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A linear programming model is presented to evaluate the effectiveness of possible CO, mitigation
options for the electric sector. The options being considered are fuel alternatives, energy conserva-
tion, reduced peak production, improved electric efficiency and CO, capture technologies. The
results indicate that energy conservation can significantly reduce CO, emissions only when com-
bined with reduced peak production and improved electric efficiency. The cost effectiveness of in-
stalling CO, capture and disposal devices was compared to that of fuel alternative plan. It is
concluded that the installation of CO, capture and disposal devices can be an effective and eco-

nomic option.
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The global warming problem is raising international con-
cerns among developed and developing countries. As esti-
mated by the Intergovernmental Panel on Climate Change
(IPCC, 1990), CO, is the most important greenhouse gas,
making over one-half of the contribution to climate change.
After the Earth Summit, many countries in the Organization
for Economic Cooperation and Development have pub-
lished their preliminary national polices on CO, emission
reductions, with decisions fixing the amount of CO, emis-
ston in the year 2000 to at least no more than that in 1990.
For example, the USA and Canada tend to hold their total
CO, emissions in 2000 to earlier (eg 1990) level of emis-
sions, while Japan and France will fix their CO, emissions
on a per capita basis.

For countries not listed in the Annex | parties of the
IPCC, the Climate Change Convention does not have a rig-
orous restriction on the levels of their CO, emission reduc-
tions. This indicates that CO, emissions in 2000 may not
necessarily be reduced to the level of 1990 for less devel-
oped countries and newly industrialized countries. How-
cver, for newly industrialized countries such as Taiwan, the
impact of adopting CO, mitigation options on the economic
growth rate is still a primary concern of our energy policy.
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It is well known that the damage induced by climate
change can only be estimated with huge uncertainty. The ef-
fectiveness of CO, control strategies as well as their eco-
nomic impacts can also be estimated only within a large
range of uncertainty. Therefore, studies on the CO; mit-
igation options are usually limited to evaluating their indi-
vidual effectiveness (Blok et al/, 1993; Yamaji et al, 1993;
Huang, 1993; Herzog, 1994). Recently during the revision
of this paper, several papers have been published which ad-
dress the cost-effectiveness of CO, control strategies
(Morthorst, 1994; Maya and Fenhann, 1994; Amous et al,
1994; Mahgary et al, 1994; Halsnas ef al, 1994). They re-
ported that negative marginal abatement costs are possible
via the employment of appropriate CO, control options.
These options include energy conservation, fuel substitu-
tion, use of renewables, increasing of GHG sinks etc.

In this paper, a multiobjective linear programming
model is proposed to assist in evaluating the cost impacts
of several possible CO, mitigation options for the elec-
tric sector as well as the associated CO, emission reduc-
tions. With the base year of 1990, this model is applied to
study the best short-term (to the year 2000) solution for
Taiwan’s electric sector in order to accomplish maximum
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possible CO, reduction with minimum cost. The CO, emis-
sion data are presented as per capita emissions.

Mitigation options

CO, control strategies for the electric sector may include
one or more of the following options: a carbon tax, CO,
emission standard, fuel alternatives, electric energy conser-
vation, reduced peak production, improved electric effi-
ciency and CO, capture technologies. The employment of a
tax policy and CO, emission standard are regulations but
not the actual means which lead to CO, emission reduction.
The carbon tax and CO, emission standard as determined
by the government depend on the cost-effectiveness of
other CO, mitigation options. They are therefore not con-
sidered in this study. The CO, mitigation options evaluated
in this paper are fuel alternatives, electric energy conserva-
tion, reduced peak production, improved electric efficiency
and CO, scrubbing devices. These options are described
below.

Fuel alternatives

Fuel substitution can be done for both existing and new
power plants. It is achievable for existing plants but with
high retrofit costs. The cost for retrofitting a power unit
may be even higher than that for installing a new power
unit, while a fuel alternative plan for new power plants is
easier and economic to accomplish. Although power gener-
ation by hydropower and other renewable energy emits no
CO,, it would be difficult to drastically increase the per-
centage of power generation by renewable energy in a short
period. Therefore the focus of fuel alternative options will
aim at an optimization of new fossil fuel firing units, and
adoption of a new 2000 MW nuclear plant.

