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Abstract

Global warming control strategies which mandate stringent caps on emissions of
greenhouse forcing gases can substantially alter a country's demand, production, and imports of
energy products. Although there is a large degree of uncertainty when attempting to estimate the
potential impact of these strategies, insights into the problem can be acquired through, computer
model simulations. This paper presents one method of structuring a general equilibrium model,
the ENergy and Power Evaluation Program/Global Climate Change (ENPEP/GCQ, to simulate
changes in a country's energy supply and demand balance in response to global warming control
strategies.

The equilibrium model presented in this study is based on the principle of decomposition,
whereby a large complex problem is divided into a number of smaller submodules. Submodules
simulate energy activities and conversion processes such as electricity production. These
submodules are linked together to form an energy supply and demand network. Linkages identify
energy and fuel flows among various activities.

Since global wanning control strategies can have wide reaching effects, a complex
network was constructed. The network represents all energy production, conversion,
transportation, distribution, and utilization activities. The structure of the network depicts
interdependencies within arid across economic sectors and was constructed such that energy prices
and demand responses can be simulated. Global warming control alternatives represented in the
network include: (1) conservation measures through increased efficiency; and, (2) substitution of
fuels that have high greenhouse gas emission rates with fuels that have lower emission rates.

Introduction

Combustion-generated carbon dioxide (COJ may cause significant warming of the earth's
atmosphere over the next half century, and other heat-absorbing gases are expected to hasten this
process. In fact, it is projected that roughly half of the greenhouse forcing in the future will
result from CO2 emissions. In 1985, the United States emiited approximately 28% of worldwide
CO, emissions. As shown in Fig. 1, a portion of the U.S. contribution is from the electric
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utility sector with significant contributions from the transportation and industry sectors. The
remaining emissions originate from the residential and commercial sectors. Without any
legislative action, total U.S. CO2 emissions are projected more than double over current levels
by the year 2030. The fraction of emissions that originate from the utility sector will increase
throughout this period if there is no expansion in nuclear power beyond units that are currently
under construction and limited expansion of renewable energy technologies. In this study,
alternative strategies are examined in terms of their effectiveness in reducing CO, emissions
below a no-action (base case) scenario.

The strategies under consideration in this study reduce the combustion of fossil fuel with
high CO2 emission rates through the following two mechanisms: (1) conservation measures
through increased efficiency; and (2) the substitution of fuels having high CO, emission rates to
energy sources that produce lower or no emissions.

The effectiveness of these strategies is estimated by the ENergy and Power Evaluation
Program/Global Climate Change (ENPEP/GCC) model. ENPEP/GCC is an enhanced version
of the ENPEP model which is a microcomputer-based model that was developed by Argonne
National Laboratory (ANL) to aid developing countries with energy planning. ENPEP was
developed in 1985 for the U.S. Department of Energy. Thos ENPEP/GCC version of the model
is an application of the ENPEP system. It was designed to study emissions of greenhouse gases
under various control strategies. This version of model projects levels of global warming gases
up to 75 years in the future.

Description of the ENPEP/GCC model

As depicted in Fig. 2, the ENPEP/GCC model consists of two modules - BALANCE
and IMPACTS. Figs. 3 and 4 show detailed representations of the utility and residential sectors,
respectively. The BALANCE module projects future fuel prices and energy consumption levels.
Based on these projected consumption levels, the IMPACTS module estimates future emissions.

The BALANCE Module

The BALANCE Module is a generalized equilibrium modeling that integrates energy
supply and demand. The module is used to represent the major components of energy
production, conversion, distribution, and energy consumption. The module also identifies
relationships between these components. It consists of a system of simultaneous nonlinear
equations and inequalities. These relationships specify the transformation of energy quantities and
energy prices through the various stages of energy production, processing, and utilization.
Solving an equilibrium model consists of finding a set of prices and quantities that satisfy all
equations and inequalities.

