
in adapting absorption cooling for different
applications and modes of operation. Richter1'
described several such systems employing
aqua-ammonia for refrigeration. In the solar
application the main purpose of multi-stage
operation is to make better use of the available solar
heat which may vary in quantity and temperature at
different times.

Figure 4 describes schematically a double-stage
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Pig. 4. Schematic diagram of double-effect absorption
cooling system

system designed to increase the COP. over that
which may be obtained under the same operating
conditions with a one-stage unit. The changes in
state of the working fluids are indicated on the log
P-l/T diagram of Figure 5. Reference should be
made to Figures 1 and 2 describing the one-stage
cycle for comparison. This two-stage system has a
single evaporator, absorber and condenser, the
former two operating as in the one-stage cycle. The
first generator receives from the absorber the dilute
(weak) solution and concentrates it partly, to a
medium concentration. The refrigerant vapor
desorbed from the first stage condenses in the second
generator and releases heat which is used to
concentrate the solution further. The vapor desorbed
therefrom passes over to the condenser along with
the condensate from the first stage. Liquid refrigerant
from the condenser expands into the evaporator and
the cycle continues as in the one-stage system. Two
recuperative heat exchangers are provided for the
first and second stages.

The net result of the above process is that each
unit of heat supplied to the generator produces
almost twice the amount of refrigerant vapor it
would in a one stage system: once in the first stage,
by virtue of its own energy and again in the second
stage by the heat of condensation of the vapor
produced in the first This results in almost doubling
the coefficient of performance which is theoretically

TEMPERATURE

Fig. 5. Thermodynamic equilibrium diagram of the
absorbent-refrigerant solution in double-stage absorption
cooling

less than 2.0 and in practice around 12. However,
the additional stage requires a higher temperature
heat source, which rules out the use of flat plate
collectors and calls for the concentrating or the
evacuated-tube type for the solar application.

It should be noted that the system just described is
only one version of many possible multi-stage
schemes1112. Despite their potential for improved
performance, the additional complexity of those
systems has thus far limited their use in solar
cooling. Multistaging is equally effective in heat
transformers covering a wide variety of industrial
applications13.

OPERATING CHARACTERISTICS
Under the Section on Advanced Absorption Cycles,
it was shown that the coefficient of performance of a
single-stage absorption unit has its theoretical limit
at unity due to the fact that the heat supplied to the
generator must vaporize at least the amount of
refrigerant previously evaporated in the evaporator.
Figure 6 describes the C.O.P. of a typical solar
lithium bromide water absorption chiller14 as a
function of the hot water temperature supplied to the
generator, for different cooling water temperatures
and for a fixed temperature of the chilled water. The
curves were obtained by computer simulation taking
into account the actual heat transfer areas and
coefficients in the machine and were checked by
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Fig. 6. COP. curves of a typical LiBr-water absorption chiller

experimental data. They show the COP. to increase
rapidly with the hot water temperature up to a certain
point, and then level off and reach an asymptotic
value. Higher generator temperatures will not
improve the COP. Lower cooling water
temperatures lead to better performance. However,
one can see that the dependence on this temperature
is more significant at low generator temperatures but
less in the asymptotic range. This behavior is due to
the fact that at low generator temperatures the system
operates at low capacity and the internal heat losses
associated with sensible heating and cooling of the
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Kg. 7. Cooling capacity curves of a typical LiBr-water absorption chiller

solution are relatively high.
However, when operating at
full design capacity, most of the
heat supplied to the generator
goes to evaporation of the
refrigerant and supplying the
heat of dilution associated with
its dcsorption. Since this heat is
fairly sensitive to generator or
cooling water temperatures, and
is proportional to the amount of
refrigerant evaporated, die ratio
of evaporator to generator load
tends to be constant

Figure 7 shows the cooling
capacity of the above system14

as a function of the same
parameters as with the COP.
The capacity is seen to increase

linearly with the temperature of hot water to the
generator, and to be affected favorably by a decrease
in cooling water temperature. This means that
whenever cooling water at a lower than the design
temperature is available, the hot water temperature
can be reduced for the same capacity. A reduction in
the available cooling water temperature usually
coincides with a reduction in the required cooling
capacity and consequently the hot water temperature
can be reduced even further. A control system
designed to automatically adjust the hot water
temperature in relation to the cooling water

temperature and the required
cooling capacity would
therefore result in improved
COP. of the absorption
machine (Figure 6) and also in
improved efficiency of heat
collection by the solar system
where more heat can be
collected at lower temperatures.
Further improvements in
system performance may be
obtained by the division of the
hot water storage into a number
of different temperature
compartments and the provision
of different types of solar
collectors: the evacuated tube
or concentrating type collectors
for high water temperatures and
flat plate collectors for reduced
temperatures.

The upper limit for the
capacity which may be obtained
from a given machine is set by
practical difficulties occurring

CHILLED WATER AT ii'f
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in off-design conditions. In lithium bromide-water
systems, an attempt to raise the generator
temperature or lower the cooling water temperature
excessively, would lead to crystallization. In all types
of practical systems the large flow of refrigerant
vapor associated with larger-than-design capacity can
cause carryover of liquid refrigerant from the
evaporator to the absorber, thus disrupting operation.

ABSORPTION SYSTEM SIMULATION
The need for computer simulation models of
absorption systems has become apparent with the
renewed interest in these systems during the past two
decades. The advantage of the absorption cycle for
heat pumping applications, where heat may be
utilized as a source of power in preference over
mechanical energy, has been recognized. A variety
of advanced cycles in multistage configurations has
been proposed to fully utilize the thermodynamic
potential of the heat source at hand. The
development of working systems based on these
cycles and the desire to investigate novel cycles and
working fluid created the need for effective and
reliable simulation.

Several computer simulation codes of absorption
systems have been developed and described in the
literature. The results of some of them have been
compared with experimental data and found to be in
good agreement. The above codes were all
system-specific, that is, they were written to simulate
one particular system with a particular design, flow
arrangement and working material. Their structure
did not allow easy-modification to model other
systems. In order to do that, major parts of the
program and particularly the iterative sequence
would have to be rewritten.

This section describes a flexible
computer simulation code capable
of simulating absorption systems
in varying cycle configurations
and with different working fluids.
The need for such a code grew out
of repeated attempts under
absorption research programs to
evaluate new ideas for advanced
cycles and working substances and
compare them with existing ones.
The work is described in greater
detail in Refs.1S-16. The code may
be used not only for evaluating
new cycles and working fluids but
also to investigate a system's
behavior in off-design conditions,
to analyze experimental data and
to perform preliminary design

The objective of developing a flexible and
user-oriented simulation code has led to two basic
requirements with respect to the program structure.
First, the program had to be modular in nature to
enable the user to specify different cycle
configurations, different working fluids and
obviously different unit sizes and operating
conditions. Second, the input requirements had to be
kept simple and straightforward.

Recognizing that each absorption system consists
of standard components (e.g. absorber, evaporator,
desorber, condenser, etc.), the following logic was
developed for the code: each basic component is
simulated by a unit subroutine providing a
mathematical expression of the physics of that
component Each unit subroutine contains all the
physical equations required to fully describe of its
behavior, such as energy balance, conservation of
mass for each material species, heat and mass
transfer and thermodynamic equilibrium. The main
program calls the unit subroutines and links them
together in a form corresponding to the user's
specification. Each call to a unit subroutine is
equivalent to collecting all the equations associated
with it, without attempting to solve them as yet
When the calls to all the unit subroutines have been
completed, and all the equations have been
established, a mathematical solver routine is
employed to solve the set of non-linear equations
simultaneously.

Figure 8 is a schematic description of the program
architecture. The user input conveys to the program
an "image" of the cycle to be simulated: the number
and types of units contained in it, their
interconnections and size or transfer characteristics,

SOLVER PACKAGE

I. ELIMINATE REDUNDANT
EQUATIONS.

2. APPLY CONSTRAINTS

3. SOLVE SYSTEM OF
EQUATIONS

USER INPUT

MAIN PROGRAM

1. INTERPRET INPUT

2. FORM VARIABLE VECTOR

3. LINK UNITS A N D FORM
EQUATION MATRIX

A. NORMALIZE

5. ACTIVATE SOLVER

UNIT SUBROUTINES

1. ABSORBER

2. DESORBER

3. HEAT EXCHANGER

4. CONDENSER

5. EVAPORATOR

6. VALVE

7. MIX

8. SPLIT

9. RECTIFIER

10. ANALYSER

OUTPUT PROPERTY
DATABASE

optimization. Fig. 8. Structure of modular absorption simulation code
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where applicable. The input must also contain the
values of the parameters set fixed by the user, e.g.
temperatures, flowrates, etc. at specific state points.
The main program interprets die user input and
creates a variable; vector containing all the
independent unknown quantities. It then calls the
unit subroutines, thereby establishing the system's
governing equations. The unit subroutines refer to
the property database as illustrated. All the equations
and variables are normalized to be brought to the
same order of magnitude. The solver package is then
activated, and the values of the unknowns calculated
to a user-specified accuracy. Recognizing that the set
of non-linear equations may have more than one
mathematical solution, a set of constraints is applied
to direct the solver toward the physically valid
solution. The output contains the temperature,
enthalpy, flowrate, concentration, pressure and vapor
fraction at each of the cycle's state points as well as
the heat duty and transfer characteristics of each unit

The ten unit subroutines contained in the code are
listed in the right box in Figure 8, and are illustrated,
with their respective state points15. The
thermodynamic properties of working fluids have
been incorporated in the code in the form of a
property database external to the unit subroutines.
Each unit subroutine, when invoked, calls the
database several times and retrieves from it the
properties required by its various equations. This
separation between the unit subroutines and property
subroutines provides the flexibility for each unit to
operate with different working fluids, as specified by
the user.

The program has been used to simulate a variety
of cycles of interest with the working fluids presently
in the database. Some results have been described16.

The code was found to be quite robust with all the
above systems. Run times are on the order of several
seconds on a mainframe computer such as IBM
3081. Most systems with a working fluid involving a
non-volatile absorbent usually converge without
difficulty; some problems are still encountered
concerning fluids with a volatile absorbent such as
H2O-NH3 due to the complex behavior of these
materials at large concentrations of the volatile
component in the vapor phase. Efforts are underway
to overcome this problem.

HEAT AND MASS TRANSFER IN FILM
ABSORPTION
The absorber represents a major critical component
in absorption heat pumps. However, while predictive
techniques and data are good to adequate for other
components of these systems (generators,
condensers, evaporators and solution heat

exchangers), the information available to
quantitatively predict die absorption rates in die
absorption process is strikingly inadequate for design
purposes. This is largely due to die complexity and
lack of fundamental understanding of die combined
heat/mass transfer process taking place.

This section describes die approach to dieoretical
analysis of die combined heat and mass transfer
process taking place in absorption systems. The two
transfer phenomena are strongly coupled here. The
purpose of die analysis is to relate, quantitatively, die
heat and mass transfer coefficients to die physical
properties of die working fluids and to die geometry
of the system. The preferred configuration is tiiat of a
falling film of liquid on a metallic surface which
serves to transfer heat from die absorbent in contact
with die vapor of die absorbate17.

The information summarized in tius section
originated from an extensive program on absorption
heat pumps. In trying to optimize die design of
absorbers and desorbers for diese systems, it was
recognized that fundamental, quantitative
information on die combined heat and mass transfer
process is lacking. Correlations of empirical nature
(not always publicly available) exist for determining
die transfer coefficients for specific fluid pairs in
specific geometries. Theoretical models backed by
experimental data exist on gas absorption in liquid
films, dealing, however, widi isothermal mass
transfer only and neglecting die effect of heat
transfer. The aim of die dieoretical analyses has been
to produce die kind of fundamental understanding
available for pure heat transfer or pure mass transfer,
witii regard to die combined process. A dieoretical
analysis is die first step in this direction. Our model
calculates die temperature and concentration
distributions in die films and die resulting transfer
coefficients for typical flow regimes, geometries, and
boundary conditions. One of die important results of
die analysis is die scaling laws of die system.

The system analyzed is described schematically in
Figure 9. A film of liquid solution, composed of
substances I (absorbent) and II (absorbate), flows
down over an inclined plane. The film is in contact
widi stagnant vapor of substance II at constant
pressure Pv. At x=0, die liquid solution is at a
uniform temperature To and composition C o (moles
of II per unit volume) corresponding to an
equilibrium vapor pressure P v o lower dian Pv. As a
result of tius difference, absorption takes place at die
liquid-vapor interface. The substance absorbed
diffuses into die film; die heat generated in die
absorption results in a simultaneous heat transfer
process. Two cases of practical interest are
considered: in one, die wall is kept at a constant
temperature To; in the other, die wall is adiabatic.
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Fig. 9. Schematic description of falling film absorbent in
contact with absorbate vapor

In formulating the model, the following
assumptions have been made:

• the liquid solution's properties are constant and
independent of temperature and concentration;

• the mass of vapor absorbed is small compared to
the mass flow rate of the liquid. Therefore, the
latter is constant, and so is the film thickness;

• there is no heat transfer in the vapor phase;
• there are no natural convection effects in the

film due to temperature or concentration
differences;

• diffusion thermal effects are negligible;
• vapor pressure equilibrium exists between the

vapor and liquid at the interface.
Under the above assumptions, the simultaneous

heat and mass transfer in the system at steady-state is
described by Energy and Diffusion equations:

(2)

where diffusion and heat conduction in the
x-direction have been neglected with respect to those
in the y-direction. The following boundary
conditions apply:

• at the entrance plane, x=0: T=TO and C=CO (3a)

• at the wall y=0:

= 0; T=TO for constant temperature wall
dy

or 8T/3y = 0 for adiabatic wall (3b;

(3c)

where u(y) is the velocity profile in the film, D,a
and k are the diffusion coefficient, thermal
diffusivity, and thermal conductivity, all properties
of the solution, and H, is the heat of absorption per
mole of the vapor.

The typical shapes of the velocity, temperature,
and concentration profiles for the case of laminar
flow in the film are depicted in Figure 9.

The model developed is quite general and may be
solved for a variety of flow regimes (laminar,
turbulent, transition), and fluid properties. It can be
extended to other wall and interface conditions. In
our first model " the energy and diffusion equations
were solved for laminar flow with die boundary
conditions (3). A numerical solution based on finite
differences in a two-dimensional grid was
developed. Also, an integral method of solution was
employed, which made it possible to obtain
approximate analytical expressions for most
parameters of interest. The solution was carried out
for a linear absorbent — a mixture with a linear
temperature-concentration equilibrium relation and a
constant heat of absorption. Both techniques of
solution are suitable, however, for non-linear
absorbents with given characteristics.

The results of the solution describe the
development of the thermal and concentration
boundary layers and the variation of the
temperatures, concentrations, and heat and mass
fluxes. These quantities in their normalized,
dimensionless form depend on two characteristic
parameters of the system: the Lewis number Lc and
the dimensionless heat of absorption X. The length in
the direction of flow is normalized with respect to
the Peclet number and the film thickness.

Heat and mass transfer coefficients for the system
were calculated. The Sherwood number for mass
transfer from the vapor-liquid interface to the bulk of
the film reaches a constant value of 3.63 with fully
developed boundary layers for both the adiabatic and
constant temperature wall. The Nusselt number for
heat transfer from the interface to the bulk reaches
under the same conditions values of 3.63 and 2.67
for the adiabatic and constant temperature wall,
respectively. The Nusselt number for heat transfer
from the bulk to the wall reaches 1.60.

Additional results have been obtained for
turbulent films and several other boundary
conditions ".
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CONCLUSIONS
This paper has attempted to describe the technology
and applications of absorption heat pump, and to
survey recent developments in some important areas. 8.
Absorption systems have enjoyed renewed and
growing interest in recent years due to their potential
for CFC replacement in heat pumping applications
such as refrigeration, heating and air conditioning.
With the increasing cost of fossil fuels and the 9.
growing concern about the environment, the
particular features of this heat-activated cycle have 10.
made it attractive for both residential and industrial
applications. Solar-powered air conditioning and
natural gas-fired heating and cooling are some of the
applications in the first category; waste heat recovery 11.
and water desalination are promising applications in
the second. Industrialized countries are conducting 12.
increasing, intensive research and development in
this area. Absorption technology will play an
important role in reducing CO2 emission by
recovering waste heat to generate process heat and/or 13.
refrigeration by co-generation of heat and power.
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RADIATION APPLICATIONS OF PHYSICAL CHEMISTRY

V.L. TALROSE

Institute of Energy Problems of Chemical Physics, USSR Academy of Sciences, Moscow

ABSTRACT. Many chemical energy problems have a physical chemistry nature connected with
chemical kinetics and thermodynamics. In our country, the development in this field is associated
with the name of N.N. Semenov, who was involved in a large number of fundamental and applied
physical chemistry problems. Energy development during the last decades created or sharpened new
problems. Our new Institute, the Institute of Energy Problems of Chemical Physics, USSR Academy
of Sciences, is dealing with some of them. The present article is an overview of our work on radiation
applications. Examples of the use of radiation in the power industry (such as coal gasification), tire
production, mechanical joints, metal powder production and sterilization of pharmaceutical products
are given. Methods and problems involved in these applications are discussed and the great potential
for vast utilization is demonstrated.

INTRODUCTION
The use of energy in technology is ultimately
connected with chemical changes of materials.
Moreover, mechanical changes as such can be the
result of chemical transformations.

Traditional realization of chemical conversions
involves reaction in a closed container or in a flow,
where the thermodynamics and chemical kinetics
influence the process requirements: elevated
temperatures for endothermic reactions and quite high
temperatures for exothermic processes. The exo-
thermic processes can be conducted in such a way that
the heat liberated during the reaction is used to heat-up
the reactants, as it occurs in the combustion regime.

The required heat is commonly supplied by contact
between a heating media and the reactants including
heat and mass transfer. As a result of the energy losses,
most chemical industries use heat with an efficiency
of only 30 to 60%.

There are many engineering solutions enabling to
improve the performance, but none can reach the ideal
crushing of solids thermodynamic efficiency. In
technologies using mechanical treatment, such as
cutting, grinding or crushing of solids, high efficiency
is attained by local energy concentration on spices,
defect dislocation of solids etc. So, in some cases heat
losses are relatively small.

All the cases considered in this lecture are aimed at
obtaining new marketable products. The most
practical processes, in terms of energy per unit weight,
are those in which only a very small part of the
chemical bonds have to be converted. For example, by
cutting a metal rod to several pieces we break a very
small part of the chemical bonds, to obtain a new

useful product. Even if the chemical process consists
of only material purification, we also obtain a
substance of essentially new consumer qualities.

Changing relatively small number of bonds in a
polymer material can be sufficient for an essential
change in its thermodynamic and mechanical
properties. This is especially true for biopolymers,
such as DNA, where the change of only one chemical
bond per billion can either be lethal or healing for the
cell.

The above considerations ultimately determine
objects for engineering applications of different
radiation types. In terms of physical chemistry, it is
also convenient to differentiate these radiations and
relevant treatments into two groups: heating by deep
penetration and surface treatment. The first group can
involve radiation types and situations in which use of
radiation instead of contact heat transfer accelerates
the process. Bulk heating by radiation is fast and
penetrates relatively deep into the material making it
possible to achieve a high uniformity of temperature
at various sites or in contrary, to conduct reactions at
different rates in various reactor sites. A common
example of this method is the use of micro-wave
irradiation (MW) in food preparation and many other
industrial processes. The effectiveness of MW
radiation is due to its ability to penetrate effectively
through many dielectrics maintaining sufficient heat
transfer per unit volume. It is of interest for relatively
large objects. Our multi-year studies show that the
MW effect is strictly thermal by its physical nature,
rejecting certain mystic concepts in this respect.

Sufficient penetration is also obtained by many
kinds of ionized radiation, in particular beams of
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megavolt electrons and gamma radiation. Although
these kinds of radiation are seldom used as heating
agents, they can be applied effectively for heating of
reactants, providing the bulk heating required to
overtake the chemical process.

The most convincing example of electron beam
application as a heating agent is in coal gasification, a
purely thermal process. The use of E-beam technology
sharply increases the gasification efficiency. Some
advantages of this method in comparison to traditional
methods of gasification are the elimination of oxygen
and the absence of NOX and SO2 emissions in the
product gases.

The second group, which consists of light, RF and
MW, is involved in surface treatment. Pulsed and
stationary light, including lasers and discharge of
plasmas on condensed substances, is used essentially
for very thin layer processes. In general, the practical
use of laser chemistry encountered many problems,
but that topic is beyond the scope of this report.

Figure 1 gives certain ideas on the penetration
ability of various radiation sources in some types of
condensed materials (dielectrics, metals). For y and
MW radiation, typical penetration depths are
presented, corresponding to exponential attenuation of
these types of radiations.

Table 1 presents characteristics of electron
accelerators for non-nuclear applications.

The maximum power of a source is comparable
with that of common electron accelerators. Gamma
power sources are usually significantly lower than the
presented values. Nevertheless, they are widely used
if there is no need for high energy concentration. Even
lower is the emitted power of stationary light and laser
sources. A known advantage of lasers is their high
beam concentration, which reminds us their
application in cutting and point burning.

Table 1. Characteristics of high power electron beams

Characteristics Range Typical
values

Electron energy (MeV) 0.2-1.0 0.3

Beam current (A) up to few A 1

Density of energy beam (kW/m2) up to 108 107

Penetration depth:

gas (m) up to 10 1

solids and liquids (m) 0.01-0.05 0.01-0.0S

Max. unit power (MW) 2̂ 5 0.1-0.5

The power of a single radiation source is always much
lower than that of a typical industrial chemical
installation or energy equipment in power plants.
Hence, a use of radiation sources for large scale
applications in chemical industry would be
economically unjustified. Radiation technology
should be used in processes in which only a small part
of chemical bonds (or even only admixtures) is
converted, yet ensuring essentially novel consumer
qualities. This includes processes involved in the
formation of a relatively small, new surface (such as
in cutting).