Electric energy conservation

The definition of energy conservation from the electric sec-
tor is that it is a measure which leads to a decreased con-
sumption of electricity but does not reduce the level of the
activity for which the electricity is used. Electricity energy
consumption in 1990 was 8.7 x 1010 kWh in Taiwan. The
associated CO, emission was about 36 Mt from the electric
sector, which accounted for about 31% of the total CO,
emission in 1990. Projected electricity energy demand is
14.8 x 1010 kWh in 2000. As a result of comparison be-
tween Taiwan and other developed countries on the gross
national product per unit of electricity used (GNP/ GWh)
(Taiwan Energy Statistics, 1993; International Energy
Statistics, 1992), a maximum energy conservation rate of
35% is achievable in the long term. But in the near future
such as in 2000, the energy conservation goal rate as desig-
nated by the Taiwan government is around 10% (Tzeng,
1992). In this study an electric energy conservation rate of
0-20% is employed to evaluate its effectiveness in CO,
emission reduction.

Reduced peak production

The total installed nameplate capacity for new units is re-
duced by a reduction of peak production; it is therefore also
possible to reduce CO, emission. However, it requires some
incentives such as time zoning of the electricity charge. The
range of reduction rate on the peak production employed in
this study is 0—10% (Wei, 1994).

Improved electric efficiency

Electric efficiency can be improved by an increase in ther-
mal efficiency and in the operation efficiency of the power
plant. Since a significant improvement in thermal effici-
ency in the near future is not easy and its associated cost
is difficult to estimate, the present paper aims at studying
the effect of improving power plant operation efficiency
on CO, emission reduction, which requires a negligible
cost as compared to a power unit installation cost. As a
result of better training of power plant operators, the pos-
sibility of power unit malfunction due to human factors is
greatly reduced, and the capacity factor of a power unit is
thus increased. A possible range of 0— 10% (Tzeng, 1992)
for improving electric operation efficiency is used in this
study.

CO, removal technologies (end of pipe option)

Available CO, removal technologies are liquid solvent (eg
MEA) scrubbing, solid adsorbents, separation processes,
and CO, recycle etc (Booras and Smelser, 1991; Kreith ez
al, 1991). Although CO, emissions from thermal plants
could be reduced significantly by the above technically
feasible processes, the costs are enormous and uncertain.
Given the lack of local CO, treatment data for Taiwan, the
results of recent studies on the CO, treatment and disposal
costs from other countries are evaluated.

The engineering contractor Bechtel in the UK (Rose,
1993) estimated that the total cost, including CO, capture
in the power plant and its disposal in the ocean, would be
US$30-180 per tonne of avoided carbon emissions, while
the cost, as estimated in a US study (Herzog, 1994),
ranges from US$18 to US$37 per tonne of CO, captured
for various types of power plant, and the CO, disposal
costs were estimated to be US$15-50 per tonne of CO,
disposed. Therefore, the total costs of CO, treatment and
disposal were in the range of US$33—87 for every tonne of
avoided CO, emission. These studies concluded that CO,
capture and disposal techniques, although technically fea-
sible, are still too expensive to be used as a CO, mitiga-
tion option.

System optimization

The conflict between economic development and environ-
mental protection is always a subject of argument. The
electric power company tends to select the option that leads
to a minimum power generation cost, but environmentalists
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will force them to choose the one that causes minimum
damage to the environment. Therefore there are two objec-
tives in this study.