The BALANCE module uses a network that consists of nodes and links. In the network,
nodes represent energy activities or processes, while links used to represent energy and fuel flows
and associated costs with these activities. As shown in Table 1, there are 10 node types that
correspond to specific types of activity. These activities are simulated by submodules within
BALANCE through equations that relate energy quantities and prices between the input and
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output links of the node. The BALANCE Module uses energy demands and prices from a
historical year to initialize flows of the energy quantities and prices for all energy production,
conversion, transport, distribution, and energy consumption among various economic sectors
represented in an energy network. The moduls uses this historic year as a starting point to
project the future behavior of the entire inter-connected energy system for a period up to 75
years.

BALANCE finds the equilibrium solution by making an initial estimate of fuel
importation and production quantities at the bottom of the network. This initial estimate is based
on the previous year's estimate. Fuel price on each successive link going up through the network
are computed from price equations contained in the various nodes. Parameters for these price
equations are model inputs. After prices have been estimated on all die links, quantity equations
associated with each node are used to compute the amount of energy for each link. Quantities
associated with links going into the node are based on relative energy prices on these input hnks
and user defined quantity equation parameters. Quantities are first estimated at the top of the
network and computed for successive links going down the network. If all equations in the
network are satisfied by the initial estimated quantities, a solution to the model has been found.
Otherwise, the initial estimates for the quantities at the bottom of the network are automatically
adjusted, and all equations are solved agiin. This process continues in an iterative fashion until
quantities within user specified toletar.cr limits have been found.

The U.S. economic sectors that are represented in the ENPEP/GCC network are shown
in Fig. 2. Supply sectors consist of domestic and imported energy produces that extract energy
products from depletable resources such as oil, gas, and coal and from renewable resources such
as biomass, hydro, geothersaal, wind, solar, and municipal solid waste. These energy sources
are used by the electric utility sector and several end-use demand sectors. The electric utility
sector uses a mix of existing generating sources and new technologies to produce electricity. The
electric sector supplies energy to five demand sectors consisting of the residential, commercial,
transportation, agriculture/mining/constmction and industrial users. More detailed diagrams of
the electric utility and residential sectors are provided in Figs. 3 and 4, respectively.

The BALANCE module network was structured such that effects of global warming
abatement strategies could be assessed from an integrated perspective. The network was designed
to capture significant intra-sectoral and inter-sectoral shifts that cannot be simulated through more
detailed models that focus on one particular aspect of the global wanning problem. Some
examples of important feedback mechanism represented in the network include: (1) the effects
of increased efficiency standards on petroleum products supplied to all sectors; (2) the impact of
utility carbon taxes on electricity generation methods, price increases, and the substitution away
from the use of electricity to other energy sources; and (3) the effectiveness of fuel pricing on
end-user invests in energy efficient equipment and the resultant change in energy production.

The IMPACTS Module

The IMPACTS module is used to estimate CO2 emission levels based on a set of
emission factors contained in the IMPACTS database. As shown in Fig. 2, energy flows in terms
of quantities of fuels consumed are passed from the BALANCE module to the IMPACTS module.
Total emissions in terms of tons per year are computed by multiplying energy consumption
projections by the appropriate emission factor. Emission factors estimate the amount of emissions



that are produced per unit of energy input. Emission factors typically vary by facilities and fuel
type, and as a function of the type of control device (if any) that is installed at a facility. CO2

emission factors used in this study are shown in Table 2.

The equation used to calculate CO, emission is as follows:

kg COj/year
(Uncontrolled Emission)

kg CO2/GJ input * GJ input/year
(Emission Factor) (Fuel use)

Table 1. BALANCE Nodes

NODE DESCRIPTION NOTATION SYMBOL

Depletable
Resource

Resource that is produced domestically
or imported such as crude oil

RS

Renewable
Resource

Resource such as wind, biomass,
photovoltaic, solar, and geotherrnal

RN

Allocation/
Decision

Decision among fuels or energy forms
from alternative sources of supply

AL

Conversion Conversion of a resource , fuel, or
product to another form

PR

Conversion
(Transport)

Conversion node only for transportation
purpose

PR

Multiple-lnput-
Unk Conversion

Special conversion process that has
more than one form of input fuel

Ml

T f
Demand The final demand for a fuel or a form of

useful energy
DE

Y
Multiple-Output-
Link /Refining

Any process that has more than two
products or the petroleum refining
process in an aggregate form