Finally, different problems arise when the system
goes through a major chemical conversion due to a
small amount of radiation. The most convincing
example of this phenomenon is radiation induced
chemical chain reactions. However, many chain
reactions can be conveniently initiated with no use of
radiation.

Consequently, the search for adequate engineering
applications of radiation and plasma still remains a
very creative task. Specialists know that application of
these methods have resulted in products amounting to
many billions of dollars, and there is an increasing
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Fig. 1. Penetration ability of different types of radiation
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tendency to use radiation and plasma for technological
purposes.

Energy considerations in the field of microscopic
physical chemistry are discussed next, followed by
examples of radiation and plasma utilization.

Ionized radiation and light break chemical bonds
mainly due to the Frank-Condon and Born principles,
i.e. the so-called "vertical" electron transitions. For
instance, the number of chemical bonds broken with
fast electrons per 100 eV of the consumed energy
varies from 1 to 10 (metals not included). Taking the
average of 3 - 4 converted molecules per 100 eV, we
obtain a good numerical approximation for prediction
of the process energetic efficiency. This seems to be
the only example in chemical kinetics, where such
accuracy in prediction can be obtained a priori,
without experiments. It certainly does not refer to
qualitative paths of chemical conversion, which
require extensive specific study of individual
processes or reaction groups. The above mentioned
prediction ability, however, does permit immediate
evaluation of the energy efficiency in a radiation
chemical process. Since the heat of an individual
chemical reaction is usually several eV, thus the
efficiency will be only 10 - 20%. This is evidently low
and once again shows us that radiation energy must be
rationally used. A convincing example of it is the
purification of substances from micro-admixtures.
The ions, free radicals and excited particles, generated
under irradiation of the main mixture component, can
selectively attack the micro-admixture, converting it
to the desired products. In radiation chemistry this is
known as indirect action.

For example, in the case of a dose rate of 50 kGy,
i.a. 50 kJ/kg - typical for some practical applications,
the conversion of a substance A due to the direct action
will appear as:

-(A[A]/[A])di r<10"2

In indirect action the free radicals generated under
irradiation attack solely the micro-admixture A and are
often unable to attack the main mixture component.
The small admixture "imbibes" nearly all of the
absorbed energy, and if its content in the mixture is less
than 1, it can be decomposed completely at the dose
rate mentioned above.

PURE RADIATION AND THERMO-
CHEMICAL RADIATION PROCESSES
1. The clean-up of flue gases
Traditional processes of flue gases clean-up from NOX
and SO2 involve chemical reactions in a flow,
including substances oxidation. The low concentration
of impurities ([NOX] = 300-800 mg/m3, [SO2] =
1000-6000 mg/m3) requires large scale clean-up

installations, high energy consumption, etc. The first
large scale radiation oxidation was carried out by
Ebara Corp. and Badenwerk AG1'6. Ebara attained
95% removal of SO2 and 80% removal of NOX for
about 18 kGy and the stoichiometric ratio of ammonia.
It means that there is a need for an inadmissible
number of about one hundred electron accelerators
(with power of 100 kW each) to clean effectively
flue gases from a typical power plant unit of 200 - 300
MW.
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Fig. 2. Sulfur IV fraction in aqueous solutions at different pH

It is well known7, that water solutions of SO2 are not
stable and the chain oxidation of SO2 proceeds at
pH>4. Sulfur dioxide exists in water as three species:
hydrated sulfur dioxide, bisulfite and sulfite ions-The
fraction of S(IV) in [SO2»Aq], HSO3 and SGZ is
shown in Fig.2 as a function of pH. Under irradiation,8

the initiation of oxidation following water radiolysis
may be written as:

H2O -» OH, H, eaq, H2O2

G'(OH) - 3 (in particles per lOOeV at pH < 3)
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C(H) = 0.6 (in particles per lOOeV at pH < 3)

G°(eaq) » 3 (in particles per lOOeV at pH < 3)

G°(H2O2) - 0.7 (in particles per lOOeV at pH < 3)

where OH, H, eaq and H2O2 are the primary
components of the irradiated water; G-j is the primary
yield for ionized radiation with low linear energy
transfer (fast electrons, rays). In acid solutions
saturated by oxygen the fate of OH and eaq is:

OH+HSO3-» SO^+H2O

eaq+H+->H

H+O2 -* HO2

SO5+HSO3 -» HSO5+SO3

ki=9.5xlO9

k2=10u

k3=1010

k4=1.5xI09

k5=2.5xl04

"-» SO4+SO4+H+

SO4+HSO3

2-2

SO5+SO5 -+ S2O8 +02

2SOy

2-
-S2O6

2-
l -» SO3+SO3

k7=7.5xl07

kg=1.3xl09

k9=6xlO8

kio=1.4xlO8

2kn=l. lxl09

2kI2=2.2xl09

SO3+H2O • - 2H++SO4"

The rate constants9 are given as M"1 s'1, excluding K3,
which is given as M"2 s'1.

The chain length may reach a few thousand per each
primary OH radicar. The analysis of gaseous
admixtures removal by radiation induced chemical
reactions in water aerosols indicates that for a liquid
phase reaction, the upper limit of droplets radius would
not be more than few tens of nm, at a dose rate of a
few tensofkGy/s.

Our experiments with water injection into
irradiated gas were carried out in a one-pass flow,
metal system10. The experimental parameters were:
dose rate of up to few tens of kGy/s; gas capacity of
up to Im3/h; temperature 50-70*C; water content in
gas of up to 15% by weight. The concentration of NOX
and SO2 were measured by a spectroscopic method.
The comparison of our data with results of Ebara, and
other groups5 is shown in Fig.3. It is seen that the

aerosol process proceeds more effectively at doses
significantly smaller than the Ebara process. The
comparison of our aerosol process and Ebara methods
shows that our method requires about one magnitude
less power than the others and the number of electron
accelerators reduces correspondingly.

Electron beam
treatments

0 0,5 1,0 1.5 2,0 2.5 3,0 3,5

Dose (Mrad)

O [S(y = 1000ppin,T = 333K, aerosol content 10%
(weight), dose rate 1 Mrad s l (lOKGy sr1)

A [S02] = 1000ppm,T = 333K, aerosol content 15%
(weight), dose rate 1 Mrad r1 (lOKGyr1)

O [SQd = 540ppm. T = 35OK, dose rate-1 Mrad s1 [5]

O [SOJ = 250ppm, T = 337K, dose rate - 1 Mrad s* [5]

1000ppm,T = 360K, dose rate - 1 Mrad s"1 [5]

Fig. 3. Flue gas oxidation initialed by the ionizing radiation

The aerosol clean-up process using electron beam
treatment will be tested on a large scale at one of
Moscow's power plants. The parameters of the
installation will be gas capacity of up to ten thousand
cubic meters per hour and electron accelerator power
of 80 kW. The products of chemical radiation reaction
are sulfate and nitrate of ammonia.

2. Coal gasification
Our study1'1"13 showed, that coal gasification is also a
pure thermal process. Nevertheless, energy
considerations indicate that the radiation method has
some advantages over the traditional Lurgy, Texaco,
and Shell-Koppers methods of coal gasification.
Specifically, the radiation technology has high energy
efficiency and specific gasification rate; it also
requires no oxygen and is free of NO* and SO2
emission14. A comparison of the E-beam and a
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Fig. 4. T/je comparison between the electron beam radiation

method and the common coal gasification process

common coal gasification process is shown in Fig. 4.
Note that the reagent energy levels shown for both
processes do not include energy consumed for oxygen
production and E-beam generation. The higher level
of coal in the traditional process is due to difference in
a heat of combustion. The volume of gas produced per
lkg of converted coal in the E-beam method was
higher than in the thermal process. Although the
heating value of synthetic gas is close for both
processes, the E-beam process leads to a higher energy
level of produced synthetic gas.

The design of an experimental facility with two
types of E-beam radiation (concentrated and scanning)
is presented schematically in Fig.5. Three types of coal
were used: brown coal from Kansk-Achinsk,
Novomoskovsky coal and charcoal. The coals were
not exposed to any preliminary treatment. Particle size
was 1-3 mm; moisture and ash contents were about 15
and 5%, respectively"-12.

The steady state rates of hydrogen formation using
different coals and accelerator types are shown in Fig.
6. The characteristic feature of these processes is the
"threshold" dependency of product formation rate on
specific E-beam power input11. The presence of

"Periodic Regime

Upto5kW

e = 3-8MeV
C O A L

[/•ir^'iQ :*rK*i:\ ,

WOj

T
(a) — concentrated E-beam

radiation
(b) — scanning E-beam

radiation

Typical Parameters:
Steam flow up to 8 kg/h
Steam temperatures up to 500°C
Specific power input up to 10-40 kW/kg
Gas production up to 10 m3/h

Fig. 5. Schematic presentation of two radiation induced coal gasification processes
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"threshold" is explained by the high activation energy
(100-150 kJ»mol*') of coal conversion reactions. The
comparison of several gasification parameters is given
in Table 2. It is shown that the E-beam process is
characterized by a high total efficiency.

<§ 4

.2 1

5 10 15 20 25

Power input (kW/kg)

A Kansk-Achinsk coal gasification by steam; steam
temperature 400°C. (Reactor a in Fig. 5)

• Kansk-Achinsk coal gasification by steam; steam
temperature 300°C. (Reactor a in Fig. 5)

A E-beam cooking Novomoskovsk coal (Reactor b in
Fig. 5)

O Charcoal gasification by steam; steam temperature
300°C. (Reactor a in Fig. S)

Fig. 6. The rate of hydrogen formation at irradiation of coal
1 - Charcoal gasification by sleam T s = 300'C;
2 - Kansk-Achinsk coal gasification, Ts = 300'C;
3 - Kansk-Achinsk coal gasification, T s = 400'C;
4 - E-beam cooking of Novomoskovsky coal

To conclude, the E-beam is an energy effective
gasification method, well adapted to modern
combined cycle. Its further development depends
greatly on our ability to design and construct powerful
accelerators.

3. Radiation induced chain reaction - CO
conversion
The third example of ionized radiation application is
the E-beam gas-phase conversion of carbon monoxide
by steam15'16.

The temperature dependency of H2 chain formation
at various H2O/CO values is shown in Fig. 7, using
Arrenius coordinates. Concentration of CO is growing
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Fig. 7. Radiation induced hydrogen production from gaseous
mixtures of Hi • CO

Table 2. Parameters of coal gasification

Type process

Lurgy, Mark-5

Shell- Koppers

E - beam

Energy consumption
(kWh/kg)

>8
(without energy for

O2 production)

>9
(without energy for

O2 production)

5.8 + 3/n*

Volume of gas
(nvVkg coal)

2

2

3

Gas composition
(%)

H2 , CO (20%)
C O 2 (30%)
CH 4 (10%)

H2, CO (64%)

H2 , CO (45%)

Efficiency
(AH f a s/AHc o a | )

0.7-O.S

0.6-0.8

>1

Total efficiency
of the process

0.4-0.5

0.4-0.6

0.6-0.65

* efficiency of E - beam generation
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from the curve 1 to the curve 6, where it is equal to
10% of the volume. The rate of chain initiation is about
10 l s cm"3 s"1. The highest chain length, reached at
Tmax, is about 500. It is possible to produce 1000 m3

of hydrogen per hour by using a 100 kW commercial
electron accelerator.

As a conclusion, the efficiency of radiation induced
chain reaction can be proven theoretically by the
following approach. Two main areas should be
founded, as it is illustrated in Fig. 8. In the first one,
above curve 1 (high I and low T), the rate of radiation
initiation is much greater than the rate of thermal
initiation (radiation induced chemical reaction); in the
second one (high T and low I) the rates of a thermal
initiation exceed the radiation-chemical one. The
region below curve 2 corresponds to a reaction with a
chain length greater than 2. The region below curve 3
corresponds to conditions where the overall reaction
rate is sufficiently high. Curve 4 corresponds to a dose
rate which could be created by a high power E-beam
accelerator. Only in the region bounded by ABCD we
have radiation induced chain reactions with a
significant chain length.

Pig. 8. The area of radiation induced significant chain
reactions

SURFACE MODIFICATION OF
ELASTOMERS BY LOW TEMPERATURE
NON-EQUILIBRIUM PLASMA TREATMENT
Elastomers are used as seals in a number of devices
and machines; they have significant adhesion to many
materials including metals. Consequently, the opening
of an elastomer seal is often difficult after prolonged
operation in static conditions.

Serious difficulties arise also when elastomers are
used in dynamic connection seals, both for rotational
and reciprocating motions (the friction coefficent for
an elastomer-metal bond has a value of 1.5-2.5). As a
result, the movement produces great power losses,
heating and wear of the friction pair. Some seal designs

have been suggested, in which low friction coefficient
was achieved due to an especially shaped rigid teflon
seal, containing a coil spring which provides elasticity.
We offered an alternative approach to this complex and
expensive technology. Our method is to utilize the
plasma chemical coating of common rubber articles by
a thin "teflon-like" polymer layer. This technique
reduces the friction coefficient for an elastomer-metal
pair, by an order of magnitude18'25. A typical joint is
shown in Fig.9. Fabrication of such coating comprises
exposure of the elastomer surface to the plasma in the
presence of fluoro-containing compounds. The plasma
reactor21 includes a system of discharging electrodes
operating at 50 Hz. The item placed in the reactor is
rotated, so that every part of the surface is exposed to
the plasma for nearly the same period of time. The
coating process mechanism is as follows: UV radiation
from the plasma and its electrons which are at a
temperature of several eV, induce the formation of
active gas particles and free valences on the elastomer
surface; interaction between gas particles and the
surface interaction results in the formation of the
desired one micron thick layer on the elastomer
surface. This layer was found to have an "island"
structure with narrow straits between large "islands".
This process is applied in our country on the industrial
level. The industrial reactors have a volume ranging
from one liter up to several m3. The modified seals are
used in watch seals, turbo-generator shafts and other
engineering applications. The seals were found to be
especially helpful in compressors of oil pipe-lines.

Fig. 9. A typical elastomer • metal dynamic seal
1 - elastomer part;
2 - metal shaft;
3 - fluoro-contaning layer
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Energy consumption for the surface modification is
about 0.1 kWhper 1 kg of elastomer. Utilization of the
seals in the long oil pipe-lines of the USSR saved over
the last 5 years about 120 million rubles (in prices of
1989).

MICROWAVE TECHNOLOGY
An example of microwave (MW) application is the
microwave heating in vulcanization of tires26'27.
Studies of microwaves transmittance through pure and
filled elastomers were carried out to implement this
technology. It was found that the e-fold attenuation
reaches about 20 cm inside the tire material at 12.6 cm
wave length. It was this frequency which was chosen
in designing the equipment. Microwave application
accelerates the process of tire preheating and heating
inside the vulcanizer. This shortens the production
cycle by one third. In addition, the tires have better
quality and their wear resistance increases due to more
uniform heating during vulcanization.

Fig. 10 shows the apparatus for fast preheating of
tires. Fig. 11 represents the diagram of a vulcanizer
with partial heating by microwave energy.

RADIO FREQUENCY HEATING
Radiation at an intermediate frequency (440 kHz) is
used for smart technology of metal powders
production28'34. The wavelength used is the same as
that needed for surface hardening of metals. Schematic
view of a high frequency inductor for metal powder
production is shown in Fig. 12. A high frequency
inductor (1) heats the end of a wire and a molten metal
droplet is formed at this end. The droplet is held
hanging in an electromagnetic field. The field keeps
the droplet in place, permitting fast downward
movement of a carrier gas containing condensed
vapor, which is synchronized with the mechanical wire
movement; the powder is collected on the filter (3) and
then shaken into a powder container (4). If an inert gas
is the carrier in a flow recirculation system, the vapor
purifies the gas and the final powder is then extremely
pure (note that we don't use any crucible). If two or
three-component alloy is required, the droplets are fed
by two or three wires.

When an oxide metal compound is desired, we add
to the gas the necessary reactant (e.g. oxygen).
Different sizes of powder particles can be produced by
changing pressure, power, and flow velocity. The
possible particles size ranges from hundreds to
thousands of angstrom.

Electron microscope superscript of silver particles
with an average size of 1500 A is shown in Fig. 13; a
similar picture of 700 A nickel particles is shown in
Fig. 14; here, the particles are aligned by magnetic
force.

Fig. 10. A prototype apparatus for fast MW preheating of
raw tires
1 - holder; 2 - raw tire; 3 - microwave radiator; 4 - generator

Fig. 1J. A prototype of vulcanizer with partial MW heating
of tires
1 - round wave guide; 2 - generator; 3 - MW radiator;
4 - tire; 5 - vulcanizer chamber; 6 - power transmitting line
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Fig. 12. High-frequency inductor for metal powder
production with a levitating droplet method
1-metal droplet, surrounded by induction heater; 2-wire guide;
3-filter; 4-powder collector; 5-ventilator; 6-recircuIating line

D A V = 1500A

.*V

Fig. 13. Electron microscope picture of silver aerosol
particles

The mathematical theory of the process is quite
complicated. Comparison of the experimental size
distribution of the silver particles with that predicted
by the theory is shown in Fig. 15; the agreement is quite
satisfactory. This size distribution is narrow enough
for many applications.

Table 3 gives a list of metals, alloys and oxides
whose powder processing technology is ready. If
necessary, the method can be used to produce powder
of many substances.

VTheory

0,4 0,8 1.2 1.6 2,0 2,4 2,8 3,2

Fig. 14. Electron microscope picture of nickel particles
aligned by magnetic force

Fig. 15. Comparison of theoretical and experimental size
distribution ofAg aerosol particles
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Table 3. List of ultra fine metal powders produced by radio
frequency heating

Powder type Average Powder type Average
particles size particles size

(in A) (in A)

metals

Ag

Al

Bi

Co

Cu

Fe

In

Mg

Mn

Ni

Pb

Sn

Ti

Zn

Gd

Cd

intermetallic
alloys

NiAI

AgAl

NJ3A1

1000-2000

1200-3000

1200

100-900

300-1500

100-900

no data

no data

no data

160-850

3000-5000

300-1000

200

1000

1000

no data

700-1200

2000

500-900

alloys
Fe-Al

Fe-Co

Fe-Ni

Fe-Cu

Fe-Cd

Ni-Al

Ni-Co

Ni-Cu

Ag-Al

Ag-Cu

Pb-Sn

Cu-Sn

Co-Fe-Ni

Fe - Ni- V

oxides

CoO

NiO

CuO

ZnO

SnO2

NiFe2O4

Y-A12O3

Y- Fe2C>3

500-2000

160-900

300-900

350-1200

1000

700-1200

160-900

400-1000

2000

500-1300

1000-3000

no data

300-900

300-900

500

500

700

no data

no data

no data

500-1500

500

RADIATION STERILIZATION
The Jast example of radiation applications is
sterilization, which is used in biotechnology,
pharmacology and medicine. From the chemical
kinetics point of view, E-beam and gamma
sterilizations of drugs are similar to radiation clean-up
of fuel gases. Our Institute is therefore working in this
field as well.

Fig. 16 demonstrates schematically the
requirements for a sterilization process of a system
which is comprised of microorganisms capable of
multiplication (including viruses). Two parallel
processes take place in any sterilization treatment,

namely inactivation of microorganisms (two lower
curves in Fig. 16) and destruction of a sterilization
substance (presented by the upper curve), which can
reduce the compound's usefulness35'37. Therefore, the
objective is to find an appropriate sterilization method
and optimize its operation to give a reliable
inactivation of microorganisms, while the system's
functional properties do not change beyond a
permissable level.

[A] - Concenmtion.
compound with
biological Ktivity

Injctivation

"sioflity

.Dose
D-disinfection D-slcifliznion D-admission

Fig. 16. Schematic demonstration of sterilization
requirements

Such optimization can be described by the same idea
of a competition between direct and indirect actions
which were used earlier. The irradiation doses required
to sterilize some complex labile drugs (injections,
solutions, sera, vaccines etc.) are near 25 kGy. In the
case of a direct radiation effect, the decomposed part
of any substance is approximately proportional to the
number of chemical bonds in the molecule, and hence
to the molecular mass Ma. For relatively small
molecules (Ma = 100-1000), typical for many drugs,
the decomposition would not exceed one percent of
the drug which we have to protect during sterilization
at the mentioned dose quantity. Note, that the DNA
molecular mass of microorganisms can be 106-10'°
Daltons. Radiation sterilization would therefore
reduce their population by 10-15 or more when
exposed to doses of 10-50 kGy. This is the main reason
why radiation sterilization of drugs is possible, while
the process cannot be applied to larger molecules.

In most systems that undergo sterilization (mainly
water solutions) direct irradiation dominates, while
supported by indirect radiation action of free hydroxyl,
for instance, which attacks drug molecules. In diluted
water solutions indirect radiation at a dose of 10-50
kGy leads to the complete destruction of the substance
we have to protect during sterilization. This led to the
development of methods which could eliminate the
indirect irradiation action. One way is a freezing of the
drug solution before irradiation; it is possible to freeze
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the water and the drug separately38-41. Figure 17
shows that in a typical case - radiation sterilization of
vitamin Bj2 in liquid water solution its complex
decomposition takes place at a dose of less than 10
kGy. On the other hand B12 is stable in a frozen
solution, when exposed to doses exceeding those
necessary for sterilization42"45.

[B]2]
(mg/D
200

100

* * Frozen
o — 20°C
A— 70°C
+ —196°C

Freezing as a method
of dry stabilization
before irradiation

Liquid+2O°C

10 20 30 40 50 Dose (kGy)

Fig. 17. Radiation sterilization of vitamin B12 water solution

This method was successfully applied also to solution
and suspension forms of insulin (Fig. 18), making it
possible to develop a technique for safe sterilization of
any insulin form4""49.