The first objective is the economic approach which is to
minimize power plant installation and operation costs; the
second objective is the environmental approach to mini-
mize CO, emission from the electric sector. However, as a
result of conflict, the final decision may fall somewhere be-
tween these two objectives. The multiobjective linear pro-
gramming model is then to,

4 3
Minimize Z, = Y Y GN, (M
i=t j=i
4 3
Minimize Z, = 3 3 RN, 2
i=1 j=1
where

Z, = new power plant installation cost

Z, =CO, emissions from new installations

C; = generation cost of unit

N;; = electricity generation of new unit i designed for
load j

R; = CO, emission per unit of power generation

= 1: coal-fired unit

= 2: oil-fired unit

= 3: LNG-fired unit

4: nuclear fuel unit

1: base load

= 2: middle load

= 3: peak load
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The above two models are subject to the following con-
straints:

(1) Satisfaction of electricity demand in 2000:
4
ZZ(E,,+N”.)+W=D ?3)

J=1

i=

where

E;; = electricity generation of existing unit i for
load j

W = percentage of power generation from hydro
power plants and renewable energy (esti-
mated as 10% of total power generation in
this study)

D = electricity demand

(2) Satisfaction of base, middle and peak load requirement:
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where

T =total installed nameplate capacity

L, =lower limit of base load generation ratio

U,, = upper limit of base load generation ratio

L,, = lower limit of middle load generation ratio

U,, = upper limit of middle load generation ratio

L, =lower limit of peak load generation ratio

U, = upper limit of peak load generation ratio

W; = installed nameplate capacity from hydro
power and renewable energy

e; = installed nameplate capacity of existing unit
i for load j

n;; = installed nameplate capacity of new unit i

for load ;

(3) Satisfaction of peak production and reserve margin:

T>P(1+B) (8)
where

P = peak production

B = percent reserve margin, 20% used in this

study

(4) Relationship between installed nameplate capacity and
energy generation:

Ei=e*h*f 9
Ni=n*h*f; (10)
where

h = hours per year (= 8760 hr)
[; = capacity factor of plant

(5) Non-negative decision variables:

N;20,n,20 (11)

i

Results and discussion

Fuel alternative plan

Table 1 shows the results of CO, emissions in 2000 and as-
sociated new power unit installation costs. Results are
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Table 1 Predicted results of CO, emissions in 2000 and corresponding new power unit costs based on fuel alternative plan

Without nuclear plant

With nuclear plant

Minimize Minimize CO, Minimize Minimize CO,
cost emission cost emission
Total CO, emission (106 Mt) 89.6 778 78.5 67.3
Per capita CO, increase 127 97 99 70
rate (%) (compared to 1990)
CO, emission reduction rate Base case 13 12 25
(%) (compared to base case)?
Total cost for new units (109 US$) 3800 4700 3700 4600
Cost in US$ per tonne of CO, Base case 76 -9 36

avoided (compared to base case)

aThe base case is the uncontrolled emission in the year 2000, ie 89.6 Mt.

shown in terms of two objectives (minimizing cost and
minimizing CO, emission) under conditions of with and
without a 2000 MW nuclear plant installation. For the case
with the objective of minimizing the new unit cost but with-
out a new nuclear plant, the total CO, emission is 89.6 Mt,
which corresponds to a 127% increase of per capita CO,
emission as compared to 1990. This is the uncontrolled
amount of CO, emission in 2000 from the electric sector,
and will be used as the base case for comparison. If the ob-
jective were to minimize the CO, emission, the correspond-
ing CO, emission increase rate would be 97% on a per
capita emission basis. This is about a 30% per capita emis-
sion reduction as compared to the uncontrolled emission.

If the proposed 2000 MW nuclear plant can be installed
and operated by 2000, the CO, emission increase rate is
99% on a per capita emission basis with the objective of
minimizing cost. The amount of CO, emission reduction
achieved by a 2000 MW nuclear plant is about the same as
that by a fuel alternative plan based on minimizing the CO,
emission. Therefore, if the objective of minimizing CO,
emission is in conjunction with a new nuclear plant, the
CO, emission reduction rate is about doubled.

In order to evaluate the cost-effectiveness of the fuel al-
ternative plan, the costs per tonne CO, avoided were calcu-
lated from the differences of the costs of new unit installa-
tion and the amounts of CO, emission from the case of
uncontrolled emission. The results are shown in the last row
of Table 1. It is seen that for the case of minimizing cost
and in conjunction with a new nuclear plant, the cost of
CO, emission reduction is negative. For every tonne of CO,
avoided, the benefit is US$9 as compared to the base case.
This is due to the low power generation cost for a nuclear
plant as compared to other thermal plants, and is one of the
reasons why Taiwan’s government plans to have a nuclear
plant installed by 2000. However, a huge number of people
in Taiwan are objecting to the nuclear plant, which may
overturn it. If a new nuclear plant is not possible, the
marginal cost of CO, reduction is about US$76 with the ob-
jective of minimizing CO, emission.