RE TTt

Stockpile The storage of resource for the future
use

ST

Pricing Government price regulation and pricing
policy

PP



Table 2. C02 Emission Factors

Fuel Used in the Analysis

Average U.S. Coal

Residual

Distillate

Diesel

Gasoline

Jet Fuel

Natural Gas

Liquefied Petroleum Gases

Biomass/Wood

Solar/Wind

Electricity

CO2 Emission Factor, kg CO2/GJ

94.3

76.6

70.3

70.3

69.3

72.7

49.5

76.6

5.1

not applicable

not applicable

Applications of ENFEP/GCC to the U.S. Energy Network

The effectiveness of several global warming abatement strategies was investigated. The
goal of each of these strategies is to decrease the consumption of fuels that emit high levels of
CO2. The two main mechanisms to achieve this goal are through increased efficiency and
through fuel substitution. By increasing the efficiency of residential appliances, automobiles,
industrial motors, and utility electric generators, less energy will be used to produce the same
level of goods and services. If this energy is derived from fossil fuels, efficiency increases will
translate into lower emissions. However, it is possible to decrease emission without increased
efficiency if energy sources are altered. For example, instead of burning coal, which has a high
emission rate in utility boilers, energy to drive utility turbines can be derived from nuclear fuels
that emit no CO2. These two reduction mechanisms were applied to the electric utility,
residential, commercial, and transportation sectors.

Potential Emission Reductions From The Electric Utility Sector

Fig. 3 shows the detailed representation or network of the electric utility sector in the
ENPEP/GCC model. The structure of the network enables several different type of reduction
strategies to be examined. For example, there are a number of capacity expansion options
ranging from nuclear units to very efficient fossil-fired technologies to renewable technologies.
Through a variety of mechanisms, such as carbon taxes, the adoption of low emitting technologies
can be encouraged. The network also allows for repowering options and for fuel substitution.
Old coal-fired units that are relatively inefficient and have high emission factors (see Table 2) can
be repowered with a more efficient natural gas technology (note that the emission factor for
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natural gas is approximately half that of coal). Generation can also be reallocated among
different types of technologies. For example, old base load electric generation can be supplied
by a number of technologies which include geothermal, hydro, nuclear, coal, residual oil, and
natural gas. Based on the relative economics of each of these technologies, their relative
contributions (i.e., share) of the overall generation total are dependent on their relative cost of
production. In effect units are 'dispatched' in an economic fashion.

An overview of the level of emission reductions that can be achieved in the utility sector
via several different strategies as shown in Table 3. The table shows that in the short-term
(before 2010) repcwering coal-fired units with natural gas has the largest potential for reducing
emissions. In this strategy coal-fired generating units with a capacity greater than or equal to 75
MW and between 30-40 years of age are repowered with the natural gas combined cycle
technology. The reduction potential for this strategy peaks at the year 2020 and declines through
2030. The nuclear and renewable technology strategies are not very effective in the short-term,
but have large emission reductions in the long-term. Under the nuclear power capacity expansion
strategy, 262 GW of nuclear capacity will be on-line by 2030. This compares to only 3.4 GW
of nuclear capacity that is on-line in the base case. Under base case conditions most the existing
nuclear capacity is retired by 2030. The renewable technology strategy is also effective in the
long-term. Currently, renewable resources account for about 8% of the total U.S. electricity
supply. Renewable resource technologies included in this strategy consist of municipal solid
waste, biomass/wood, solar thermal, solar photovoltaic and wind. Under the renewable resource
scenario, CO, emissions are reduced by 0.63% in the year 2000 and by 10.66% in 2030. Under
the fuel switching option a larger portion of electricity is generated from cogeneration sources
instead of from the electric utility sources. This option has only very limited potential in both
the long and short term. The largest amount of reduction can be gained through combining all
of the above strategies. It should be noted, however, that emission reductions achieved by the
combined strategies is less than the sum of the reductions from each individual strategy.