Figure 19 shows that liquid state radiation
sterilization of influenza viruses suspension activates
safely both viruses and exogenic microflora, but at
disinfection and sterilization doses the vaccine activity
decreases. In contrast, programmed freezing stabilizes
viral proteins to such an extent that the sterile vaccine
maintains its biological activity (Fig.20). This means
that even proteins with a mass of about
100,000-200,000 can be rather stable in frozen
solutions under conditions of radiation sterilization.

Similar results have recently been obtained for
other protein systems, including those of blood. It
might be possible to use the method for deactivation
of viruses which can be transferred via donor materials
(hepatitis, HIV etc.).

Another method we use for a similar purpose is the
application of UV-light. Fig. 21 demonstrates how
microbic contamination grows on tablets which are
covered layer by layer by contaminated material
(flour, sugar,etc.)

We have developed a special kind of equipment
which enables us to achieve two aims simultaneously:
to produce coatings and to treat coated tablets with
UV-light (which leads to decontamination level
similar to that of sterilized tablets). The application
consumes only lOkJ/kg of the drug, (the lower curve
inFig.21).

-l

\ Solution liquid +20° • - Chem. analysis
O - Biol. activity
P I - Concentration

of insulin

10 20 30 Dose (kGy)

Fig. 18. Radiation sterilization of insulin

[MO] - Concentration of microorganisms
[AJ - Activity

0,1

Immune Activity

Microorganisms

[Versatile viruses

m \ .

10 20 30 Dose (kGy)
D—disinfection D—sterilization

Fig. 19. Radiation sterilization of liquid influenza vaccine

JAl
[A]o

[MO]
[M0Jo

1,0

0.5

0,1

Immune Activity

i\ [MO] - Concentration of microorganisms
\ [A) - Activity

\

I \Microorganisms

Wiruses

10 20 30 Dose (kGy)
D - disinfection B - sterilization

Fig. 20. Radiation sterilization of frozen influenza vaccine
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Microorganisms

1000

100-
"y

Raunatiniim

Nonachlazioum

^

control
withUV
control
withUV

_^——

Without UV
. '

. - * - -

Permissible level

—'

Bacteriums
1000-3000

0-100
>10000

10-30

WithUV

Cover's cycles

Yeasts
100-400
10-70
800
<10

Fig. 21. Microbic contamination of covered tablets
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Session 6— Gas Turbines

USING CONVERTED AIRCRAFT ENGINES IN THE POWER INDUSTRY

O.N. FAVORSKY

Central Institute for Aircraft Engine Construction, Moscow.

ABSTRACT. The use of converted aircraft gas turbine engines appears to be a major and
effective trend of development in the power industry. Their positive features are high
thermal efficiency, high compression ratio, small size and reliability. They have a quick start
and operate well at variable cycle loads. The units are modular and easily replaceable. The
main advantage of converted mid-power gas turbine installations of 16-50 MW lies in
reduction of construction time, as well as in lowering operational and maintenance costs.
This concept is especially suitable for upgrading old power plants. This paper tackles the
problems of emission during the combustion process in gas turbines and reviews application
prospects for different types of installations. Units based on gas turbines could be
constructed using the Soviet experience in cooperation with other countries.

The aircraft engine industry is a well provided and
dynamically developing branch capable of producing
a large quantity of advanced and highly reliable gas
turbine engines. These engines may be modified for
other applications, including the steam/gas combine
cycle.

Modern aircraft engines have the best
performance in comparison with other gas turbine
units. They are characterized by:

• thermal efficiency of 35-38% (i.e., the efficiency
of converting heat into shaft work)

• turbine inlet temperature of 1600°K to 1650°K
• compressor pressure ratio of 25:1 to 30:1
Converted aircraft engines have small weight and

volume, high reliability and well-developed
automatic control and diagnostic systems. The units
are modular and easily replaceable.

Since the early 70's a number of modified aircraft
engines have been used both in the USSR and abroad
for gas and oil pumping, to supply "peak" and
"half-peak" electricity demand, etc.

In the world's power industry, whose total
capacity is more than 3 billion kW, the gas turbine
power amounts to about 200 million kW (only 2
million kW of it is in the USSR). The total gas
turbine power on ships is about 30 million kW and
gas turbines used for pumping gas are estimated as
60 million kW. But nevertheless, the main branch of
gas turbines is aviation. The operating aircraft
engines amount to more than 400 thousand units all
over the world and their total power is about 3 billion
kW; this is the same power as that of the world's

stationary power industry.
Currently, it seems that the broad projected

development of nuclear and hydroelectric power will
not take place in the next 10-20 years. The
Chernobyl accident and other reasons may be
accounted for this set-back. But even now the share
of those branches in the electricity production of the
USSR does not exceed 25%. Alternative, clean
energy sources as solar, wind, geothermal, etc. are
expensive (especially the first two) and their use is
restricted by geographical conditions. Consequently,
in spite of the obvious necessity of their intensive
development, they will not contribute significantly to
the country's power generation in the next 20 to 30
years. The development of the power industry in the
coming years will therefore be concentrated largely

GAS TURBINES
(GT) POWER

Simple GT

• GT with heat regeneration

> Heat cogeneration GT

• Injection of a large amount
of steam.

1 Combined cycle using fossil
fuels

1 Steam/gas turbine with coal
gasification

• Modernization of steam
turbine by GT cycle

> Intercooled and interheated
steam/GT

Fig. 1. Possible gas turbine utilization in the power industry
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on thermal power {darns using fossil
fuels. The use of gas turbines should
be considered as an effective trend of
development in fossil fuel power
industry. Figure 1 shows various
areas of gas turbine utilization.

The power use of aeroderivative
gas turbines will allow an effective
increase of peak load supply,
providing power at reduced costs to
the isolated and dry regions
(especially if cogeneratkm and
combined cycle are employed). Such
gas turbines are compact, have a
quick start of 10 to 20 minutes and
operate well at variable cycle loads.
They are produced as fabricated
blocks, so only a short installation
period is needed. Operational and
maintenance expenses are relatively
small. Especially attractive are gas
turbines at cogeneralion power units,
which can supply electricity for a
grid of small towns and villages.
Figure 2 shows a typical cogenerau'on
cycle designed by CIAM-VTI.

N J N.-20MW

Q2-10MW

Type of Engine

Aviation
Engine

Marine
Engine

Heavy Duty
Turbine

D-18T
E-55
E-89
NK-37ST

GTE-25
(from Nicolaev)

GTE-25A
(from St. Petersburg)
GTE-25
(from Ecaterinburg)

Fig. 2. Typical aeroderivative cogeneralion design (CIAM-VTI)

Sit.
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0.3

Engine
in iv v vi

.Generation

Parameters

TfK)
*c
?c
9t

m
1250-1450

12-20
0.88-0.89

-0.9
6-10

Existing
Desigtu

IV

-1550
-25

0.875-0.89
0.86-0.88

8-12

V

-1700
-30

0.89-0.9
0.88-0.9

6-12

Future
Design

VI

2000-2200
40-60

0.9^>.91
0.91-0.92

0
Parameters

T(°K) — turbine inlet temperature
icc — compressor pressure ration (Pom/Pin)
tj c — compressor adiabatic efficiency
9 , — turbine adiabatic efficiency
o(%) —cooling aii consumption

Rg. 3. The changes in aeroderivative engine efficiency

Steady operation of aeroderived gas turbines
in the power industry and relatively low turbine
inlet temperature (in comparison with their
design value) allows them to achieve a relatively
long engine life of thousands of hours.

As shown in Figure 3, engine efficiency
increases from generation to generation, mainly
due to the increase in turbine inlet temperature.

The aeroderivative engines have been used
for many years to supply power and to pump
natural gas in the USA and England. For
example, widely used gas turbines of the
General Electric Company (LM 1600, LM 2500
and LM 5000, which are based on jet engines
CF-6-50, TF-39 and F-404) have a power range
from 13 to 33 MW and an efficiency of 36-38%.
In 1990 the new LM 6000 engine, based on
CF-6-80C, was presented; it has 40 MW power
output and 40% efficiency. Soviet gas turbines
have many similar features. Existing Soviet
aeroderivative gas turbines, with a power range
of 6-35 MW, are presented in Table 1; their
characteristics are shown in Figure 4.

In 1989 the conversion of steam power
stations to combine steam/gas cycle was
analyzed jointly by the 'Teptoetectroproyect"
Institute, the Central Institute of Aviation Motors
(CIAM) and other organizations. This study
pointed out the broad potential of aeroderivative
gas turbines in the power industry (Figure 5).
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Table 1. Available aeroderivalive gas turbines in the USSR

Power

(MW)

Manufacturer

Location

* gas generator only

Engine efficiency

9e
\ 1 (RPM)

0.4

0.35

0.3

Power in MW

3.5

3.0

2.5

Turbine

Unit

TinOK)

Efficiency

6-8

10-12

15-20

22
25
30-35

55

Zaporojie
Ufa
Leningrad
Perm
Perm

Perm
Zaporojie
Samara
Moscow
Moscow

Perm
Perm
Perm
Samara
Samara
Samara

Moscow

Samara

Zaporojie

Ribansk

D-136
E-195
E-33
D-30IH*
D-30KU*

PS-90A
E-27
NK-41
AL31ST
E-55

E-48
D-30KU
PS-90A
NK-41
NK-39
NK-91

AL-31ST

NK-37

D-18T

E-55

29
25
34
28
30

32
40
35
34
29

31
32
40
29
39
31

32
37

37
31

T\O=1(RPM)

1200 1300 1400 1500

Fig. 4. Characteristics ofaeroderivative gas turbines
available in the USSR

An important feature of stationary gas
turbines is their emission characteristics.
Aircraft engines can damage the
atmosphere by the emission of unburned
hydrocarbons, carbon oxide, nitrogen
oxides and, to a lesser extent, soot particles
(smoke). When aircraft engines are
converted to stationary gas turbines, the
operation regime requires a relatively high
power output with a very high combustion
efficiency (95% or higher). This regime
reduces considerably the emission of
incomplete combustion products; thus,
carbon oxide and hydrocarbons emission
is extremely low.

New types of low-toxic combustion
chamber designs are studied in the USSR
(VTI, CIAM) as well as in the USA,
Japan, Germany and other countries.
Chambers with fuel (gas or liquid) and air
premixing, providing a reduction of
nitrogen oxides emissions to the level of
30 to 60 ppm, were investigated. The
lowest NOX emission in a dry combustion
chamber (without steam injection)

,T=1700"K

(Combined cycle
t«j turbine)

30

300 400 500 600

Unit Type
• BBC — 13E x GTE—25A*
+ KW4 — 9 4 3 0 D — 1 8 *
T G E — 9F A GTE —115**
o W - 5 0 1 E a GTE —200*»

Turbine inlet temperature: * — 1100°C
** —1200 °C

Manufacturer location in the USSR:
x.a —S.Petersburg
0 —Zaporojie

Fig. 5. Gas turbine efficiency
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currently reaches about 25 ppm, both in the USSR
and abroad. Further NOX reduction requires steam
injection into the combustion zone. According to
experiments, including those by the Romanov and
Cheplrin design companies, the required value of
NOX emission (less than 70 ppm) could easily be
provided in combustion chambers with steam
injection. Even emission from a standard (not
modified) combustion chamber of an aircraft gas
turbine type AL-31 drops by almost twice when the
injected water accounts for about 25-30% of the fuel
consumed.

The most effective NOX emission reduction (up to
10-15 ppm) could be achieved when the steam is
injected after the fuel inlet. In this case the power
output of the gas turbine increases by about 5%.

Various studies conducted in 1989-1990 by some

that units based on aeroderivab've gas turbines with a
power output of 6-30 MW (alone or in combination
with steam turbines) may be produced in the USSR.
The appropriate set of combined steam-gas turbines
with up to 80 MW output may be also provided. A
joint offer of the Sumy Stale Engine Company, the
Samara Design Company and the Kirov Plant to
build (by the year 1995) a thermal power station with
power output of 68 MW and efficiency of up to 50%
is presently under review. Such a system was never
built in the USSR. Other projects are also being
developed

Thus, a new area for establishing joint ventures
with foreign partners is developing.
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INVESTIGATION OF GAS TURBINE PROTECTION IN A COAL-FIRED
COMBINED CYCLE

Y. GOLDMAN

Faculty of Aerospace Engineering, Technion — Israel Institute of Technology, Haifa

ABSTRACT. After the lait decade of unprecedented growth in industrial oil based
combined heat and power projects in marry countries, this technology is spreading to lets
clean and cheaper coal fuel plants. It is expected that world research and development will
be focused during the next ten years on new technologies for coal-fired, combined cycle
power generators. Research and development efforts in the field were performed based on
application of heat exchangers for high-pressure and high-temperature operation,
pressurized coal gasification systems and char combustion, offering capital and operating
cost reduction. Schematic flowsheets of the cycles with their advantages and drawbacks will
be briefly discussed at the presentation. Components of ash removal devices using "cheap"
aerodynamic separators and more expensive gas clean-up will be described. In our
experiments comparison between a non-cooled (ceramic) and a cooled wall (metal) of
muldcyclone was made; the second device showed a much lower level of sticking
deposition. Our investigation of surface processes and dynamically applied coatings for
cooled turbine blades demonstrated feasibility of the techniques to protect a hot turbine
stage against erosion and heating. The results indicated that stable burning process within
aerodynamkally stabilized pulverized coal combustor may be achieved by appropriate
adjustment of the flow and thermal conditions prevalent in the primary, secondary and
tertiary jets. There is little doubt on the suitability of these systems to gas turbine cycles
with high pressure applications.

INTRODUCTION
The advantages of using low-cost coal instead of
high-cost petroleum distillates to fuel open cycle gas
turbines have led to a series of programs (since
1944) that have been designed to exploit this
possibility. All the programs foundered on
difficulties with coal combustion and turbine blade
erosion and deposit (Fraas, 1982). However, new
developments in gas cleaning systems, high
temperature air cooled gas turbines and blade
protective ceramic coatings have generated great
interest in the use of these techniques in a combined
gas steam turbine cycle. It stimulates continuation of
scientific efforts in study and development of
coal-fired turbines and creates expectation that still
remaining problems will be solved

After the last decade of unprecedented growth in
industrial combined heat and power projects in many
countries, this technology is spreading to less clean
coal-fired plants. The current status of the
development of the open-cycle coal-fired gas turbine
indicates that with careful design of the turbine, coal

combustor and ash removal systems, an acceptable
operation can be attained for turbine inlet
temperature of up to about 1000'C and paniculate
loadings of approximately 100 ppm (Lackey, 1979;
Campbell and O'Donnell, 1990).

COMBINED-CYCLE SYSTEM DESCRIPTION
Research and development efforts in the field were
performed based on application of:

a. air heat exchanges for high pressure and high
temperature operation;

b. pressurized coal gasification systems;
c. char combustion, offering capital and operating

cost reduction.
A brief survey of system designs is presented in

this section to give perspective of the problems
involved.

A system shown in Figure 1 has the advantage
that it would give a somewhat higher thermal
efficiency than a steam cycle alone because of the
extra power obtained from the gas turbine. For this
scheme no ash removal is required between heater
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fig. 1. The combined cylce design without ash removal of
coal

and turbine, since only clean air is used as a working
agent Coal is burned at atmospheric pressure in an
air heater combined with a steam boiler. Difficulties
in the use of this concept stemmed from extremely
hard conditions for heat exchange surfaces exposed
to high temperatures combined with high air
pressure. It significantly raises the capital cost of the
facility, with relatively small thermal efficiency gain.
These tacts led to the termination of such programs
(during the 1960's).

A flowsheet for another variation in the combined
cycle is shown in Figure 2. This system, which is
commonly envisaged currently, is a combined
steam-turbine cycle in which the bulk of the heat of
coal released in a gasification unit and gaseous fuel
goes to a combustar (Olesen et al., 1985; Reinartz,

COAL
STEAM (FROM SHELL COOLING WATER)

1989; Stambler, 1990). It represents a step forward
compared to the use of air heat exchangers for a gas
turbine and has fewer technological problems. An
advantage is in providing high temperature, high
pressure combustion products to a turbine inlet from
a system where pressure and temperature act on
separate structure elements. Further advantages are
absorption of the sulfur from the coal within the gas
producer and relatively low NO* formation.

The principal disadvantages are the problem of
paniculate removal from the hot gases flowing to the
gas turbine and high capital cost associated with
pressurized gasification and gas cleaning facilities.
Thermal losses in this apparatus are relatively high.

A typical system using direct pulverized coal
combustion is schematically shown in Figure 3. It
comprises a gas turbine with a pulverized coal
combustor and an ash removal device combined with
a steam-tmbine and an exhaust gas using a steam

rULVEMZEDCOAL ASH

MAKEUP WATEH

Fig. 2. The combined cycle design based on coat
gasification

Fig. 3. The combined cycle design with pulverized coal
combustion

boiler. Thermal efficiency of the system can reach
about 55% and is higher than in the two previous
schemes. The coal bums upstream of the gas turbine
and the waste heat in the turbine exhaust is the sole
source of energy for the steam Rankine cycle.
Attractiveness of the concept is associated with its
simplicity and reduction of the capital and operating
cost of the facility.

The example outlines the major characteristics of
the method rather than treating the subject in detail.
There are many possible variations of the cycle
concept that are suggested for application in modem
power plants. Each of them attempts to overcome
difficulties with turbine blade erosion and residue
deposit, taking place particularly in the first stage of
the to/bine. The best approach to avoid these
problems seems to be the use of a hybrid concept
including components of partial coal conversion
(Campbell and O'Donneil, 1990).
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A research program studying the variation of
integrated systems that would allow operation of a
coal-find gas-tontine as part of a combined cycle is
in progress at the Technion. The concept includes a
separate (eccentric) high pressure and temperature
spool arrangement, allowing an innovative part of
the turbine packaging opportunities to be explored
without changing the conventional gas turbine stage
design. A flowsheet for the plant is shown in
Figure 4.

,—
l a m
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«*-»«• 1 ] **
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^ 1 Sqmtu Spool /
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Air

fig. 4. The combined cycle design in an integnted
research system

Properly ground coal enters the partial conversion
device from where the char is injected into an
opposed flow high pressure combustor combined
with a cyclone section for ash separation. From there
combustion products, cooled by air addition at below
ash adherence temperature, pass through a metal
multicyclone. The number of stages is sufficient to
eliminate most of the super-micron size particles and
a part of the sub-micron particles. Finer low
concentration aerosol proceeds to the turbine and
forms a dynamic equilibrium between cooled blades
and nozzles and the aerosol. A smaller part of the
fuel in gas phase, supplied to a secondary
combustion area, increases the working gas
temperature up to a limit of a recent high
temperature turbine operation. Principal components
of the overall scheme are already in some stage of
development and will be described in the next
sections.

THERMAL - EROSION PROTECTIVE
COATINGS FOR GT
Attempts to create thermal barrier coatings for gas
turbines, rockets and MHD-generators have been
made almost from the beginning of the use of these
techniques, and their development proceeded in two
directions. The first is based on the application of
coatings during manufacturing of a part. For this

kind of coating different deposition techniques were
used; they are known as technologically applied
coatings. The second type of coatings is deposited
directly from a working gas stream during gas
turbine (rocket, MHD generator) operation. Such
coatings are known as dynamically applied coatings.

Let us look at the main tendencies and
state-of-the-art status of technologically applied
thermal barrier coatings. The first gas turbine Made
thermal barrier coatings were made from zirconia;
with yttria stabilized plasma sprayed layers and
MeCrAlY (Me-MetaT) undercoats. Measurements
show that a 0^8 mm thick Z1O2 coating, with a 12%
(by wt) Y2O3 layer and a NiCrAlY underlayer
decreassd blade leading edge temperature by as
much as 190*C (Licbert and Siepka, 1977; Licbert
and Miller, 1984). Spoliation of the coatings takes
place due to the difference between metal and
ceramic thermal expansion which causes cracking
damage in the ceramic adjacent to the ceramic-metal
interface (Sheffer and Gupta, 1988). Film-cooling of
the blade's outer surface provided a significant
decrease of thermal stresses and permitted some
increase of the coating thickness (Rhys-Jones, 1989).

Better coating was, however, obtained with
Electron Beam-Physical Vapor Deposition
(EB-PVD). This technology provides coatings
consisting of individual ceramic columns, tightly
bonded to the metal, but not pressed to each other
during thermal expansion and contraction of the
underlying metal (Summer and Ruckle, 1980).
Chemical attack of aggressive ash components in
heavy fuel oil and coal fired gas turbines results in
additional problems with technologically applied
coatings. It was also shown that laser glazed coatings
performed better in chemically aggressive media
than as sprayed coatings. Zaplatynsky (1982)
discussed how ziiconia-yttria coatings are dissolved
by sodium, sulfur and vanadium ash components.
The step-by-step process involving silicon-carbide
coatings was calculated. Its first step was the
oxidation of silicon carbide to silicon oxide by
atmospheric oxygen; in the second the silicon oxide
was dissolved by alkali oxides.

In high-temperature coal or crude oil fired gas
turbines (GT) technologically applied turbine Made
coatings are exposed to many severe attacks which
lead to their irreversible breakdown. Dynamically
applied coating has therefore been sought since the
early days of turbine development

Heat transfer and formation of inorganic
constituents from high temperature combustion
products to the surface of cooled gas turbine blades
are different in nature from the main operating
process and are usually considered as a source of
disturbances and difficulties in turbine operation. In
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the fifties Shafer and coworkers (1953) tried to
incorporate these processes in the operating
conditions, providing dynamic equilibrium between
blade coating and working medium, thus forming
controlled thermal protective coatings. They
obtained only on thin coatings (25mm) and the low
heat transfer rate was not sufficient to achieve
improvement in uncooled turbine operation for low
gas temperature. This concept was developed further
in the USSR in the sixties and seventies and was
applied successfully to MHD generators.
Kantorovich et al. (1973), and Delyagin and
Shvarzshtein (1973 and 1976) developed the concept
further for gas turbines, performing both
experimental and theoretical work.