Energy conservation

Since uncertainty remains as to whether one more nuclear
plant will be built in Taiwan, the following discussion will
focus on conditions without a new nuclear plant. Figure |
shows the CO, emission reduction rates as achieved by

electric energy conservation. The cost of energy conserva-
tion was not considered in this study. The base case of 0%
CO, emission reduction is obtained from the uncontrolled
emission as discussed previously. The two curves shown in
Figure 1 represent the two objectives of minimizing CO,
emission and minimizing unit installation cost respectively.
As can be seen for an energy conservation rate less than
around 10%, an increase in the energy conservation rate
does yield an increase in the CO, emission reduction. How-
ever, as the energy conservation rate increases to larger than
10%, its effectiveness on the CO, emission reduction disap-
pears. This is due to constraints on the satisfaction of the
peak production as well as the percentage requirement of
each load. Although electric energy is conserved to a cer-
tain degree, the peak production as well as the loading per-
centages may not be satisfied at the same time. Therefore,
the same capacity of new power units may be required al-
though electric energy is conserved. As a result, the poten-
tial amount of CO, emission may not be changed.
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Figure 1 The CO, emission reduction rate in 2000 as compared
to uncontrolled emission achieved by electric energy conservation
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Figure 2 The CO, emission reduction rate in 2000 as compared to
uncontrolled emission achieved by electric energy conservation
plus 10% reduction on peak production

Energy conservation and reduced peak production

The effect of 10% reduction on peak production along with
the energy conservation on the CO, emission reduction is
shown in Figure 2. It is seen that under the objective of
minimizing CO, emission, the CO, emission reduction
rates for energy conservation rates less than 10% are the
same as the results shown in Figure 1. While the energy
conservation rates are higher than 10%, a continuous CO,
emission reduction is observed in Figure 2. This was not
seen in Figure |1 without simultaneous reduction of peak
production. A similar observation is seen for the objective
of minimizing the cost of new installations.

Improved electric efficiency

Figure 3 shows the effect of improving electric operation
efficiency on the CO, emission reduction. The increased
rates of electric operation efficiency under consideration
are 0%, 5% and 10%, respectively. The CO, emission is
slightly reduced under a 5% improvement of electric opera-
tion efficiency. However, if the improved rate of electric op-
eration efficiency was 10%, the CO, emission may be even
higher than that without any improvement. The benefit of
improving the electric operation efficiency lies in the fact
that it may reduce the cost of new power units. As indicated
in Figure 4, the cost for new power units has its minimum
value at a 5% improvement in the electric operation effi-
ciency, whether the objective was based on minimizing
CO, emission or minimizing cost. The new unit cost under
a 10% improvement in electric efficiency is higher than that
at 5%, but still lower than that at 0%. This is due to the con-
straint on the satisfaction of peak production, although an
improvement in the electricity operation efficiency yields a
higher value of electricity supply under the same unit in-
stallation capacity. However, the peak production must be
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Figure 3 The CO, emissions in 2000 as achieved by increasing
electric operation efficiency

satisfied at the same time, and more power units may still
be needed, which results in increases in the CO, emission
and power generation costs.