Table 3. Percentage of CO2 Emission Reduction Due To Utility Sector Strategies

STRATEGY

Renewable Resource
Technologies

Expansion of Nuclear
Power

Repowering

Fuel Switching

Combined the above
strategies

YEAR

2000

0.63

O

0

-0.25

0.82

2010

2.4

2.02

7.93

1.78

10.71

2020

7.05

6.30

10.28

2.21

22.32

2030

10.66

12.81

9.71

2.39

32.10



Emission Reductions From The Residential, Commercial, and Transportation Sectors

The emission reduction potential from the residential, commercial and transportation
sectors are achieved through increased efficiency strategies. Some of these strategies include:
(1) increased appliance efficiencies in the residential and commercial sectors; and (2) extension
of the Corporate Average Fuel Economy (CAFE) standards for automobiles.

Fig. 4 shows the network for the residential sector. It is structured to accommodate the
simulation of several different types of CO2 emission reduction strategies. The network has
several different energy options for each end-use demand. For example, residential water heat
can be satisfied through water heating technologies that use LPG, natural gas, electricity, or fuel
oil. The relative share that each energy source is consumed to satisfy end-use demands is
dependent on the price of each of the energy sources. In general, the lower the price of the
energy relative to other energy options, the greater it's market share. If a carbon tax is applied
to residential energy consumption, there would be a shift from energy sources that have high
emission factors to energy sources with lower emission factors. For each energy option, the
network has two conversion node options. One conversion node represents technologies that have
an average energy efficiency (based on the current stock of technologies) and the other conversion
process represents a technology that has an efficiency that averages about 30-60% over the
current stock level.

In an appliance efficiency emission reduction strategy, the current stock of technologies
are replaced by high efficiency technologies. High efficiency technologies were applied to both
the residential and commercial sectors. These technologies were used for space heating, water
heating, household appliances, lighting, air conditioning and refrigeration. Under this strategy,
CO2 emissions are reduced by 5.70% by the year 2000 ard increase to 7.36% by the year 2030
(see Table 4).

Increased automobile fuel efficiency can be mandated through the use of the CAFE
standards. Table 4 shows that CO, emission are reduced by 1.52% and 4.77% by 2000 and
2030, respectively. With the availability of electric vehicles for short-distance-passenger

Table 4. Percentage of CO, Emission Reduction Due to Non-Utility Emission Strategies

STRATEGY

Appliance efficiency
in residential/
commercial sectors

Extension of CAFE
standards

Extension of CAFE
standards and
electric vehicle

Combination of the
above strategies

YEAR

2000

5.70

1.52

-1.40

4.69

2010

5.72

3.08

-0.91

6.58

2020

7.17

4.37

0.35

7.99

2030

7.36

4.77

1.02

8.65



RES
WATER

HEAT

RES
AIRCONO

RES
SPACE
HEAT

Figure 4. Representation of the Residential Sector



transport, there is an increase in CO, emission by 1.40% by the year 2000. Emission increases
because the larger demand for electricity results in an increase of fossil-fuel combustion by the
electric utility sector. By the year 2030, CO, emission will be reduced to 1.02%. However, the
emission results would be significantly lower if electric power was generated by expanding non-
fossil-fired capacity and utilization.

If combine the above alternative strategies, CO, emission will be reduced by 4.69% end
8.65% by 2000 and 2030, respectively.

Conclusion

The ENPEP/GCC model is an effective tool for analyzing CO, emission reduction
strategies. The model consists of two modules — BALANCE and IMPACTS. BALANCE
calculates prices aad quantities for the entire enargy system. IMPACTS receives fuel
consumption data from BALANCE and calculates greenhouse gas emissions.

ENPEP/GCC was used to analyze the effectiveness of a number of CO, emission
reduction strategies. Improving energy efficiency and switching to lower-emission energy sources
are the reduction mechanisms discussed in this study. To improve energy efficiency, higher
appliance efficiency standards are applied to the residential and commercial sectors. Also, CAFE
standards and the use of electric vehicle in the transportation are included. Substitution of fuels
having a high CO, emission rate with fuels with lower emission was also discussed. This strategy
was applied to the electric utility sector and involves expanded use of renewable and nuclear
technologies, repowering, and fuel switching. Expanded use of renewable resources and nuclear
technologies is very effective strategy in the long term while repowering reduces near-: a n
emissions. Fuel switching is the least effective. A combination of the strategies yields a
significant percentage of CO, emission reduction.
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