In fact, the earlier study of Fisher and Davis
(1949), which probably was a pioneering work in the
field, claim to have obtained a relatively good
balance between large and small particles, so that the
incidence of larger particles is sufficient to scrub
away the deposit built up by smaller particles. For
specimens simulating a coal fired GT blade at
different gas temperature and velocity, dynamic
equilibrium between deposition and erosion was
demonstrated.

Sticker et al. (1985) obtained promising results for
MHD generators. In direct experiments with such
generators, it was found that pulverized fuel (PF)
fired systems created slag from coal on electrodes
and channel surfaces. At extreme conditions of
temperature and velocity the slag coats the electrodes
and the walls; it also protects them from electrical
and chemical erosion, that otherwise occur in clean
fuel generators. The total thickness of the deposit
was about 700 microns while the solid part at the
copper electrode wall was approximately 25 microns
thick. For a corresponding gas dynamic shear load
on the channel wall, the thermal and physical
properties of the molten slag cause the formation of a
layer about 1.15 mm thick. The high dependence of
viscosity on temperature, typical for silicate glasses,
results in a very high viscosity at the cooler portion
of the slag coating and thus controls the thickness,
allowing significant flow only in the hottest portion.
The slag layer was continuously replenished by the
ash that was added as an intrinsic part of the
pulverized coal input

The major advantages of a slag coating are the
reduction of heat losses and protection of the base
material against erosion. One of the detrimental
effects of the liquid slag is increased oxidation of the
metal parts. However, it can be significantly reduced
by using technologically applied sublayers.

The applicability of protective coatings is related
to very high energy density systems operating at high
velocity and temperature; these results in small

volume relatively to total energy flux. These
self-renewing layers are effective as erosion barriers
and thermal insulators and allow the development of
attractive energy technologies in a novel engineering
regime. For a gas turbine with controlled
thermoprotective coatings, the processes of fine
particle deposition with heat and mass transfer are
part of the main operating conditions. Hence,
understanding and mathematical description of these
processes is necessary.

A valuable contribution to the field was made by a
group associated with D. Rosner at Yale and R.
Ahluwallia at Argonne National Laboratories. An
analysis of aerodynamically and centrifugally driven
layers on non-isothermal combustion turbine stator
vanes and rotor blades (Rosner and Nagarajan, 1987)
as well as thermophoretic drift and inertial
deposition (Rosner and de la Mora, 1982) were used
to illustrate the* establishment of a quasi-steady-state
self-regulating layer (Rosner and Nagarajan, 1981).
Mechanical models and computer codes have been
developed for particle and vapor deposition on the
blades of coal-fired gas turbines, including the
simultaneous contribution of Brownian and turbulent
diffusion, thermophoresis, eddy impaction and
inertial impingement. (Ahluwallia, et al., 1986).

Few experimental confirmations of controllable
self-renewed coatings are known to the author.
Detailed data on primary arrival mechanisms and
factors influencing the layer regression which
determine net deposit growth rate remain to be
obtained before this technology can be applied.

Our results of heat transfer and deposition tests
carried out on a small turbine model and a full scale
experimental turbine are presented below. Miniature
test-discs were mounted into the turbine rotors for
optical and electron microscope observations and
measurements of the coating. Laboratory prepared
coal combustion ashes composed of different size
particles were supplied to the system. More details
on the methodology are presented by Shvarzshtein et
al. (1990).

Experimental results of particle deposition from
hot aerosols having mass concentrations of 0.05% to
3.5% are presented in Figure 5. The high progression
rate of the layer for submicron panicles
(concentration 0.5%) in the initial stage of the
process slows down gradually in further stages, when
the total thickness of the coating reaches more than
1.0 mm. The main deposition mechanism is
thermophoretic attraction of the small particles
within the gas boundary layer with a temperature
gradient corresponding to 1800°K gas and 900°K
blade wall temperatures. In the final stages die
thermoprotective action of the coating associated
with an increase in the outer surface temperature,
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Fig. 5. Rate of layer progression
1. Submicron particles, -0.06 urn, 0.5% S1O2
2. Mixture sub/supermicron particles,

s 0.06 urn, 0.05% SKty 50 urn, 33% SiO2
3. Supermicron particles, 50 fun, 3.5% S1O2

results in a sufficient reduction rate of the process.
Mixtures of submicron and supermicron particles

(total mass concentration of 3.55%) exhibit
significantly lower rates of layer growth. The
structure of the layer surface with roughness directed
along the flow streamlines indicates erosive action of
the supermicron particles. In tests using supermicron
aerosol only insignificant deposition was observed.
Single particles adhering to the blade surface were
located at distances about 15 diameters from each
other. Long continuous exposure of the surface to
the aerosol showed equilibrium of the process (the
metal surface erosion was not studied).

Much higher erosion was observed on frontal
surfaces of the blades, having cylindrical shape with
a radius of convexity of 10 nun. As shown in Figure
6, studies of self-regulating deposition were
performed on this surface. Providing submicron and
supermicron particles simultaneously with a mass
ratio 1:70 resulted in the formation of a coating of
about 90 microns, which was stabilized during the
long exposure of the blade to the opposing action of
thermophoretic deposition and turbulent erosion (see
curve 3 in Figure 6). For comparison, curves 1 and
2 show progression of the coating when aerosols
with the same submicron particle concentration were

ICO 240 300 400

TIME<M1N)

used without larger particles. Curve 4 was obtained
on the side surface with a lower ratio of small to big
particles and the same total mass concentration as
curve 3. The expected stability of the coating was not
reached in this case because of the short
experimental time and the uncertainty in the
measurements of the small thickness.

The deposition-erosion equilibrium is the most
interesting result of the study and it promises to be a
controlling mechanism for self-renewing coatings.
High rate thermophoretic deposition on uncoated
surfaces and the gradual deceleration of this rate,
together with a linear erosion rate by coarse
particles, can determine the thickness of the layer for
different fine to coarse particle ratios in the aerosols.
The formation of a coating layer sufficiently reduces

Fig. 6. Effect of erosion at front and side surface of blade

Fig. 7. Temperature at the blade surface (turbine model)

heat transport and temperature at the blade surface.
Figure 7 presents temperatures of the turbine model
at different thermodynamic equilibria (Tthenn is the
temperature measured by a thermocouple inserted
into the stator and associated with the equilibrium
between convective gain and radiative heat loss by
the sensor). The gas temperature, Tgi always
exceeded Ttheim by 100-250°K and the temperatures
of the rotating blades (uncoated T], as well as coated
V ) by 800-1200°K. Formation of a protective
coating with a thickness of 500 microns resulted in
the simultaneous rise of the outer surface
temperature and the reduction of the blade
temperature by 120±20°K.

The coating outer temperature, T,, as well as its
thermal conductivity, was obtained by
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complementary calculations based on the
comparison of measured data for coated and
uncoated blades and corresponding conditions in the
model. The assumption mat the same heat transfer
coefficients governed the process in both cases
allowed the reduction of these data from the
correlations shown below:

a. Heat transfer to the blade surface equal to heat
transfer by radiation plus heat transfer by
convection:

q2 - OF C^them, V

b. Heat transfer through the coating equal to heat
transfer to die surface:

q2=K/8CTI-Tb-)

c. Heat transfer to the blade surface equal lo heat
transfer by convection to the cooling air

q2 = Hin(Tb"-Trir).

Here K, F and H are coefficients of conductive,
radiative and convective heat transfer, respectively:
Hu, is the coefficient of convection for the cooled air
wi thin the inner cavity of the blade, 5 is the thickness
of the coating, a is the Boltzman radiation constant

q
(10s w/m2)
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Fig. 8. Heat flew rate to the blade
qi - uncoiled routing blade
<£ - coated rotating blade

and T, is the external surface temperature of the
coating.

Supplementary equations for radiative and
convective heat exchange are adopted from Rosner
(1986), Siegel and Howell (1972). The resulting heat
transfer to the blade is shown in Figure 8. Radiation
effect was much higher in the model man in the real
turbine staler, as a result of higher gas temperature
and re-radiation from the insulated walls. It created a
similar overall heat transfer to the Made as in real
turbines, in spite of much lower gas velocities and
convection in the model. As one can see in the
figure, die thermal protective action of the dun layer
decreases sufficiently the heat transfer to the Made.
The ratio of uncoated to coated! heat flow (qi:q2) is
about 1.4:1 in the conditions of our experiments.

The thermal conductivity of due coating was found
to be similar to that of conventional ceramic
insulation materials (based on S1O2, AI2Q3, ZrOj
according to manufacturers' catalogs). In Figure 9

0.17
700 800 900

MEAN TEMPERATURE (°K)

1000

Fig. 9. Thermal conductivity of coating

die conductivity is plotted against the mean
temperature of die coating. Increased conductivity
corresponds to the effect of radiation between the
inner surfaces of the layer at higher temperatures.
Different points on the graph were obtained for gas
velocities of 5, 10 and 15 m/sec; the small
discrepancies indicate low sensitivity of the
computation to that parameter.

To achieve a sufficient temperature difference
between uncoated and coated blades in a full scale
turbine, a coating thickness of several hundred
microns is needed. Conesponding heat transfer to the
blade surface can be reduced by about 10% for each
60°K of surface temperature. The erosive effect of
die aerosol flow in a real turbine will be much higher
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Fig.10. Scheme of experimental facility

than in our model, and therefore, a finer and less
concentrated ash aerosol would be needed to produce
self-regulated by the coating steady-state. The study
of thermoprotective coatings with a full scale gas
turbine was started last year in our laboratory. The
preliminary results are in agreement with the data
obtained from the model. The experimental facility
includes an air cooled turbine
spool, a compact coal combustor
and a multicyclone (see Figure
10). Working conditions in the
tests are: coal consumption of up
to 100 kg/hr, gas temperature at
the turbine inlet from 700'C to
1250'C, blade temperature from
400'C to 800'C, gas velocity up
to 300 m/sec and ash
concentration from SO ppm to
500 ppm. For ash size
distribution in the tests, see
Figure 11.

Results of the turbine test runs
are presented in Figure 12. Curve

with coarse ash particles separately. Fine aerosol was
generated by condensation of combustion products
from a pre-turbine burner, fed by liquid fuel
containing ethyl-silicate. The initial part of the curve
indicates fast growth of die layer followed by gas
erosion. The final part of the curve relates to an
erosion process, caused by coarse aerosol particles

O 10 40 60 10 100

MOTlCLESlZEIMlCltON)

300 400 M0

3 corresponds to extreme
conditions when the turbine was Fig-11. She distribution ofashat the turbine Met
operated with fine submicron or Toul uh concentration: 1-494 ppm, 2-240 ppm, 3-50 ppm
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Fig. 12. Results of experiments with protective coating for
gas turbine blades

1 - Ash concentration 500 ppm, without
submicron particles.

2 - Ash concentration 500 ppm, with 280 ppm
submicron particles.

3a - 280 ppm submicron particles (60min).
3b - 500 ppm coarse particles (30niin).
4 - Ash concentration 450 ppm, with 560 ppm

submicron particles

with an average size of 80 microns and a total ash
content of 494 ppm. As one can see, during about 30
minutes, the layer thickness was reduced to zero by
strong scrub-away.

A series of experiments with proper relations
between coarse and fine particles demonstrated the
ability to control the size of the coating. By changing
the ash content it was shown that a stable deposit
layer of different thickness was formed on the rotor
and stator Made surfaces. Natural and artificial
defects created in the coating were self-repaired by
accelerated deposit progression at the local spots of
the removed layer. Strong temperature gradients and
probably local aerodynamic conditions were
responsible for that phenomenon.

COMPACT-INTENSIVE COAL COMBUSTION
One of the main areas of research and development
in intensification of coal combustion is burning of
pulverized fuel (PF). In that process the interaction
between surface and reactants (oxygen and coal
particles) is about two order of magnitude bigger
than that of other methods (stokers, grates, fluidized
beds, etc.). A recent Guide to Industrial Coal and
Ash Handling (British Material Handling Board,
1988) concluded that the PF firing systems are
suitable for a wide range of applications from power
generation boilers to gas turbines. The advantages
compared to other systems should result in an
increase of future PF applications.

Improvement of combustion intensity in PF
combustors has been found to be attainable using

two basic techniques. The first technique is based on
the use of the cyclone furnace with tangential
injection of air containing pulverized coal. The
swirling motion of the combustion products within
the combustion chamber results in intensive
chemical reaction occurring in the boundary layer
adjacent to the walls (Holmes-Smith et al., 1961).
Recently, attempts have been made to reduce NO,
formation (Cioffi, 1989) and to model
mathematically the detailed flow and mixing
processes in tangentially fired furnaces (Benesch and
Kremer, 1984). These three-dimensional calculations
predict valuable formation concerning the process,
but they do not include combustion and heat transfer
effects. However, such effects should be included in
the analysis, as evident from more recent works (see,
for example, Zhou et al., 1986; Boyd and Kent,
1986).

The second technique of PF combustion
intensification is the entrained bed, or
Koppers-Totzek coal system (Dainton, 1979). In this
method opposing jets of pulverized coal impinge on
the center of a combustion chamber having an
exhaust port in its upper section. The high relative
velocities between the coal particles and the gaseous
phase in the impingement region provide favorable
conditions for diffusion and convection at the
particles surfaces and, together with the high
temperature, result in fast burning and gasification.
The major disadvantage of this technique is the
inability to control the motion of coal particles after
the impingement region, so some of them may
exhaust from the combustion area before completion
of the burning process. Studies of improved
combustors based on the opposed flow principle
have been reported by Goldberg, Essenhigh (1978)
and Goldman, et al. (1981). More recently, Hazanov,
et al. (1985) and Greenberg, et al. (1989), reported
about an examination of an opposed flow combustor
in which secondary and tertiary air are supplied at
the final stage of combustion.

The gas velocity distribution in the combustion
chamber with a primary jets incident angle of 45*
was presented in our previous publications
(Hazanov, et al., 1985; Greenberg and Goldman,
1989). The primary jets enter the chamber
symmetrically from openings in the side walls and
then move as a single merged jet, formed at the
impingement point From here the jet flows towards
the secondary air entrance, which opposes its
motion. It was found mat the cross-section of the
main flow and its velocity decrease downstream as a
result of the influence of the secondary air and the
requirement of total balanced flow towards the
combustor exit. As the main flow approaches the
exit, it develops rotational movement, driven by
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Fig. 13. Predicted and measured gas phase axial velocity
in the combustion chamber with primary jets

strong tangential jets of the tertiary air.
To rearrange the primary air jets, there is a need to

locate the jets sufficiently close to the secondary air
inlet Comparison of the axial velocity for the new
nozzles (incident angle 40') with that obtained for
the initial arrangement of hot and cold flow is shown

in Figure 13. The velocity of the single jet moving
from right to left is lower for the new arrangement
with the same flow rate of the primary air. This is
explained by the longer distance between the new
merging point and the air nozzles.

Improved aerodynamics resulted in better
exploitation of the chamber volume and in better ash
distribution. Concentration of the ash in the
cross-section of the combustion chamber used as a
cyclone type separator is shown in Figure 14. Data
obtained with the new primary air/coal nozzles
indicated a sufficient increase in ash concentration at
the furnace wall.

Application of scavenging through a circular slot
at the end of the chamber allows separation of a
significant part of the ash, created by burned-off coal
particles. The pumped-out hot aerosol was

Fig. 14. Measured ash concentration in the combustion
chamber

A - reference, o - cyclone operation, • - cyclone and
swirl in secondary, • - new nozzles (improved
aerodynamics)

Fig. 15. Ash separation from the combustion chamber

transported into the external cyclone and from there
back to the combustor. Tertiary air streams, inducing
this motion, ejected clean gas from the cyclone and
directed it tangentially to the cylindrical chamber
wall. As expected, the high ratio of scavenging flow
rate to total combustion gas consumption resulted in
a high percent of ash collected (Figure 15). In spite
of the relatively low external cyclone efficiency for
small particles (less than 40% for sizes below 37
microns), the overall amount of ash captured mere
was significant For scavenging of about 10% of the
combustion products, the mass fraction of the
collected ash was more then 55%. This value can be
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was confirmed by the hot
experiments data; the differences are
within limits of the measurement
accuracy. The lower efficiency of the
multicyclone hot tests could be, in
part, the result of lower gas density.

The influence of the rate of
scavenging on the incremental
efficiency of the multicyclone is
shown in Figure 17a. One can find
mat very low scavenging of the
fumes through circular slots of a set
of small cyclones (d = 36mm) results
in significant ash separation from the
combustion products. By pumping
out only one percent of the total gas
flow it is possible to obtain a typical
correlation for the incremental

Fig. 16. Efficiency ofmuiticylone

increased by use of coarser coal
powders and more efficient external
separators for practical systems.

MULTI-CYCLONE AND
BARRIER FILTER
PERFORMANCE
Additional gas cleaning was carried
out in the multi-cyclone section. The
efficiency of the suggested device for
different narrow ranges of particle
diameters is presented in Figure 16.
The particles average size was
calculated as a Sauter Mean Diameter
(SMD) by the relation:

SMD=
2-exp(-bx«»)dx

where b and n are the
Rosin-Rammler coefficients for the
distribution R(x)=100exp(-bxn). dj
and df are the lowest and the largest
particle diameters, within a group
range, respectively. Solid lines on the
diagram correspond to systematic
cold experiments and hot tests, which
are superimposed on those lines
whose lower accuracy stemmed fiom
the complexity of particle
monitoring. The general
characteristic of efficiency variation

(b)

' * • « » 10 12 14 16 IS 20 22 24

*».«,,«,,(%>

Mubicylont performance
a—incremental efficiency; b— particle size to scavenging correlation

120



Y, GOIOMAN GM Tumc PBOIEOION

Pressure Drop (mm. H2O)

Hg. 18. Ash concentration and pressure drop
1 — combustion chamber exit; 2—multicyclone inlet; 3—barrier
filter inlet; 4—barrier filter exit

efficiency, featuring an exponential type curve
approaching 78% for particles with more than ISO
microns in diameter. Intensifying the out-pumping
rate improves sufficiently the performance of the
system for fine powders and scavenging in excess of
15% ensures an efficiency higher than 80% for all
particles larger than 10 microns.

A correlation between the Sauter Mean Diameter
of the ash and the out-pumping rate of the fumes is
presented in Figure 17b. Functional lines resemble a
simple hyperbolic law (SMD x scavenging =
constant efficiency), especially for efficiency of over
60%. On the basis of this mapping with the constant
efficiency regions, it is possible to specify an optimal
rate of out-pumping and the number of stages needed
to gain an optimal overall effect of ash separation.
For instance, one can find that 85% ash separation
for SO micron particles can be achieved with 7%
scavenging for a single stage and only 2%
scavenging for a two stage device.

Observations of the inner surfaces of the cooled
wall multicyclone, as well as the
external cyclone, indicated mat there
were very low sticking deposits of the
ash. The temperature of the
combustion products within the
cleaning system was sufficiently
higher than the alkali melting point
for the ash tested. However, contrary
to the ceramic multicyclone
experience (used in previous research
programs), no sintered ash was found
on the collecting surfaces.

The final stage of gas cleaning was
obtained by using a filter element for
extreme conditions, developed by
BWF (Offerman, Zeiler, Schmid &
Co. KG, Offingen, W. Germany). The
filter candle was exposed during 20
hours to a gas temperature of 1200°K Kg. 19- Flaw field isotherms

with 8 temperature changes between
300°K and 1200°K. The filter
demonstrated more than 99.5%
efficiency and it was possible to
clean it by shaking. At the higher gas
temperatures a crust of ash layer was
formed on the filtration surface
joining the filter material. It indicated
that difficulties with ash separation
can be expected at temperatures in
which fusion (or condensation) of
ash components takes place. The ash
concentration in the combustion
products and the pressure drop in the
staged ash separation facility are
shown in Figure 18.

THEORETICAL INVESTIGATIONS OF THE
COMBUSTOR
A detailed examination of coal particle paths in the
counter-current combustor was carried out in an
attempt to gain a deeper understanding of the way, in
which ambient conditions and other relevant factors
affect the combustion of the particles. The
mathematical model of the (gaseous) flow assumes
steady state conditions. A two-equation (K-e) model
of turbulence is adopted. Drag forces are exerted on
the coal particles due to the environment and
velocity differences but the converse effect is
neglected as a consequence of the small volume
occupied by the particles. Two-way heat transfer,
due to eddy motion, is accounted. The gaseous phase
equations are solved using standard software
(TEACH). The particle phase is described in a
Lagrangian fashion; integration is carried out from
the point of impingement of the primary jets (Le.
after devolatilization has essentially ceased). The

= 4 l - — • ' " _ -•

Velocity scaJe: 5-2O(m/sec)
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Fig. 20. Vector plot of gas phase velocity for different secondary airflow momentum
Velocity Scale: Case 1—5 m/sec; Case 2 —10 m/sec; Case 3 — 15 m/sec; Case 4 — 20 m/sec

entire solution procedure is iterative, with
appropriate transfer of information from die gas
phase solution to the particle phase integration and
vice versa.

Li Figure 19 the gas phase flow field is illustrated,
at a plot that shows isotherms and velocity vectors.
The initial temperature of the primary jet is about
2000°K and its velocity is IS m/sec. The two jets
meet at a distance of about 0.18 m from the
secondary jet entrance. At the right from this point,
in the radial direction, steep temperature gradients
are observed as the cold secondary and hot primary
jets deflect each other. The temperature map over the
region to the left of the stagnation point appears to be
dominated by the fixed temperature of 1000°K on
the upper wall of the chamber.

A parametric investigation of different secondary
air flow momentum and temperature influence on the
location of the two jets meeting point showed, that it
is possible to move that point significantly. Figure 20
presents typical results obtained for preheating of

secondary air. It was found that the jets meet at
distances of about 165 mm (T=360°K), 140 mm
Cr=340°K), 120 mm Cr=320°K) and 109 mm
(T=300°K) from the secondary air inlet In practice,
this allows to control the efficiency of the coal
particle burning for any size distribution and type of
coal. Typical particle trajectories within the chamber
are shown in Figures 21(a)-(c) for particles having an
initial diameter of 120 \ua. Two main effects are
compressed into these figures: die initial injection
angle and the coefficient of restitution. The
devolatilized particles do not necessarily enter the
right hand jet flow at 0*. However, at all angles up to
30' they do manage to penetrate the secondary air jet
before returning to the primary jet and being swept
out subsequently along the environment streamlines.
Thus, larger particles remain longer within the
chamber, increasing the probability of complete
combustion.

A relatively unexamined problem is the dynamics
of coal particles upon collision with the chamber's
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0.18

0.09

0.06

0.00

wall. For qualitative purposes only a
simple dynamic model was adopted
here, in which a coefficient of
restitution O i e ^ l was applied. A
rather interesting and remarkable
effect was observed. For particles
injected at IS' the value of e was
quite critical in determining whether
the particle performed an additional
loop within the upper left hand corner
of the chamber or was almost
immediately swept out This
sensitivity points to the variegated
behavior of the coal particle paths,
that may be anticipated as more
refined models of coal combustors are
developed, indeed provides incentive
for the development of such models.
Other computed results relate to
temporal/spatial variation of particle
sizes under a variety of initial and
ambient conditions. The ability of the
counter-current combustor to achieve
complete coal combustion, together
with flexible operating conditions, is
amply exemplified by the theoretical
study.

Figures 22,23 and 24 demonstrate
the computational ability of the code.
In Fig. 22 a coal particle trajectory
and chemical reaction contribution to
the overall energy transfer are plotted.
The starting point (0.0; 0.00) is
chosen at the center of the
impingement plane; it is found that a
relatively large particle (D=100
micron) behaves in a different way
than a smaller one (D=50 micron).
Convective and radiative heat transfer
contributions for the same coal
particles are shown in Figures 23
and 24, respectively. Experimental
evidence validating the predictions
confirm the capability of the model.

CONCLUSIONS
The recent exploratory
development activity on thermal
protective coatings for cooled gas
turbine, as well as in the fields of
coal conversion, aerodynamic ash
separation and intensive
combustion, promises to be a base for use of coal in
combined power cycles. The investigation of surface
processes and dynamically applied coatings
demonstrated feasibility of the techniques to protect
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Fig. 21. Burned coal particle trajectories
a—effect of initial injection angle
b — weak coefficient of restitution
c — strong coefficient of restitution

hot turbine stages against erosion and heating. Study
of the aerodynamically stabilized pulverized coal
combustor indicates that intensification of the
burning process within such configurations may be
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achieved in an optimal fashion by appropriate
adjustment of the flow and thermal conditions
prevalent in the staged air supply channels. There is
little doubt on the suitability of these systems to gas
turbine cycles with high pressure applications.
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LIQUID METAL MHD RESEARCH AND DEVELOPMENT IN ISRAEL

H. B R A N O V E R

Center for MHD Studies, Ben-Gurion University of the Negev, Beer-Sheva

ABSTRACT. The study of liquid metal MHD in Israel commenced in 1973. Initially it was
concentrated mainly on laminar and turbulent flows influenced by external magnetic fields.
In 1978 a liquid metal MHD energy conversion program was started. This program »as
developed at the Center for MHD Studies at Ben-Gurion University in Beer-Sheva, with the
participation of specialists from the Technion, the Hebrew University of Jerusalem, Israel
Atomic Energy Commission, and others. The program was sponsored initially by the Israel
Ministry of Energy and Infrastructure, and later by the Ministry of Industry and Trade. Since
1980, Solmecs, a private commercial company has become a major factor in die
development of liquid metal MHD in Israel. From the very beginning the program was
based on broad international cooperation. A number of overseas institutions and individuals
became participants in the program, particularly Argonne National Laboratory, Purdue
University at Calumet, Indiana, the Energy Technology Engineering Center of Rockwell
International at Canoga Park, California, Wesdnghouse R&D Center at Pittsburgh,
Pennsylvania, Colorado School of Mines at Denver, Colorado, Nottingham University in
England, the Institute de Mecanique at Grenoble, France, and more recently, the Institute
for High Temperatures of the Soviet Academy of Science (IVTAN) and some other Soviet
research institutes. Through extensive research and evaluation of a number of concept* of
liquid metal MHD power generation systems, it was established that the most promising
concept, demanding a relatively short period of development, is the gravitational system
using heavy metals 0ead, lead alloys) as the magneto-hydrodynamic fluid and steam or
gases as the thermodynamic fluids. This concept was chosen for further development and
industrial application, and the program related to such systems was named the Etgar
Program. The main directions of research and development activities have been defined as
follows: • investigation of physical phenomena • development of a universal numerical
code for parametric studies, optimization and design of the system • material studies •
development of engineering components • building and testing of integrated small-scale
Etgar type systems • economic evaluation of the system and comparison with convertional
technologies • development of a moderate scale industrial demonstration plant At this time
6 items have been fully implemented and activities on the last item were started.

INTRODUCTION
Israel became involved in systematic
magneto-hydrodynamic (MHD) studies in 1973
when the first small research facilities were put into
operation at Ben-Gurion University. From the very
beginning the Israeli program was confined to liquid
metal (LM) MHD studies. The first investigations
dealt mainly with LMMHD flow phenomena, but
later an energy conversion program was started.
Specialists from the Technion in Haifa, the Hebrew
University in Jerusalem, Israel Atomic Energy
Commission and other institutes participated in this
program. However, most of the work was done at the

Center for MHD Studies of Ben-Gurion University.
The program was sponsored initially by the Israel
Ministry of Energy, and later by the Ministry of
Industry and Trade. Since 1980, Solmecs, a private
commercial company, has become a major factor in
elaborating the liquid metal MHD of Israel. A
number of institutions and individuals in the USA,
England, France and other countries became
participants in the program. Recently the Institute for
High Temperatures of the Soviet Academy of
Sciences (IVTAN) and some other Soviet research
institutes also have become involved in this
collaboration.
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As a result of an extensive research and evaluation
of a number of concepts of LMMHD power
generation systems, a most promising concept
demanding a relatively short period of development
was established. This is the gravitational system
using heavy metals (lead, lead alloys and others) as
the magneto-hydrodynamic fluid, and steam or gases
as the thermodynamic fluids 1-2. This system is now
the basis of the Israeli LMMHD research and
development program named the "Etgar" program
("Etgar" means "challenge" in Hebrew).

The Etgar program has now reached die stage of
upscaling and commercialization. References [3-8]
describe much of our work, such as studies of
two-phase flows as well as phenomena in Faraday
type DC liquid metal MHD generators, the
development of a universal computer code (which
incorporates a great number of empirical results),
material studies, development of engineering
components (including DC to AC invertors) and test
results of the Etgar-3 integrated pilot plant This
paper concentrates on the results of economic
evaluations of the Etgar type cogeneration Liquid
Metal MHD power systems in comparison with
conventional steam-turbine systems. It is shown that
the system has well-established superiority over
conventional steam turbine systems, especially in the
cogeneration mode and in the power range of up to
20 MW power systems. The advantages stem not
only from better performance characteristics, but
also from substantial lower capital cost The results
of the economic analysis permit to establish the
market potential for the Etgar liquid metal MHD
power system.

Besides the development of liquid metal MHD
power systems, Israel's program deals with a number
of othe* applications of liquid metal MHD which,
however, are beyond the scope of the present paper.

THE ETGAR PROGRAM — CONCEPT,
MILESTONES, TIME-TABLE
The principles of operation of an Etgar Liquid Metal
MHD energy conversion system are very simple and
can be understood from Figure 1. The basic system
consists of two vertical pipes (an upcomer and a
downcomer) connected at the bottom with a
crossover pipe and with a separator joining them at
the top. A liquid-gas mixer is located at the bottom
of the upcomer and a single phase MHD generator,
from which electrical power is extracted, is located
in the downcomer or lower crossover pipe. Operation
of the system is as follows. A thermodynamic fluid
— vapor, steam, gas (or volatile liquid boiled in
direct contact with the hot liquid metal) is introduced
into the mixer at the bottom of the upcomer at an
appropriate temperature and pressure. A two-phase

Slum (or Induitial
Uf • or to Condtntar

Htal

Fig. 1. Schematic diagram of the Etgar type liquid metal
MHD energy conversion system

fluid with density lower than that of the liquid metal
is created. As the two-phase fluid flows to the
separator, the gaseous phase undergoes an expansion
from the high pressure in the mixer to the low
pressure in the separator, lifting liquid metal. The
gaseous phase (thermodynamic working fluid) is
removed in the separator (gravitational or cyclone
type) and single-phase flow of the liquid metal (LM)
returns into the downcomer. The separator has to be
designed in such a way that a high portion of the LM
kinetic energy is preserved.

The pressure differential that exists between the
upcomer and the downcomer due to the density
difference causes the LM to circulate in the system;
as the single-phase LM downflow crosses the
magnetic field in the MHD generator, an electrical
potential is generated and power is extracted. The
flow rate in the loop self-adjusts to balance the
density differential between the upcomer and
downcomer with the frictional and acceleration flow
losses and the electromagnetic forces acting in the
MHD generator. Heavy LM, such as lead, is used for
the electrodynamic fluid to maximize the pressure
differential (or the expansion ratio of the
thermodynamic working fluid) for a given loop
height

Several advantages of the described system stem
from the simplicity of its design and ease of control.
As will be shown below the installation cost is much
lower than that of conventional turbine systems.
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Moreover the LMMHD system components can be
manufactured by any modern machine shop.

However, the major advantage of the Etgar
concept is related to the fact that the LMMHD
energy conversion system (ECS) performs a very
special type of thermodynamic cycle. The LMMHD
cycles differ from the conventional turbine cycle
mainly by the expansion process: in the LMMHD
system the expansion of the thermodynamic working
fluid is nearly isothermal. This unique feature of
LMMHD power conversion is due to the intimate
contact between the thermodynamic working fluid
(e.g., steam) and the LM, leading to a continuous
heat transfer from the LM (which has a very high
heat capacity relative to the heat capacity of the
vapor) to the vapor or gas throughout the expansion
process. The direct contact heat transfer in the MHD
expansion process leads to two important results:

• it increases the average temperature of energy
delivery from the heat source to the cycle, thus
increasing the cycle efficiency;

• the isothermal expansion can be considered to
be a process with an infinite number of reheat
stages, while the additional heat delivery occurs
without the need for extra reheaters. This results
in substantially higher efficiency of the
thermodynamic cycle.

Figure 2 compares the T-S diagrams of
superheated Rankine cycles performed by the
LMMHD ECS with that of a conventional steam
turbine.

The LMMHD energy conversion (EC) technology
appears to be especially attractive for cogeneration
applications (production of electricity and heat
simultaneously) and in particular for industrial

Fig. 2. T-S diagrams for 3 versions of a Rankine type thermodynamic cycle:
(a) A Conventional Turbine Cycle with One Reheating Stage;
(b)A Combined LMMHD/Steam Turbine Cycle;
(c) All LMMHD Cycle

cogeneration applications associated with heat
sources which can deliver a large fraction of their
energy at or above the cycle high temperature
(constant temperature heat sources, e.g., solar
collectors, fluidized bed combustors, boiling water,
nuclear fission reactors, etc.). The LMMHD EC
technology can offer a higher electricity-to-thermal
(steam and/or heat) energy ratio than conventional
cogeneration plants, while using a relatively simple
system (without reheaters). The higher electricity
generation ability of LMMHD cogeneration plants
for a given rate of thermal energy supplied can be a
significant economic advance of the plant if the
utility is committed to purchase the supplied
electricity at a reasonable price.

By bypassing the regenerator fully or partially
(recovering the high temperature heat back to the
boiler feed water) the electric to thermal ratio can be
improved by up to 33% (depending on the cycle
pressure difference) for a given power system and
capacity; this is not possible in a steam turbine. This
advantage is very important, since the industry needs
a process with neat changes during the seasons and
even during the day. The present conventional
technologies can offer a solution to this basic
requirement to change the load by designing systems
with maximum capacity of process steam. Load
reduction can be achieved by reduced electricity
production. However, a turbine which works on
partial load has a significantly reduced cycle
efficiency. This is not the case in the LMMHD
technology where the electricity production capacity
remains constant while changing the electric to
thermal ratio. Moreover, the possibility of reducing
simultaneously power capacity and process heat

generation exists also in the
LMMHD technology. At this
partial load, the cycle
efficiency increases due to the
reduction of both the slip ratio
in the two-phase flow and
hydraulic friction losses, at
lower two-phase and single
phase flow rates.

Figure 3 presents a scheme
of an Etgar system in which the
volatile liquid is boiled in
direct contact with the hot
liquid metal and no separate
boiler is needed.

Extensive experimental
studies produced an empirical
data base which together with
data on thermodynamic
properties of liquid metals and
working fluids enabled the
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Fig. 3. Etgar facility with direct contact boiling mixer

development of a universal computer code for the
design and optimization of Etgar-type LMMHD
systems (as well as of LMMHD systems based on
concepts different than the Etgar concept).

Two integrated power conversion systems have
been built and tested in addition to laboratory scale
experiments. The Etgar-3 plant, commissioned in
1985, is the most advanced integrated pilot plant
built to date. It employs lead-bismuth alloy and
steam and works at temperatures up to 170'C. The
smaller ER-4 system works with mercury and steam
at the same temperatures as Etgar-3. Several years of
testing of the Etgar-3 facility verified a number of
predictions regarding the performance of the Etgar
type LMMHD energy conversion systems. There
have not been any major failures or any material
corrosion problems in the Etgar-3 facility which has
operated for more than 3000 hours (cumulatively).
Detail measurements of Etgar-3 performance
characteristics (as well as the smaller system ER-4)
demonstrated that the aforementioned universal
computer code can be used with confidence for the
optimization and design of LMMHD energy
conversion systems. Analysis of results from all the
aforementioned studies and engineering development
of system components indicate that the database and
practical experience necessary for entering the
commercial stage of the LMMHD power system
development has already been accumulated.

The first commercial scale demonstration plant to
be built in the framework of the Etgar
commercialization program will be the Etgar-S plant
It will be working with lead as the electrodynamic
fluid and steam as the thermodynamic fluid. Steam
will be generated initially by a conventional boiler.
For a later stage of operation it is envisaged that the
steam may be supplied by a fluidized bed oil shale

combustor. Provisions will also be
made for injecting water directly
into the hot lead and thus
eliminating the separator boiler.
Etgar-S will operate in the
cogeneration mode. Although the
specific site on which the Etgar-5
plant will be erected has yet to be
identified, it is a strategic decision
to have Etgar-S operating
continuously in a real industrial
environment. The main technical
parameters of the Etgar-S plant are
presented in Table 1. A large team
of experts from several countries
as well as several engineering
companies evaluated the current
status of the project and concluded
that the existing database and

experience are sufficient to undertake the Etgar-S
stage. Figure 4 presents the general schematic
diagram of the Etgar-S plant with all die stated points
of the energy conversion process. For illustration
purposes it is supposed that the power plant is
supplying low pressure steam to a phosphate drying
facility.
Table 1. Etgar-5 cogeneration system parameters

Cycle high temperature 480'C
Steam temperature at boiler exit 390'C
Steam generator (boiler) mass flow rate 4.9 ton/hr
Cycle high pressure 28 bar
Cycle low pressure S bar
Total heat input 3.7MWth
Electric plant efficiency 8.5%
Net electric power 315 kW

Steam delivery to process:

Saturated steam conditions
Mass flow rate

Structure configuration:

5bar/163"C
5 ton/hi

Stage No. Riser
Diameter

Pipe
Schedue

Riser
Height

10"
8"

40
40S

17.74 m
17.72 m

An extensive R&D program will be implemented
in parallel with the construction and testing of the
Etgar-S plant This program will be related to further
upscaling of the technology and development of the
next plant Etgar-6 which will be designed for the 3-5
MW power range. The R&D program will consider
next generations of Etgar plants as well as plants
based on concepts different than Etgar. The
time-table and the work plan is presented in Figure 5.
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The development beyond the Etgar-S stage, namely
the design and construction of Etgar-6 plant, will
incorporate all the information obtained from
operating Etgar-S and the inputs from the supporting
R&D program. This program, which will be
conducted in parallel with the development of
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Fig. 5. Etgar program time-table

Etgar-S, will concentrate on further investigation of
physical processes of liquid metal MHD power
facilities (mainly involving the ability to control
two-phase flow characteristics), further parametric
studies, component optimization and material
engineering. The Etgar-6 cogeneration integrated

system (AC net electric power of S
MW) will be the final development
stage, operating under the same
optimal parameters as that of the
mature industrial Etgar-7 system.

The Etgar-7 mature plant will be
designed to utilize different heat
sources and will be able to operate
in various applications at the 1-20
MW power range. The first mature
commercial Etgar-7 plant is
expected to be completed in five
years from the commencement of
development activities. An
example of the main parameters of
Etgar-7 plant stations for 3.68 MW
gross electric output appears in
Table 2 (which also contains data
for competing turbines). One

I CQMVIMT.OMAI 1
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Table 2. Eigar-7 main parameters as compared with steam turbines

Pressure
Temperature
Gross electrical output
Net electrical output
Heat to industrial processes

Heat from fuel
Steam flow
Steam to industrial processes

@ 236"C
@160'C

Heat to electrical power ratio
Fuel flow
Fuel flow allocated to process heat
Fuel flow allocated to electric power
Fuel consumption
Total efficiency
Electrical efficiency
Installation cost [$/kW]
Electricity cost [cents/kWh]

Etgar-7

Bar

•c
kWe
kWe
kJ/h
MWth
MWth
T/H

T/H
T/H
MWrt,/MWe
kg/h
kg/h
kg/h
gr/kWh
%
%

60
277

3668
3429

56395
15.66
21.1
24.3

21.7
23.4
4.6

1912
1422
468
134

905
17.4
1339

3.497

MAY 13-15,1991

Steam Turbine
Isemropic Efficiency

70%

63
408

3315
3000

17.8
23.1
31.7

26.6
5.9

2096

481
145
90

143
1793

4.647

74%

60
480

2960
2715

14.2
18.6
24.6

21.1
5.2

1688

400
135

91.4
15.9

1920
4.985

80%
60

480
3200
2950

14.0
18.6
24.6

20.7
4.7

1688

398
131

91.0
17.2
1905

4.936

parameter not mentioned in the table is the magnetic
field strength for the MHD generator. It should be
stressed that one of the basic features of the Etgar
type MHD facility is that it demands a moderate
magnetic Held — usually about 0.S Tesla or even
less.

COMPARATIVE ECONOMIC ANALYSIS OF
THE ETGAR TECHNOLOGY
During the last two years several economic studies of
the Etgar technology as well as surveys of its market
potential have been performed. An overall evaluation
of the technology from the
scientific, engineering and
economic points of view has
also been performed by a
group of international experts.
A thorough study of the
installed cost, performance
characteristics and cost of
electricity for a mature Etgar
cogeneration system was
performed by the United
Project Services (UPS) — a
leading Israeli engineering
company9. This study also
compared operation parameters
of an Etgar type plant with
those of steam turbines
working in the cogeneration
mode. The main results of this

investigation performed for a 3.68MWe plant are
given in Tables 2 and 3. It should be stressed that the
UPS analysis9 is based on real price proposals from
manufacturers for each component of the system (and
not on the basis of some averaged data given in the
literature). The numbers presented in Tables 2 and 3
show very convincingly the superiority of the Etgar
system over turbines in terms of substantially lower
installation and electricity costs. Annual economic
projections for a 3.68 MWe Etgar plant are given in
Table 4. These results lead to the conclusion that the
payback period for such a plant is about 4 years.

Table 3. Etgar-7 versus steam turbo-generator. Economic comparison

Service life (year)
Availability (hr/year)
Gross electricity production (kW)
Net electricity production (kW)
Installed cost
Total cost of system ($000)
Cost per kW (SAW)
Energy cost:

when fully allocated to
electricity (cents/kWh);
partial allocation to
electricity after cleaning
steam cost (cents/kWh)

Eigar-7

30
7884
3668
3429

4911
1339

8.046

3.497

Steam
Turbine
Eff.70%

25
7000
3315
3000

5944
1793

10368

4.647

Steam
Turbine
Eff. 74%

25
7000
2960
2715

5684
1920

10.067

4.985

Steam
Turbine
Eff. 80%

25
7000
3200
2950

6096
1905

9.548

4.936
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The following Table provides annual economic
projection data for a 3.68 MWe Etgar-7 plant.

Table 4. Etgar-7 annual economic projections

US(SOOO)

Stesnt income
23.4 ton/hr x 7880 hr x $8.2/ton
Electricity income
3668 kWh x 7880 hr x $0.06/kW
Expected income
Operational expenses
Operational profit
Levelized capital cost
(at 9% interest rate)

Expected profit

1513

1735

3248

(1849)
1399
(478)

921

Using the economic data for Etgar cogeneration
systems, a market study was performed by the
Arthur D. Little Company, Inc., in Boston10. This
study takes into consideration the substantially lower
installation cost of an Etgar system with power up to
20 MW as compared to steam turbine systems. It
also reflects the fact that the Etgar technology has a
very flexible thermal to electrical power ratio and
other unique features. The Dunn and Bradstreet
study11 slates that about 80% of all cogeneration
units installed in the USA are concentrated in plants
producing below 20 MWp.

The principal conclusions of Arthur D. Little's10

study are:
• LMMHD EC is best matched (in scale and

thermal/electric power ratio) to the
industrial/commercial (I/O cogeneration
market It substantially supersedes competing
technologies both in performance and in
economic characteristics;

• Because of lower installation costs, reliability
and simplicity, the LMMHD technology is
highly competitive and can expect market
penetration in industrial cogeneration markets
for plants of up to 20 MWe. The forecasted
penetration by the end of the decade is between
25%-33% of the market for plants of up to 20
MWe, This forecast leads to annual installations
of LMMHD plants below 20 MWe in the range
of $125 million to $165 million for the U.S.
market alone. The worldwide market is
estimated to be at least three times that of the
United States, i.e., $375 million to $495 million,
and it is anticipated that due to the simplicity of
the technology, much higher penetration rates

will be achieved in countries which are not
producers of turbines.

CONCLUSIONS
The LMMHD technology reached the stage of
commercialization and, according to a very thorough
technical and economic evaluation, is highly
advantageous and competitive. Its penetration into
the market is feasible by the middle of the 90's. The
first system to be commercialized will be the Etgar
type cogeneration system. It is expected that the
penetration process will be followed by modification
of the technology to expand substantially the areas
and scale of its application.
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WAYS TO IMPROVE MHD POWER PLANTS AND PROSPECTS OF THEIR
APPLICATION

V.M. BATENIN, S.I.PISTCHIKOV, J.N. SOKOLOV and EJM. SHELKOV

Institute of High Temperatures, USSR Academy of Sciences, IVTAN, Moscow

ABSTRACT. The present paper analyzes the characteristics of MHD power plants,
modification possibilities «nd the areas of their application. The analysis is based on die
status of availabl: power plants, including steam turbine and combine cycle steam-gas
power plants. Conventional MHD power plants based on existing technical solutions and
various novel schemes are discussed. Main directions to improve energy conversion
efficiency are presented, as well as ways to modify MHD systems to reduce capital costs.
The conclusion is drawn that MHD power plants could be competitive with most advanced
power generation technologies.

INTRODUCTION
The steam turbine is the basic type of engine
employed in existing thermal power plants. It has
reached a rather high level of efficiency, so further
improvements at the present state-of-the art are
unlikely. Introduction of combine-cycle power plants
is a promising direction towards improvement of
economic and technical characteristics.

At present, the combined gas and steam turbine
plants are widely used. Nevertheless, due to
relatively low exhaust gas temperature of the gas
turbine, the gas cannot be utilized further to generate
high parameters steam (P=130-240 atm, T=54O'C),
which is a serious drawback of the steam-gas
combined power plants.

Currently, direct combustion of coal in the
steam-gas plants, without its pre-gasification, is
impossible. Pre-gasification results in a considerable
cost increase of the generated power, which is
another drawback of the combined power plants.

In a combine-cycle plant with a
magnetohydrodynamic (MHD) generator, the
temperature of the exhaust gases is high, about
2000'C. This high temperature does not limit the
attainable steam parameters or a type of the bottom
cycle, so the efficient use of MHD energy converters
is possible as a high-temperature topic, applicable to
practically all power plants. At these plants the direct

coal combustion also can be performed as a bottom
cycle. These advantages of the MHD system make it
a promising concept for combine-cycle power plants.

DISCUSSION
In the present work the techno-economic analysis of
MHD power plants is presented, based on scientific
and technological experience gained in the USSR
(including long-term test and operation of U-02,
U-2S, U-2SBM and K-I plants, as well as design and
development of the Ryazan MHD power unit). The
experience gained elsewhere in the world contributed
to this analysis.

As we pointed out, MHD plants are highly
efficient due to the high temperature of the top cycle.
On the other hand, since MHD is a new technology
without adequate industrial experience, it requires
larger capital investments. The analysis presented
here assumes that in the future the industry will be
well developed and, therefore, fabrication costs will
be reduced to the level of existing thermal power

The analysis of possible MHD power schemes
leads to the following conclusions — the 500 MW
gas-fired MHD plant based on present state-of-the
art technology (with an external heating of the
oxidizer up to 1700*Q can provide a net operating
efficiency of about 45%. This efficiency can be

135



ISRAEL — USSR ENERGY CONFERENCE MAY 13-15.1991

(114%) 400

(100%) 310 •

40 41 10 55 eff.(»)

gas price ?„ = 46 RWTCE

(a) gas-fired bottom cycle

c
max

RbVTCE
(*)

701

(118*) 100 •

(100*) 190

/

/

«0 <J 11 eff.(«)

coal price Pc = 60 Rbl/TCE

(b) coal-fired bottom cycle

1. MHD plant followed by steam turbine plant
2. MHD plant followed by combined cycle steam-gas plant.
3. MHD plant followed by steam turbine plant with sulfur

removal system.

Fig. 1. Maximum permissible capital costs (Cmax) of the
MHD plant

increased up to 48% by some technical
improvements. For comparison, the efficiency of
conventional gas turbine plants is 39% and modern
combined steam-gas turbine cycle can reach
efficiency of up to 48%.

Figure 1 shows the dependence of permissible
investments in MHD plants on energy conversion
efficiency for different combinations of power
plants. As demonstrated in Figure la, the efficiency
of MHD plant does not exceed the efficiency of
combined steam-gas plant, whereas capital

investments are expected to be higher. Thus,
gas-fired MHD power plants using conventional
technology cannot be justified economically for a
large-scale application in the power industry.

In the scheme, which is applying the regenerative
heating of the oxidizer (up to 900'C) and the direct
enrichment of air by oxygen (up to about 40%), the
calculated efficiency of the gas-fired plant would be
reduced to about 44%. So, there is a trade-off
between capital investment reduction, associated
with the elimination of an expensive independent
heater and the additional capital costs needed for an
air separation plant Since the efficiency of this unit
is lower than that of a combined steam-gas plant
(48%), the MHD plant of this type could be
economically justified only if its capital investment
is also lower than that of the combined steam-gas
plant But, as is known, this is unattainable with
current technical solutions.

The coal-fired MHD plant based on the
above-mentioned scheme, which includes a
regenerative heating of the oxidizer and air
enrichment, was also considered. The efficiency of
this coal-fired MHD plant was compared to those of
coal-fired steam-turbine and combined steam-gas
plants. The results were as follows:
Plant
«ype

• Coal-fired steam-turbine
plants

• Steam-gas turbine plants
(with full or partial coal
gasification)

• Coal-fired MHD plant
(with a conventional
air separation unit and
a linear MHD generator)

• Coal-fired MHD plant
(with pressurized direct
air enrichment)

Plant Eff.
(*)

37

4 3 M 4 b

43-44

4546

Notes

Fig. 2a

Fig. 2b

As shown, the direct introduction of pressurized
oxygen-enriched air increases the efficiency of the
MHD plant up to 45-46%. A 1000 MW plant is
slightly more efficient (1%) than a SOO MW plant

Figure lb presents three different combinations
of coal-fired power plants with MHD topic:

• MHD power plant followed by conventional
steam-turbine plant;

• MHD power plant followed by combined cycle
plant;

• MHD power plant followed by conventional
steam-turbine plant with sulfur removal system.
As it is shown in Figure lb, the coal-fired MHD

power plant has a high efficiency and also permits a

43% efficiency if a hot, dry purification cfthe gasification products is used and the temperature prior to the MHD plant is 1250 'C
according to foreign sources.
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21 ;p9

23

(a) O.P.S. with conventional air separation unit (ASU)
(b) O.P.S. with direct air enrichment plant (DAEP)

Fig- 2. Schematic diagram of coal-fired MHD power units
with direct coal combustion and various oxidiier prepara-
tion systems(OPS)
For cases a) and b): 1 — seed, 2 — coal, 3 — oxidizer,
4 — combustcxr, 5 — superconductive magnet, 6 — MHD
channel and diffuser, 7 — secondary air, 8 —
recirculation, 9 — oxidizer preheater, 10 — electrical
precipitator and stack.
for case a): 11 — steam turbine, 12 — oxidizer
compressor, 13 — ASU, 14 — air compressor, IS —
steam turbine, 16 — convective part of steam generator,
17 — radiant part of steam generator, 18 — steam turbine,
19 — invertor, 20 — electric generator, 21 — to grid
for case b): 11 — N 2 preheater, 12 — DAEP, 13 —
oxidizer compressor, 14 — steam turbine, 15 — air
compressor, 16 — N 2 turbine, 17-19 — convective and
radiant parts of boiler, 20 — steam turbine, 21 — electric
generator, 22 — invertor, 23 — to grid

relatively high increase in capital cost (up to about
80% more than for a steam turbine plant with a
sulfur removal system). This provides die necessary
conditions for a wide introduction of coal-fired
MHD power plants to the power industry. The main
directions for improvements in MHD power plants

are increasing the energy conversion efficiency and
reducing the capital cost

Figure 2a shows a conventional scheme of MHD
power plant with a direct coal combustion as a
bottom cycle. Its scheme implements a regenerative
heating of the oxidizer and a standard air separation
unit The enrichment of the oxidizer is provided by
mixing of a technically pure oxygen (95%) with
ambient air.

The advantages of MHD power plants with direct
preparation of oxygen-enriched air was demonstrated
in a series of tests performed by IVTAN and the
Moscow Energy Institute. In this case optimum
oxygen concentration is provided to the oxidizer.
The energy of the pressurized nitrogen from the air
separation plant, as well as a low-grade heat from the
MHD-track, are effectively used (Figure 2b). The
efficiency of such a MHD plant is about 2% higher
ihan that of the conventional one.

A schematic chart of a combined energy/synfuel
MHD complex is presented in Figure 3. Comparative
characteristics of this complex are presented in Table
1. Analysis of such a plant shows that it is

HNO 3 l.Pyrolyzer
2. Quencher
3. Quencher
4. Briqucuing
5. Air heater
6. MHD generator
7. Steam turbine
8. Electric filter

Fig. 3. MHD energy!synfuel complex
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Table 1. Comparitive characteristics of energy complexes

Characteristics

• Plant capacity (MW)
• Net efficiency (%)
• Fuel consumption (%)
• Total fuel consumption including
fuel for power production (%)

• Yield of by-products.
as compared to consumption
of standard coal equivalent (%):

elementary sulfur
ammonia
nitric acid
synthetic liquid
coal briquettes

• Total capital cost (%)
• Total emission (%)

so2NOX

Steam-turbine
plant

3200
37.2
100

100.0

0

100

100
100*30

Variants
Steam-gas

plant
3150
40.8
91.2

91.2

0.35
1.15

95

50
30

MHD
complex

3250
45.0
188.1

82.7

032

30.5
22.6
73.3
138

so
50

economically feasible at different fuel prices. This
process is more cost-effective than the separate
production of electric power and useful chemical
products. In a combined version, the cost of
electricity can be reduced by a factor of 2. However,
this approach is not standard and adequate scientific,
technical and industrial preparations are required.

Fig. 4. Schematic diagram of thermochemical MHD
comertor
1 — combuttor, 2 — MHD-generator, 3 —
thermochemical converter 4-5 — steam generators, 6 —
gas turbine, 7 — steam turbine, 8 — seed cleaning system,
9 — seed regeneration system, 10 — MHD generator
water cooling system, 11 — gas purification system

It is also interesting to analyze
the scheme of a MHD power plant
with a thermochemical convenor
(Figure 4). In addition to heat
regeneration, this plant includes
thermo-chemical regeneration
(fuel treatment) which is based on
heat of combustion products
leaving the MHD generator. The
analysis shows that the efficiency
of this scheme is above 45%, with
a moderate value of the enthalpy
extraction coefficient ( about
25%). The advantages of this
scheme are:

• the possibility of
considerable increase in
electric conductivity and
magnetic hydrodynamic
interaction in the MHD
channel;

• reduction in the magnetic field induction;
• reduction in the cost of the magnet;
• effective solution of the environmental

problems.
The advantages of high-temperature regeneration

are somewhat reduced due ID losses during the
purification of the gasified products. In developing
this scheme care must be taken to assure an
explosion-free plant The design of a high-effective
thermochemical convenor, with a high degree of slag
removal and seed regeneration, is a complex problem
which must be solved.

Calculations and theoretical investigations
associated with the analysis of power plants based on
a MHD generator with current-carrying
non-uniformities also have been conducted in
IVTAN (Figure 5).

The analysis showed that the efficiency of such
MHD plants can reach more than 51% when air is
heated up to 900°C. This exceeds the efficiency of
the most advanced steam-gas turbine plants.
According to this scheme, only one fourth of the fuel
is combusted; it is equivalent to an oxidizer with a
28% oxygen content This scheme does not include
an expensive Couper stove; the magnetic field
induction can be significantly reduced and the
geometry of the magnetic system can be varied.
These aspects of the plant contribute to investment
reduction. However, the flow pattern of such a
design is yet to be experimentally investigated. Thus,
further theoretical and experimental investigations,
as well as corresponding modifications, are still
needed.

Nonequilibriurn closed-cycle MHD generators
were tested successfully in Japan and the Nether-

138



V.M. BATB«NETAL WAYS TO IMPROVE MHD POWER PLANTS

T*1200K

P=S0ATM

reduction of oxidizer
temperature in a Couper
type heater from 1700'C
to 1400'C; mis would allow
the use of cheaper
refractory material and cut
costs by a factor of 2;
replacement of the
independent oxidizer heater
by a regeneration heating
system, which can
currently reach 900'C and
in the future may get to
1200'C by the use of
chronium and nickel-based
materials;
transition to solenoid disks
or other types of magnets,
while optimizing the
magnetic induction by their
shapes (Figures 6 and 7).
This can significantly
reduce the cost of a magnet;

• improvements in the cooling systems of die
MHD track, air separation unit, inverting
systems and other auxiliary equipment

Calulations show that the enthalpy extraction
coefficient of the MHD generator can be increased
up to 35% at a medium length of the MHD channel.
This is achieved by increasing the electric
conductivity of the working body, both in the region
of high and, particularly, low temperature. Another
way to increase the MHD generator efficiency is the
removal of limitations on the longitudinal electric
field by using structures of sectioned walls across the
MHD channel. Considerable increase in the
efficiency of the MHD generator allows reduction of
the maximum magnetic field induction to 3-4 Tesla;

this leads to a significant cut in capital cost
The development of disk and spiral MHD

channels offers additional possibilities of
improving the MHD generator characteristics.
Such channels could also reduce capital costs,
since the physical dimensions of the system
would be smaller and the electric loading and
control systems would be simpler. An
increased efficiency of the MHD generator
allows construction of relatively small and
cost- effective MHD plants,

CONCLUSIONS
This paper presents the results of an analysis
on different MHD installations in comparison

Fig. 6. Disk MHD generator with available steam turbine and combined
1 —> cathode, 2 — anode, 3 — diffusor, 4 — combustor, 5 — load, gas-steam power plants. It was shown that
6—superconducting magnet coal-fired MHD power plants have application

Fig. S. MHD power plant with current-carrying non-uniformities
1 — fuel, 2 — generator of working body, 3 — non-uniformity forming section,
4 — MHD channel, 5 — superconducting magnet, 6 — steam generator and
turbine, 7—air compressor, 8—electric precipitator

lands. Calculations and theoretical investigations of
such a system were also performed at the Siberian
Energy Institute of the USSR Academy of Sciences.
These studies indicated that the development of this
kind of MHD plant is promising since its efficiency
can be high (54-56%).

In analyzing means for capital cost reduction of
MHD plants it should be noted that main efforts have
to be made in the most expensive components of the
system:

• superconducting magnetic system;
• high-temperature oxidizer heater;
• inverting system.
The main ways to cut capital costs are:
• transition from the advanced development stage

to commercial production. This can lower the in-
vestment in new equipment by a factor of 2 or
2.5;
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Characteristics Rectilinear
MHD channel,
caddie winding of
superconduct.
magnetic system

Spiral MHD channel,
solenoid winding of
superconducting magnetic
system (with compen. of
scatter. fiW)

Weight of (uperconduct 540 360
winding (ton) (W=6t)
Weight of iuperconduct
magnet system (ton) 3000 1500
Weight of the MHD
channel (ton/m) 250 250/6
Cost of tuperoonducL
magnetic system (mbi Rbl) 40 23
Cost of the MHD
channel (mln Rbl) 6.02 8
Cost of the transport
means (mm Rbl) 0.523 0.250
Dimensions of die MHD
generator including
maneuvering
capabilities (m2) 2100 1460

Fig. 7. Helical (spiral) MHD channel

perspectives. Based on the analysis performed for
different MHD schemes, the conclusion was drawn
that the possibility of considerable reduction in cost
of expensive units and elements do exist, coupled
with increased conversion efficiency. There are
various means for both increasing the energy
efficiency and reducing capital cost It was shown
that present MHD power plant concept can be
improved in the following ways:

• development of new schemes and cycles;
• increase of the enthalpy extraction coefficient by

using different unconventional settings of the
flow across the MHD channel;

• utilization of new methods of a
fuel and an oxidizer
preparation;

• introduction of structural
modifications in the super-
conducting magnet and the
channel of the MHD generator.

The development of these methods
requires thorough research work and
experimental designs which would be
the basis for construction of first gen-
eration, competitive MHD power
plants. The main scientific and tech-
nical problems which must be solved
before MHD power plant commercial-
ization are:

• experimental and theoretical
development of new concepts
which are to be implemented in
MHD power plants;
experimental confirmation of
enthalpy extraction in the MHD
generators;

• experimental substantiation of
the reliability and service life
time, required for basic
components of the MHD power
plant;

• development of a technology for
mass production of different
MHD plant components (ele-
ments and non-standard
equipment);

• development of the best
methods to insure the ecological
requirements.

Various developments associated
with die MHD program are already
widely used commercially. Examples
of such technologies are high-
temperature materials, high intensity

combustion chambers, superconducting energy stor-
age units, advanced methods of reducing pollution in
commercial power plant and devices for high-
temperature diagnostic.
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PROSPECTS FOR UTILIZATION OF SUPERCONDUCTORS
IN THE POWER INDUSTRY

N . A . C H E R N O P L E K O V

Kurchatov Institute of Atomic Energy, Moscow

ABSTRACT. Utilization of superconducting technology is greatly influenced by die
discoveiy of the so-called high-temperature superconductors (HTS). The present report
considers to what extent there is a need for HTS in up-to-date engineering and how much
they are prepared for practical applications. The work on practical use of superconductors
was started about 30 years ago. As a result, two fields of die high-current superconductivity
have emerged. The first category is the field in which other alternatives were inconceivable
from techno-econotnk points of view (magnets of large merino-nuclear installations, MHD
generators, inductive energy storage systems, etc.). The second category involves areas
where superconductors must demonstrate the ability to compete with existing technologies
(electrical devices, magnetic separators, etc.). The present overview discusses development
of various low temprature superconducting devices, estimates their potential and evaluates
future applications of HTS based on the experience accumulated in the USSR and other
countries.

INTRODUCTION
Applied superconductivity and its most significant
constituents, namely, the research and development
of superconducting electrical devices, have been
studied for 30 years. This period follows the
theoretical prediction of Soviet physicists1 on the
possible existence of the so-called hard
superconductors. Such materials have sufficiently
high values of critical magnetic field and current
density to promise useful applications. This
prediction was followed by the discovery of such
substances by American physicists 2 (here we refer to
the liquid helium temperature superconductors).

Almost immediately, these discoveries stimulated
active research and development in many countries,
including the USSR. The subject of the
investigations was the possible use of high current
low-temperature superconductors in magnets,
electric power devices and physical research.

The practical use of superconductors was
proclaimed a new technology which could radically
change electric power engineering and influence
other branches of industry and science 3. Today it is
reasonable to evaluate the outcome of this effort. So
the possible changes following the discovery of
"high-temperature superconductors" (or, more
precisely, superconductors at liquid nitrogen
temperature level) and their possible use in
high-current technologies should be discussed. The
present report deals with superconducting electrical
engineering developments in the USSR and other
parts of the world.

MODERN COMMERCIAL
SUPERCONDUCTORS
Superconducting materials are necessary in electrical
devices to generate high magnetic fields in large
volumes while dissipating little power.
Technological feasibility of such materials should be
comparable to that of common conductors, e.g.
copper or aluminium. The stability of the
superconducting state must also be ascertained for
any particular environment within the
superconducting windings.

How do modern industrial superconductors look
like and what could be said about their industrial
production (wires, cables, tapes, etc.)? In answering
these questions we consider only tow-temperature
superconductors, because the high-temperature
materials can hardly be anticipated on the market in
the near future.

Modem materials for superconducting windings
are typically made of a quite complicated composite
structure; they comprise metals with different
electrical, thermal and mechanical properties and are
usually covered with some insulation. The
cross-sectional area of a wire or a cable can vary
from a fraction of a few square milimeters to tens of
square centimeters. Rated currents can be,
accordingly, a few amperes or tens of kA.
Superconducting filament diameters in those wires or
cables vary from tens of micrometers to less than one
micrometer, while the total number of filaments can
vary from a few units to hundreds of thousands.
Individual filaments could be separated by some
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intermediate material a few micrometers (or less)
thick. These intermediate barriers ate made from
high resistant alloys in order to minimize the
transverse conductivity. The barriers can also serve
some technological purposes, for instance, to prevent
mutual diffusion of different components of the
conductor, etc. The wires are usually twisted around
their axes so that each filament follows a spiral path.
In some high current conductors, individual strands
are transposed along the lengths so that every two
filaments could change their position.

In general, commercial superconductors should
meet specified requirements. The corresponding
technological principles of their design and
production are now fairly well understood. They ate
based on the electric, thermal and mechanical
processes which have been experienced in more than
tens thousands of superconducting magnets4.

Although many different superconductors are
known, only two of them are used in the high-current
superconducting technologies. One is a group of
Nb-Ti alloys with slightly varying composition, and
the other is the intermetaUic compound, Nb^Sn.
Their critical parameters are listed in Table 1. Nb-Ti
superconductors became commercially available in
the late sixties and NbjSn conductors in the middle
seventies.

Of these two superconductors, Nb-Ti alloys are
more technologically feasible (for their ductility);
they are also cheaper and thus preferred for use in
superconducting magnets. They yield overall current
densities that are about ten times higher than those of
traditional conductors
(without any power Table 1. Critical parameters of superconductors

In spite of its technological complexity, the
commercial production of superconducting wires and
cables is now performed in many developed
countries; this production is at the level of several
hundreds of tons per year, with a steady growth
trend. The cost of modern commercial
superconductors varies from a few to ten US dollars
per one Idloamperemeter (kAm), depending on the
particular design and the production scale. It is
pertinent to compare the price of one kAm of
superconducting cable with that of common copper
wires, carrying a current with a standard density of
107 A/m2. Whereas the current carrying capacity of
a superconductor is about SO times mat of a copper
conductor, its effective price is smaller by a factor of
two.

In the state of the art discussion on
superconducting materials and their prospects for
commercialization, two recent breakthroughs should
be mentioned. The first one, which took place in
1983, is connected with the use of superconducting
magnets to generate AC fields with frequencies of
50-60 Hz. Until then, the superconductors were
extensively used only for steady field generation or
for fields changing rather slowly (characteristic
frequency of 10'2 Hz), e.g. for magnets of
superconducting synchrotrons.

The reasons for such limitations on AC
applications of superconductors are the following.
As the magnetic field partly penetrates the bulk of a
superconductor, changes of the field lead to
dissipation. Additional losses could arise due to

dissipation). Supenxnducton
As can be seen from the

data in Table 1, the use
of Nb3Sn conductors Lo» Temperature
allows the building of Nb-Ti
magnets with larger fields Nb-Zr
or higher operating
temperatures. These
magnets can be more
reliable, since their critical v G a
parameters could be much *
higher than those of nMoe>*
operating ones, at 4.2K. HkhTtmpmtKn
However, due to the natural ~T
brittleness of NbjSn. all
corresponding technologies
are more intricate. The
targe scale production of
Nl^Sn conductors was first
realized in the USSR in the
Tokamak T-1S installation
for fusion.

•K
A.

(nm) (nm)
J*(10»A/m2)
(5T) (1CT)

95
10.5
18
23.2
18.2
15.5
14.2

12
10
24
35
42
23
59

250
160
180
133
150
168
244

6.2
6.7
6.5
3.6
3.3
4
2.8

15/4.5
20

50/15
180
100
90
100

—

25
94
50
45
63

94

85

110

50 200

100-200 300-1000 1.5-30

mt4.2K

2 10

it 773 K
B—critical magnetic induction
J — critical current density
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point—77.3 K at 1 atm) for refrigeration.
Some authors place these discoveries at the same

level as die development of semiconductor
technology or even that of the nuclear fission
reactions which form the base for atomic power
generation. They envisage radical changes in
electricity and power generation technologies due to
practical application of high temperature
superconductors. To what extent ate these
expectations justified?

First of all it should be stressed that currently even
"high-temperature" superconductivity is still a
cryogenic superconductivity. Thus superconducting
devices must be cooled, the cables or wires must be
stabilized, magnets and their windings should be
protected against possible damage from quenching to
normal (resistive) state, etc. Consequently, the main
advantage of high-temperature superconductors,
associated with the use of much less expensive liquid
nitrogen instead of liquid helium, increases
refrigeration efficiency, simplifies the construction
of the cryostat, etc. The properties of these two
cryogenic liquids are illustrated in Table 3.

It is obvious that high temperature
superconductors will be used on high-current
technology as soon as we would be able to produce
conductors with such properties. Particularly, their
current carrying capacity at working temperature (at
4.2 K) should not fall far below the characteristic
values of new commercially available
low-temperature superconductors and their prices
should also be comparable. The problem is mat we
have to produce quite long and flexible conductors

These measures led to dissipation rates of the order from substances which mechanically are very much
of 1 0 4 for the corresponding values of
traditional conductors at room temperature. T«Me3. Comparison cf coolants: liquid nitrogen vs liquid helium
The characteristics of typical AC Liquid Nitrogen liquid Helium

turbulent currents in stabilizing metals with high
conductivity (Cu, Al). The removal of power
dissipated at liquid He temperatures require 500 to
1000 times more power than at room temperature.
Accordingly, the AC applications of superconductors
should become economical if the losses in
superconducting windings could be made less than
10"3 of corresponding losses in traditional
conductors at room temperature.

Investigations of different dissipative AC
mechanisms in superconducting cables have
established the main relationship between losses and
the parameters of a cable. This allows the
development of procedures serving to reduce the
dissipation rate. Hysteresis losses in superconductors
are proportional to the superconducting filament
diameter. These losses can be significantly reduced
by using very thin filaments. Turbulent and coupling
currents in normal components of the cable can be
also suppressed by using alloys with high resistivity
and by making the twist pitch sufficiently small.

Table 2. Parameters of superconducting wire for AC
application in high resistive matrix

Diameter of wire (mm)

Diameter of filaments (utn)

Number of filaments

Critical current density (A/m2)
(SC-alloy)at4.2KandST

Twist pitch (mm)

0.2 -0.5

0.4-1

75,000

(1.6-2)»109

1.3 -3.3

superconducting wire are presented in Table Physical properties
2. Development of such cables opens new
possibilities for using high current
superconductors in the power engineering.
The production of such cables in small
experimental quantities began in France,
Japan, USA and USSR.

HIGH-TEMPERATURE
SUPERCONDUCTORS — STATE OF
THE ART
The second and clearly the most significant
breakthrough in superconductivity was the
discovery of the so-called high-temperature
superconductors made by Bemorz and Mulle-
in 1986*. This revelation was followed by the
synthesis of superconducting oxide ceramics
(with critical temperatures of < 125 K),
allowing the use of liquid nitrogen (boiling

• Latent heat at (MJ/nr)
• Heat transfer (kW/m2)

q ,«T l u r f« e -T i (
o K)

• Specific heat of copper
at T. (I/kg-oR)

• Electrical breakdown
strength (kV/mm)

Technical and economic
aspects
• Cost ($/litre)
• Coefficient of
power removal
(Watts at 300°K/Watt at T.)

• Advantages

161
115-180
6-18

230

2

0.11-0.3

8-12
easier thermal
insulation

easier operation

2.58
9-10
0.5-1

0.09

1.9

5-12

450-800
easier
evacuation
of stored
energy
Bom large
magnets
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like porcelain. This simplified comparison illustrates
the complexity of just one purely mechanical
problem, to say nothing about others, also not very
trivial ones9.

The efforts to produce current-carrying structures
with high-temperature superconductors, which have
been performed during the five years mat elapsed
since their discovery, have greatly enhanced our
understanding of the problem. Some promising
results were obtained with miniature samples of
high-temperature superconductors. But, these
samples could hardly serve as a model of conductors
or cables; they may be considered only as a
demonstration of the possibility of attaining high
critical current density values. In most cases,
however, the developed prototypes of long wires and
tapes made of high temperature superconductors are
characterized by unacceptably low critical current
density and steep decreasing of that value, as the
magnetic field becomes stronger 4.

Nevertheless, optimistic estimates suggest that by
the end of this century high-temperature
superconductors will be sufficiently developed to
compete with standard conductors and
low-temperature superconductors.

SUPERCONDUCTING TECHNOLOGIES AND
DEVICES
Superconducting electric devices are yet to become
widely used in modem industry. A few pilot units of
such devices have been developed and tested and
their economical and technological characteristics
have been investigated. Applied superconductivity
however, is used in so-called industrial physics, i.e.
building accelerators and thermonuclear
installations. It is also utilized in medicine for
constructing nuclear magnetic resonance imaging
systems (NMR) with superconducting coils. In this

conductors in the accelerator's bending and focusing
magnets (a huge machine) would be about twice that
of superconducting magnets made of Nb-Ti alloys.
These estimates are based on experience gained with
the 0.8 TeV proton synchrotron at Fermilab in the
USA. In a circular tunnel of this accelerator, which is
6.3 km long, there are 774 superconducting dipoles,
each 6 meters long and weight of 3.8 tons. The
maximum field of these magnets reaches 4.5 Teslas
(T). Two hundred and fifty superconducting
quadrupole and sextupole lenses are also installed in
the accelerator. Superconducting magnets of this
accelerators turned out to be more reliable than
traditional electric devices.

Larger accelerators are now being developed
(Table 4):

• proton accelerator for the DESY complex in
Hamburg, Germany (energy — 0.82 TeV; 422
superconducting dipoles, each 8.9 m long with
maximum field of 4.62 T; 224 quadrupoles);

• accelerating and storage ring complex in
Protvino, USSR (3 TeV, 21 km long ring. 2000
dipoles with maximum field of 5 T).

• superconducting supercollider (SSC) in the USA
(20 TeV, 86 km long ring, 10,000 dipoles with
maximum field of 6.6 T);

• large hadron collider (LHC) in Cern,
Switzerland (20 TeV, 27 km long ring, 1,600
dipoles with a maximum field of 10 T, probably
made from Nl^Sn). This accelerator is already
in operation.

It should be stressed that, in case of huge
traditional accelerators, the use of superconducting
magnets is the only alternative for proton energy,
surpassing 0.5 TeV.

The use of high-temperature superconductors, if
they could be made at a price comparable to that of
low-temperature ones, would mean transition from

S
took place — more than 1,500
superconducting NMR imaging
systems have been built and are
extensively used for medical
research and diagnostics. New
construction and further
improvements of such systems are
in steady progress. Various
applications of superconductors
will be discussed in detail below.

1. Particle Accelerators
Research in high-energy physics
requires accelerators reaching
particles energy of over 1 TeV
(10 1 2 eV). The cost of traditional

Place

Tevatron
Fermilab.USA

Hera,Desy,
Germany

UNK.USSR
Serpukhov

LHC, Cent
Switzerland

SSC. USA

State

completed
in 1983

to be
completed

under
construction

under
development

under
development

Length,
(km)

6

6

21

27

86

Number of
magnets

774 dipoles
216 quadrup.

422 dipoles
224 quadrup.

2160 dipoles
350 quadrup.

1,800 dipole*
600 quadrup.

8000 dipoles
1400 quadrup.

Maximum field
In dipole (T)

4.5

5

5

10

6.6
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liquid helium to liquid nitrogen. Since the cost of
superconducting magnets and the cryogenic system
accounts for less than 30% of the total accelerator
cost, and the cost of the cryogenics is about 1/5 of
that, about 3% capital saving of the total capital cost
could be envisaged by a change of the coolant The
operational cost savings could also be of the same
order, even if possible helium losses ate taken into
account. These relatively modest figures could be,
however, associated with very large absolute
values13.

2. Fusion Installations with Magnetic
Confinement of the Plasma
The problem of controlled thermonuclear fusion
reaction to produce industrial power challenges the
minds of scientists for obvious reasons. 'Taming" of
this reaction could mean the development of a power
source with infinite resources of cheap fuel and very
mild environmental effects in comparison with
uranium fission reaction (due to absence of fission
fragments).

The toroidal reactor, or Tokamak, proposed in the
USSR at the early fifties, is now the most developed
concept of fusion reactor. The magnets for such
installations, or more precisely, magnets for the main
insulating toroidal field would require 400-800 MW
of electric power or even more. Estimates show that
if traditional conductors were used, almost all the
power produced by the plant would be consumed for
feeding these magnets. Accordingly, the
development of superconducting Tokamaks began in
the early seventies and it is going on in many

Table 5. The main characteristics of SMS Tokamaks

countries. Some results of this activity are presented
in Table 5.

If we once again consider a possible transition
from low-temperature to high-temperature
superconductors with comparable parameters, only
about 3% t.wings in capital and operational costs
could be obtained. The cost of the superconducting
magnets and the cryogenic system is estimated at
about 30% of the total capital cost. But, as in the
previous case, a relatively small savings could be
associated with rather large absolute figures. To
conclude again, the use of superconducting magnets
is die only alternative for thermonuclear reactors
with magnetic confinement

3. Magnetohydrodynamic Generators
for Power Production
Magnetohydrodynamic (MHD) generation of electric
power promises to raise the efficiency of thermal
energy conversion up to 45-50% (in power plants
based on fossil fuels). This should be compared to
33-38% efficiency for the traditional steam turbine
cycle. The method involves hot, partly ionized gases
(combustion products) streaming through a
transverse magnetic field, thus generating electric
power. The value of the power that could be
produced per unit volume of the plasma duct is
proportional to the square of the magnetic flux
density. It turns out once again, that the use of MHD
method for energy conversion is justified industrially
only if a high magnetic field is maintained by the
superconducting windings. Only then the power
needed for generating the field will consume a small

Plasma major radius (nt)

Plasma minor radius (m)

Plasma current Ip (mA)

Toroidal magnetic field
at the plasma center B T (T)

Maximum field in the
winding BmCT)

Average current density in
the winding J (mA/m2)

Cooling mode

Coil shape

Number of coils

Superconductor

Stored energy (MJ)

Year of completion

T-7
1.22

0.35

0.4

3

5

47
forced flow

round

48
Nb-Ti

20
1978

TRIAM-1M

0.8
0.12x0.18

0.5

8

11

57.4
bath cooling

D-shiped

16
UbjSn

76
1986

Tore Supra

2.25
0.7

1.7

4.5

9

40
superfluid He,

1.8 K

round

18
Nb-Ta-Ti

600
1988

T-15

2.43

0.7

1.4-23

3.5-5.0

6.9-94

33
forced flow

round

24
NbjSn

380-790
1989

HER
5.8
2.2

22

53

12

-30
forced flow

D-ihaped

16
NbjSn

40,000

projected,
end of century
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Table 6. Parameters of super-conducting magnets for MHD generators

Designer

Diameter of
warm bore (m)

Length of
magnet (m)
Conductor cross
section (cm)
Magnetic field in
the winding (T)

Stored energy (MJ)

Julich,
Germany

0.22x0.29

2

0.29x0.14

6.5

10

Hitachi,
Japan

0.39 x 1.3

2.77

0.8x0.35

6.75

60

Argoime-
IVTAN

0.4 — 0.6

4

1.0x0.2

6

168

CFFF,
USA

0.8 x 1.0

3

_

6

216

IVTAN,
USSR

1.8

11.2

1.5x3

5.7

940

MAY 13-15.1991

Industrial
prototype

3—5

20

1.5x3

6

10,000

fraction of the whole power output. Therefore, as in
previous cases the use of superconductivity in MHD
power plants has no alternatives.

The development of superconducting magnets for
MHD generators started in the middle seventies in
the USSR, USA, Japan and Germany (Table 6). A
significant step was the joint Soviet-USA experiment
on the by-pass duct of the U-2S installation at the
Institute for High Temperatures, USSR, which was
carried out in the late seventies16. Maximum steady
power reached was 575 kW.

The experience gained in the developing steady
and pulsed MHD generators opens the way for
construction of an experimental MHD plant
However, due to the latest financial and technical
difficulties, the construction of this plant has been
frozen.

As can be seen from Table 6, very large magnets
must be built for industrial applications.
Construction of such magnets is a rather hard, but
still conceivable engineering problem. If the
construction of an industrial MHD power plant
without superconducting magnets would be
impossible, the shift to high-temperature
superconductors at the liquid nitrogen temperature
level would lead to a capital savings of 3-5%; the
same value saving is estimated for operational
costs".

4. Superconducting Inductive Energy Storages
Inductive storage of energy in the magnetic field of
superconducting magnets is one of the promising
directions in applied superconductivity. The device
could be used for energy storage, load control and
stabilization of power networks. This method has
some evident advantages over other ways to store
energy (such as water dams, gas compressing
stations, etc.) due to its high efficiency, iast reaction,
better ability to network connection and little
environmental effect.

Only superconductors can be used for inductive
energy storage, since it is difficult to imagine such a
device with resistive conductors. Some estimates1*,
however, show that inductive storage with low
temperature superconductors could become
promising at energies in the order of 1013J (5 GWh).
Essential experience has been accumulated in the
USSR and other countries in construction and
development of superconducting storages with
moderate energies (10'-10°J). A storage coil was
successfully used for transmission line. The stored
energy amounted up to 30 MJ and the maximum
power reached 10 MW20.

Schemes of giant superconducting storages, for an
energy of ten thousand times that of the maximum
values reached in any superconducting magnet, are
well known. Such projects could probably be further
developed only in the next century. This
development should be preceded, however, by
studies of demonstration modules and their ability to
supply the desirable energy for an acceptable price.

In the USSR, the construction of an experimental
multi-purpose installation for 100 MJ of stored
energy can be considered a step in this direction21.

5. Superconducting Motors and Generators
The potential use of superconductors in a new
generation of electric motors, generators and other
equipment have been well understood from the very
beginning of the research in applied
superconductivity. Their use would allow a drastic
cut in the size and weight of the equipment at
increasing efficiency (by 0.5% to 1.5%) and lower
energy costs. Some parameters of tested or projected
cryogenic alternators are included in Table 7, which
illustrates the developments in the field. Very useful
experience has been gained in the Leningrad power
network with a superconducting alternator of 20
MVA, which started in 198223. Tests conducted
within the framework of this project have confirmed
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Table 7. Superconducting cryoturbogenerators with power above 1 MVA

Country Designer Power, MVA State

USA

MTT

Westinghouse

GE

3
10
5

300
20

1200

Tested in 1975
Tested in 1975
Tested in 1972
Projected
Tested in 1982
Projected

JAPAN

USSR

Toshiba
Hitachi

Mitsubishi
Fuji

Electromasch

Electrosila

6
50
30

70—200

1.5
20

1200
300

Tested in 1977
Tested in 1982
Tested
Projected

Tested in 1972
Tested in 1981
Projected
Under testing

the reliability of the corresponding equipment.
According to some estimates, alternators using

helium level superconductors could become
advantageous over traditional ones at power level
exceeding approximately 500 MVA18- Transition to
high temperature superconductors with liquid
nitrogen refrigeration could lower the corresponding
marginal power level to 100-300 MVA.

Superconducting motors have advantages over
standard electric motors, which are similar to those
of superconducting alternators. Many different types
of motors have been built and tested; the power of
one model constructed in the USSR reached 11
MVA. The estimates on commercial feasibility of
motors with low-temperature superconductors are
rather contradicting, so the marginal power value
varies in different sources from 1 to 100 MVA6.

The use of high-temperature superconductors in
electric motors will shift the marginal power value,
probably, to 1 MVA. This estimate justifies the
development of a new system of naval propulsion
that was started in some countries, including the
USSR.

6. Magnetic Separation
This new branch of applied superconductivity has
taken just a few steps towards commercialization. Its
main advantage over traditional technologies using
resistive magnets lie in the significant power savings
of up to 90%. It also could be used to treat weak
magnetic ores, separate organic fuels from sulfur and
other undesirable impurities, treat industrial wastes,
etc. These possibilities explain the growing efforts in
superconducting magnetic separation (Table 8). The
subject is of great significance for the USSR,
because its well-developed separation industry
consumes substantial amounts of electric power.

According to certain estimates, shifting to high

temperature superconductors with liquid
nitrogen refrigeration will reduce
capital and operational costs by 20%. It
will also simplify the separator
construction, making it more suitable
for the mining industry. Works in mis
direction are actively continuing in the
USSR.

7. Power Transmission Lines
The feasibility of superconducting
power lines have been demonstrated
even with helium temperature
superconductors24. However, an
industrial application of
superconducting power lines is not
anticipated in the near future.
Alternative methods of transporting

electric power, namely high voltage lines and
insulated oil or gas underground cables, require
lower capital and maintenance costs. The appearance
of high-temperature superconductors with nitrogen
refrigeration will not change this picture17.
Therefore, limited efforts are being applied towards
the development of superconducting lines.

CONCLUSIONS
The aforementioned examples of superconductor's
use in electric power equipment do not cover all
possible applications. We did not mention here rather
successful efforts made in Israel in developing
superconducting magnets which are very effective in
scientific research and in medical diagnostic
processes (namely, magnets for NMR imaging).

The main conclusions of this overview are:
• The technology of high-current low-temperature

superconductivity has applications in scientific
research, "industrial" physics and medical
diagnostics. It was used to build pilot electric
power devices, demonstrating the possibility of
drastic changes in power technology.

• The scale up to industrial installations is now
mainly a matter of economics. Until
high-temperature industrial conductors with
parameters rivaling those of low-temperature
ones become available, tow-temperature
superconductors should be used for building
different prototypes and industrial installations.

• The development of modern industrial
superconducting products (in form of wires,
cables, tapes, etc.) and me discovery of
high-temperature superconductors will influence
some other possible applications. Further
reduction in capital and maintenance costs
would help the penetration of superconductor
technology into the power industry.
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Table 8. Superconducting separators

I. LABORATORY SEPARATORS
Research separators
developed by: USA, Great Britain,
Germany.Finland, CSFR, Japan,
China, USSR

H. LARGE SCALE SEPARATORS
VGMS
DFPE. (France)

ERIES MAGN. (USA)

OGMS
DIPOLE. Hels.Un.
Tech. (Finland)
HELMG.ATF. (Austria)
CRYOJIN. (USSR)

m . INDUSTRIAL SEPARATORS
VGMS
CSFR

ERIES MAGN. (USA)
200 t/h
ERIES MAGN. (USA)
500 t/h

OGMS
CRY. CONS. L.,
DIPOLE
CRY. CONS. L.
HUMBOLDTWEDAG

Lengths
(cm)

80.0

94.0

30.0

50.0
100.0

150.0

400.0

4000

100.0

300.0
150.0

Diameter
(cm)

12.0

15.0

28.0

20.0
12 coils

56.0

200.0

300.0

100.0

12.2
120.0

B.T

5.0

5.0

75T2/m

100T2An
70T2/m

5.0

2.0

2.0

3.0

3.2
3.5

MAV 13-15.1991

NOTES

(developed by
IMET, GIREDMENT
MEKHANOB., IAE
and others)

separation
of hematite
e = 98%, b = 68*

separation

height select
benefication

caolin
rectification
caolin
rectification
current
on/off<lmin

forSAR

benefication
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THE POTENTIAL FOR LARGE CRITICAL CURRENTS IN THE HIGH Tc OXIDES

G. DEUTSCHER

School of Physics and Astronomy, Raymond and Beverly Sackler Faculty of Exact Sciences, Tel Aviv University

ABSTRACT. The potential for high critical current densities is examined. On a thermodynamical
basis, the energy scale for vortex pinning can be derived for instance from a measurement of the
width of the critical region. This energy scale is on the order of 0.1 eV in YBCO, which is sufficient
for practical applications. Another important parameter is the short coherence length. The inner plane
length, of the order of a few lattice spacings, is favorable for pinning by point defects. But [he very
short outer plane length gives rise to anomalous magnetic behavior, unfavorable for high-field
applications at high temperature; this is true in particular in the most anisotropic oxides, such as the
Bi compounds.

THERMODYNAMIC ESTIMATES OF
PINNING POTENTIALS
The ability of Type II superconductors to retain a
(practically) zero resistance at high-field and
high-current conditions depends on the presence of
defects that can pin the vortices. A fundamental
quantity is the energy barrier U that must be overcome
to free a vortex line from a pinning center. It is
generally accepted that this energy can be written as:

= pAF(T)Q(T) (1)

where AF(T) is the condensation energy per unit
volume, fi(T) is a coherence volume and p is a
numerical coefficient (p<l for a single vortex). This
expression is valid when the vortex is pinned due to a
depression of the order parameter produced by a local
crystallographic defect (core pinning). In an isotropic
Type II superconductor, A(T) = a £3(T), where £(T) is
the temperature dependent coherence length and a is
a numerical factor (for instance a = 4JC/3. If we take
the coherence volume to be that of a sphere with a
radius £, AF(0) £3(0) is the typical energy scale for
pinning barriers; the parameter p depends on the
specific nature of a given type of defect. The necessary
condition for efficient pinning and hence high critical
currents in strong fields is U(T) > ku t. The parameter
[AF(0), Q(0)/kBTc] is a good measure of the potential
for high critical currents in a given material.

It is easy to estimate this parameter in a
conventional superconductor for which all the critical
fields are known. AF(0) is then obtained from the
thermodynamic critical field Hc(0), AF(0) =
[Hc

2(0)/87t], and the coherence length from the upper
critical field Hc2(0), %2(Q) = [<J>o/2rtHc2(0)]. In the
oxides, Hc cannot in general be determined from a

measurement of the magnetization M(H), but we can
calculate it from the well known relation
Hc

2(0) = rc AC Tc, where AC is the heat capacity jump
at Tc. This quantity is now reasonably well known in
YBCO; AC > 75 mJ/K2 mole as given by Junod et al.1,
obtaining Hc(0) > 1.5T. There are also now good data
on HC2(T), based on magnetization transitions M(T)2,
rather than on resistive ones. These magnetization
transitions give (dHC2/dT) = 2T/K for the field oriented
along the c axis, and (dHc2/dT) = 10T/K for the field
oriented along the (ab) plane. From this we can
calculate, by extrapolating to T = 0, using the
clean limit temperature dependence for
£(T) = 0.744(0) • [1 - (T/Tc]-

|/2, Sab(O) = 2IA and
£c(0) = 4A. Shorter values are obtained in the dirty
limit. Assuming £2(0)=27t£ab

2(O)£c(O), we then obtain
for YBCO:

[AF(0)f2(0)/kBT]=!0 (2)

1. Pinning Potential and Thermodynamic
Fluctuations
A different and completely independent way to
determine this parameter is based on a measurement
of the width AT of the critical region, where there are
large fluctuations of the order parameter. In reduced
units ec = (At/Tc), this width is given by3.

(3)

where 5(0) is defined by £(t) = 5(0) r1/2, with t=(T/Tc).
In the clean limit, and for the anisotropic case under
consideration, £3(0) = (0.74)3 • 5ab

2(0) • 5c(0). Using
the well known relation:

AC = (Tc/4«) • [(dHc/dT)2]T=Tc (4)
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and assuming Hc(t) = Hc(0)«(l-t2), we can rewrite Eq.
3 in the form:

[AF(0)n(0)/kBTc]=0.1(ec)-»'2 (5)

where we have approximated Q(0) by 2n^ab2(0)^c(0).
Whenever an experimental determination of 6c is

available, use of Eq. S is the most direct way to
estimate the pinning potential. In YBCO, a value of
about 1.10*4 as derived from heat capacity
experiments4 give a value of the order of 100 meV for
the pinning potential, which is consistent with that
calculated from HC(O) (as derived from AC), as shown
above.

In the Bi and Tl compounds, there is really no sharp
and well defined mean field jump of the heat capacity,
so the method of evaluation of the pinning potential
based on Hc cannot be used at all. From the width of
the heat capacity anomaly it has been estimated that
the critical region in these materials is about 10 times
larger than in YBCO5, ec = 1.10"3. Use of Eq. 5 thus
gives us a pinning potential of the order of 30 meV.
Another way to estimate Eg is to assume that in the Bi
and Tl compounds, Hc and ̂ ab are about the same as
in YBCO, while^c is about 10 times smaller. This gives
Ec = 1.10'2 and a pinning potential of lOmeV. Table 1
summarizes our thermodynamic estimates of the
pinning potential.

Table 1. Thermodynamic estimates of pinning potentials

AF(0) fl(0) From Ac and HC2 From 6c
YBCO 100 meV 100 meV

Bi and Tl compounds 10 meV 30 meV

The pinning potentials shown in Table 1 are in fact
close to those for conventional superconductors. This
can also be seen directly from Eq. 5. In conventional
superconductors, it is generally estimated that
6c < 1.10-8 and hence [AF(O) Ii(O)/kBTc] is of the
order of 1.103 while in the oxides EQ is of the order of
1.10"4 or larger and this thermodynamic parameter is
of an order of 10 or less, as we have seen.

EXPERIMENTAL DETERMINATION OF
PINNING POTENTIALS
The thermodynamic pinning potential represents an
upper limit to the pinning barriers that can be achieved
in practice by introducing appropriate defects in the
superconductor.

1. Determination of Pinning Potentials from
Flux Creep Rate
One method for the determination of U is based on the
flux creep model of Anderson and Kim6. They

predicted that, due to hopping of vortices over energy
barriers (flux creep), the (irreversible) magnetization
should relax as:

M(t) = M(0) [1 - (U/kBT) ln(t/t)] (6)

where f' is an attempt frequency. Quasi logarithmic
decay of the magnetization is easily seen in all the
oxides, while it is a very small effect in the
conventional superconductors. The parameter
(U/kgT) is obtained by fitting the data to Eq. 6. Low
temperature data give for the oxides U values that are
much smaller than the thermodynamic potentials
shown in Table I7. At 4K, U is of the order of 10 me V
in YBCO and 1 meV in BSCCO.

Departure from the simple logarithmic decay law,
which is widely observed, has been interpreted in
terms of a distribution of energy barriers by Griessen.
His analysis of magnetization relaxation experiments
gives for YBCO a distribution of U values with a peak
around 60 meV8. This is in a good agreement with our
thermodynamic estimates. It would appear that the
samples studied (epitaxial films) contain optimum
pinning centers - while none have been introduced on
purpose! Our conjecture is that in the oxides % is short
enough to allow effective pinning by point or line
defects (vacancies, impurities, dislocations) that exist
apparently in sufficiently large concentration in
the studied epitaxial films. Point defects do not
provide substantial pinning in low Tc super-
conductors.

The same procedure for the determination of the
distribution of U values cannot be performed in the Bi
and Tl compounds, because the relaxation at high
temperatures is too fast to be analyzed. Nevertheless,
there is a peak in the distribution around 40 meV9, a
surprisingly large value compared to our range of 10
to 30 meV. We will return later to this anomaly.

2. Low Temperature Behavior
A general feature of the U distribution as derived by
Griessen is that it is quite broad, with a long tail at low
energies. It has been proposed that this broad
distribution is related to the short %, which is at the
origin of a very varied landscape of pinning potentials -
a necessary feature for glassy behavior10. In relation
to the low energy tail, Motta has actually shown
recently that the relaxation rate in the oxides seems to
remain finite as T goes to zero11. This implies the
existence of a mechanism for vortex motion that is not
thermally activated, which becomes the dominant one
at low temperatures.

Models involving a spatial distribution of critical
current densities instead of pinning energies have also
been discussed. They predict a similar decay law for
the magnetization'2, which can be derived
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phenomenologically from the (observed) power law
V(l) characteristics V a In.

3. Activated Dissipation
Values for the pinning potential have also been
obtained by analyzing the resistive transition in terms
of an activated dissipation:

R = RNp(H/Hc2)exp-[U(H)/kBT] (7)

A rather large value of the parameter (J is necessary to
fit the data".

Values of U obtained in this way tend to be much
larger than those obtained from magnetization decay
experiments; they are even larger than the
thermodynamic values of Table 1. For instance, Palstra
et al. obtained for BSCCO single crystals low field U
values of the order of 100 meV or more, at
temperatures near Tc. In our view, this casts some
doubts on the validity of the proposed flux creep
analysis of the resistive transitions.

So far, our discussion of pinning potentials has been
based on a three dimensional description of the oxides.
This is certainly reasonable for YBCO, for which %c is
comparable to the spacing, s, between CuO stacks, but
surely inappropriate for the Bi and Tl compounds in
which %c (as estimated from the critical field
anisotropy) is less than 1A. Two dimensional effects
are then essential; they are discussed later in this
review.

A very strong anisotropy is not favorable, as we
shall see, for the development of large critical currents.
However, the empirical evidence suggests that there is
no correlation between ^ and Tc: YBCO is much less
anisotropic than the Bi and Tl compounds, yet it has
roughly the same critical temperature. The pinning
potential in YBCO, which is of the order of 100 meV,
is sufficient for obtaining large critical currents at
liquid N2 temperatures. From that standpoint, there
appears to be no fundamental limitation that would
prevent high-field, high-current applications of the
oxides at relatively high temperatures.

SENSITIVITY TO DEFECTS: SHORT %
EFFECTS
The short ^ implies an enhanced sensitivity of the
superconducting order parameter to crystallographic
defects of atomic size. These include surfaces and
interfaces (grain boundaries, stacking faults, twin
boundaries) as well as point defects (vacancies,
interstitials, substitutions). None of these defects has
any significant influence on the order parameter in
conventional superconductors, because their effect is
averaged over the long coherence length.

As shown in ref.14, the behavior of the order
parameter at a boundary is governed by the condition:

(8)

The length b is independent of temperature. The value
of the order parameter at the interface, Aj, is given by:

(9)

where Ao is the bulk value of the order parameter at
temperature T. The function f(z) is obtained by solving
the non-linear Ginzburg Landau equation for the order
parameter. Its limiting behaviors are that it goes to 1
when z goes to infinity, and to z when z goes to
2ero15.16

In the case of a superconductor-insulator contact, b
is of the order of (^s2/a), where a is an interatomic
distance15. For conventional superconductors, £ s » a
and b»ti,s; the practical boundary condition is then
(dA/dx) = 0. But in the oxides £s>a> hence b>£s and a
substantial reduction of the order parameter is
expected in a superconductor at its contact with an
insulator.

Based on this idea, Deutscher and Muller16

predicted a depressed order parameter at oxides
external and internal boundaries, such as twin
boundaries, stacking faults and grain boundaries.

1. Twin Boundaries
Decoration experiments by Vinnikov et al.17 and
Dolan et al,18 on YBCO single crystals, with a
magnetic field applied along the c axis, showed a
higher density of vortices at twin boundaries than in
the rest of the crystal. Based on the difference in vortex
densities, Vinnikov at al. have estimated the pinning
potential Ub at the twin boundaries to be of the order
of 3xlO"8 erg/cm. This figure must be compared with
the condensation energy per unit length, AF(0) f;ab

2(O),
which we calculate to be about lxlO'7 erg/cm. Thus,
Ub is a significant fraction of the relevant condensation
energy, implying a substantial reduction of the order
parameter at the boundary. This reduction is about a
factor of 2 at the effective decoration temperature,
which is not exactly known, but is believed to be well
below Tc. This reduction factor suggests that twin
boundaries are semicoaducting regions in the oxides.

2. Grain Boundaries
A similar reduction factor was obtained from the
analysis of the temperature dependence of the critical
current across a grain boundary parallel to the c axis19.
It was assumed that S shaped as jc(t), with zero slope
at t=l, due to a temperature dependent lowering of the
order parameter at the boundary, which is saturated at
half the bulk order parameter at low temperature. The
critical current is given by:

jc(t) = jc(O) [Ai(t)/Ai(0)]tanh[Ai(t)/2kBTJ (10)
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Near t=l, where z goes to zero, Eq. 9 predicts that Aj
is a linear function of temperature; this is in contrast
to the bulk order parameter which varies as (l-t)"2.
Hence, in this limit, jc(t) varies as (l-t)2, in contrast
with the critical current of conventional Ambegaokar
Baratoff junctions which varies linearly with
temperature.

3. Proximity Effect
In view of current attempts to study and perhaps use
the proximity effect between the oxides and normal
metals such as silver, a rew remarks that pertain to this
situation may be useful.

The short ^$ of the oxides introduces a boundary
condition that is in practice different than between a
low temperature superconductor and a normal metal.
In the latter case, the coherence length of the
superconductor and the decay length of the order
parameter £N in the normal metal are typically of the
same order of magnitude. As a result, the depression
of the pair amplitude at the boundary is of the order of
one half. At an oxide-normal metal contact, £N will be
much larger than £si a°d one can then show that the
depression of the pair amplitude is much larger. In a
first order approximation, the length b is given by
b=(^s2/^N); ̂  is much shorter than £s. and in this limit
the depression factor is (^S/^N)-

There are two practical consequences of this
situation that complement each other.
Superconductivity in the oxide, at the interface, is
greatly affected by the proximity effect; and the
induced pair amplitude in the normal metal is weak.
For instance, an S/N/S junction has a small critical
current, compared to what could be expected from the
value of the bulk pair potential in the oxide. This is
particularly true for junctions perpendicular to the c
axis, along which the coherence length is the shortest.

To get an idea of the orders of magnitude involved
let us consider a contact between an oxide with a
coherence length of 1A (a typical value along the c
axis), and a normal metal with a decay length of about
1000A. The pair potential in the oxide would be
reduced by a factor of 1000 at the interface, and
accordingly the 1CR product would be reduced by a
factor of 106. The situation is of course more favorable
for a junction parallel to the c axis.

These are only rough estimates. A description in
terms of a continuum is clearly not justified when ^
gets shorter than interatomic distances.

TWO DIMENSIONAL EFFECTS
One striking superconducting property of the oxides is
their reversible magnetic behavior. This is particularly
pronounced in the Bi and Tl compounds. A detailed
study of the magnetization of the 2223 Bi compound20

has shown that in a field of IT (on the order of 1 % of

HC2!), the magnetization M(T) is reversible from
Tc=l 15K down to about 40K. In this compound, the
irreversibility line H|RR(T) follows an exponential
temperature dependence:

(11)

This differs from the power law behavior
H IRR a (Tc-T)n, with n close to 1.5, which was first
discovered by Muller et al. on YBCO ceramics21, and
further studied by Yeshurun and Malozemoff on
YBCO single crystals22. The power law was explained
respectively by glassy behavior and by flux creep.

1. Breakdown Field
It has been proposed by de Rango et al.20 that the
exponential behavior described by Eq.l 1 is intimately
related to the quasi 2D nature of the extremely
anisotropic Bi compound. These authors proposed that
this compound should be considered as a composition
of superconducting stacks S of (3) CuO layers weakly
coupled through BiO normal layers N, in which
superconductivity is induced by the proximity effect.
A magnetic field Hb (Hb«HC2) may then destroy
selectively superconductivity in the N layers without
affecting it in the S stacks. In the range Hb<<H«HC2,
the S stacks are then decoupled and behave as
independent 2D superconducting layers. This
proposed behavior is in analogy with the breakdown
field studied by the Orsay group many years ago14, in
a geometry where the field is applied parallel to the
S/N interface. Under appropriate circumstances
(typically at very low temperatures compared to Tc),
the pair amplitude in N may then collapse at the field:

Hb = Ho exp - (12)

where Ho is a field of the order of the thermodynamical
field and d>; is the thickness of the N layer. In the clean
limit, ^N a (hvpN/ksT) where VFN is the Fermi
velocity in N. When substituting this expression fori;
in Eq.12, a form equivalent to the law described by
Eq. 11 is obtained. By fitting Eq. 12 to the data, a value
£N<1A at 100K is obtained. This is very suggestive
that the short £N is the origin of the short Z^.

2. Breakdown Field and Irreversibility Field
While the original breakdown field geometry studied
by the Orsay group14 is evidently different from that
at hand in the oxides, the essential point in the
interpretation proposed by de Rango et al.20 is the
metallic character of the BiO layers. It allows £N to
vary as T~l and therefore the interlayer coupling
strength expressed by the interlayer coherence length
£c varies as exp -(T/To). Even if we retain the flux
creep interpretation of the irreversibility field
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proposed by Yeshurun and Malozemoff22, namely that
at HIRR, U(H,T) a AF(T) l2(H) 5C(T) is of the order of
ki$T, and we also adopt the scaling assumption
I2(H) a H1 , it follows from the T dependence of |C(T)
that HIRR = aeXp-(T/T0) at low temperatures.

We note that while Hb and HIRR have the same
temperature dependence, they are basically different
fields. The breakdown field is a thermodynamic
property, while HIRR depends on the nature and
concentration of pinning centers. In very clean
samples, with very little pinning, the breakdown of
induced superconductivity in the N layers should be
reflected by a change in the reversible magnetization.
This has not been observed so far. In the case of
average pinning, HIRR and Hb might actually coincide
because of the reduction in the coherence volume and
hence pinning strength at H=Hb. At very strong
pinning strength, Hb might be completely obscured by
irreversibility effects.

At the time of writing this review, the metallic
character of the BiO layers remains a controversial
issue. The strong resistivity anisotropy and the
decrease of the conductivity along the c axis at low
temperatures indicate a rather insulating character of
the BiO layers, although not strongly localized. A
localization length in the BiO layers, which is larger
than their thickness would in fact allow a proximity
effect.

STM experiments23 have also been interpreted as
indicating that the BiO layers are insulating. But we
note that samples in these experiments were
apparently not cleaved at low temperatures, so that the
BiO layers might be insulating at the surface due to the
loss of oxygen. In fact, the most recent angle resolved
photoemission experiments do indicate that the BiO
layers have a metallic character in the normal state (in
accordance with band structure calculations); they
also show that the density of states on the BiO at
the Fermi level is modified in the superconducting
state in a manner consistent with the appearance of a
gap24.

3. Decoupling Fields
The way in which the breakdown of induced
superconductivity might occur in the N layers when
the field is applied parallel to the c axis has been
recently discussed by Deutscher and Kapitulnik25.
They pointed out that when the Josephson coupling
between the S layers is very weak, thermal excitations
of vortices may result in additional vortex stretching
with an average length <AL> intercalated between the
S layers. In the limit of large <AL>, the magnetic
energy of these stretches is given by:

E = <AL> (13)

The thermal average of <AL> is determined by E=kB
It also happens that this magnetic energy has the same
form as the core energy calculated for two vortices
displaced in successive layers in the approximation of
Lawrence and Doniach26. However, the physical
interpretations and actual approximations are quite
different in both cases; their respective domains of
validity remain to be worked out.

The thermal excitations lead to a number of
characteristic fields at which the S layers become
decoupled. The field Hdi = (fl>o/<AL>2) corresponds
to a Lindeman criterion for melting of the vortex
lattice. The field Hd2 = (*0'

<AL>Ac) corresponds to
phase decoupling in the magnetic interpretation of Eq.
13. As noted in Ref. 25, the field Hd2 reproduces the
temperature dependence of HIRR both nearTc, where
it varies as (Tc-T)3/2, and at low temperature where it
varies exponentially because Xc"

2 a exp-(T/T0) in the
proximity effect model. As a matter of fact, this
exponential dependence is a general property of the
different fields that one can consider (in the proximity
effect model), because they all vary as Xc*1 or A,."2.

CONCLUSIONS
The pinning potentials that we estimated in the
conventional 3D analysis, which is believed to apply
to YBCO, have values that are sufficient to reach high
current densities at high fields and relatively high
temperatures. This analysis is appropriate as long as
the anisotropy is not too large. The short £ is rather
helpful in the sense that point defects can be effective
pinning centers.

For the more anisotropic oxides, such as the Bi and
Tl compounds, the very short %c becomes a serious
concern. It increases the width of the critical region
and reduces the pinning potential. In addition, it may
lead to the decoupling of the CuO layers in moderate
fields (fields much smaller than HC2). The exponential
temperature dependence of the irreversibility field
suggests that the strength of the inter-CuO coupling
grows exponentially at low temperatures, which can
be interpreted as a proximity effect between the
superconducting CuO layers and normal metallic BiO
layers. In other words, it would appear that the Bi
compounds become much less anisotropic at low
temperatures, where they could, therefore, compete
with YBCO for high-field, high-current applications.
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