Combination of the options

It has been shown previously that the options of energy
conservation, reduced peak production, and improved elec-
tric efficiency may not yield a profound reduction on the
CO, emission if only one of them is imposed on electric
utilities. Under some cases the potential CO, emission from
each option may even increase. However, when the three
options are combined, the results are different. According
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Figure 4 The costs of new power unit installation in 2000 as
achieved by increasing the electric operation efficiency
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to the designated goal in 2000 by the Taiwan Council of
Energy Commission Ministry, the energy conservation can
be achieved at a rate of 10% and the reduced rate of peak
production will be 10%. Table 2 shows the results on the
combined option of the designated goal plus a 5% increase
in the electric operation efficiency in 2000. The total
amounts of CO, emission without an introduction of a nuc-
lear plant are 71.7 and 65.4 Mt, respectively, with the
objectives of minimizing cost and minimizing CO, emis-
sion. As compared to the uncontrolled emission (base case
shown in Table 1), the CO, emission reduction rates are
20% and 27%, respectively, with the objectives of minimiz-
ing cost and CO, emission reduction. Compared to previ-
ous results on the individual effects of each of the three
options, the combination of these three options offers better
CO;, removals and lower unit installation costs.

The results of intermediate solutions (A and B) on the
fuel alternative plan are also shown in Table 2; their CO,
emissions and unit installation costs fall between those
based on minimizing cost and minimizing CO, emission.
Using the objective of minimizing unit installation cost as
the new base case, the marginal costs of CO, reduction
were calculated for the other three solutions. The costs for
these three fuel alternate plans are US$42, 43 and 53 for
every tonne of CO, avoided, respectively, for intermediate
solutions A, B and the objective of minimizing CO, emis-
sion. These values are significantly lower than that of mini-
mizing the CO, emission shown in Table 1 without
introducing a new nuclear plant (US$76 per tonne CO,
avoided). Therefore if combination of the three options can
be achieved in 2000, the fuel alternative plan is a more cost
effective option for CO, emission reduction.

Cost effectiveness of fuel alternative plan and CO, capture
technologies

Is the fuel alternative plan or is the installation of CO, cap-
ture devices an economic option for CO, emission reduc-
tion? The answer is clear if the alternative fuel is nuclear
fuel since it has the lowest power generation cost and emits
no CO;. However, due to social and political concerns, nu-
clear plants may not be built. If the alternative fuel is the
low CO, emitted LNG or light oil, then the answer depends
on the cost effectiveness of the two options. The amounts of
CO, emission shown in Table 2 can be further reduced by
installing CO, capture and disposal devices. Since the ob-

jective of minimizing the unit installation cost was used as
the new base case, the marginal cost of CO, removal for the
base case is simply the CO, capture and disposal cost. The
marginal costs of CO, removal for the other three solutions
were obtained from the differences of the total costs (in-
cluding unit installation and CO, capture and disposal
costs) and total amounts of CO, emission from the base
case. The results are shown in Figures 5a, 5b and 5c for
high, low and intermediate CO, capture and disposal costs,
respectively. The cost effectiveness is shown as a function
of total CO, emission from the electric sector in the year of
2000.

The CO, capture and disposal cost was set to be at a high
value of US$76 per tonne of CO, removed in Figure 5a. It
is seen that the marginal cost of CO, removal was always
lower for the fuel alternative plan aimed at minimizing the
CO, emission. Therefore, it is economic to select the fuel
alternative plan which minimizes CO, emission instead of
CO, capture and disposal deviees. However, as also indi-
cated as a dotted line in Figure Sa, the fuel alternative plan
results in the best achievement of 65.4 Mt of CO, emitted to
the atmosphere. A further reduction of the CO, emission
must also rely on the CO, capture devices.

On the other hand, the opposite results are shown in Fig-
ure 5b as the CO, capture and disposal cost was set at a low
value of US$33 per tonne CO, removed. The fuel alternat-
ive plan aims at minimizing the unit installation cost yields
the lowest cost for every tonne of CO, avoided. Therefore
in order to achieve the same amount of CO, emission re-
duction, it would be beneficial to select the fuel plan that
minimizes the unit installation cost, and then install CO,
capture devices to avoid the CO, emission.

If the CO, capture and disposal cost is at an intermediate
value such as US$50 for every tonne of CO, removed, the
best solution turns out to be the fuel alternative options
which lies between minimizing cost and minimizing CO,
emission as indicated in Figure 5c. However, it is also seen
that if the total CO, emission in 2000 were to be held the
same as in 1990 (ie 36 Mt), the differences between each
option in terms of costs per tonne CO, avoided become less
significant.

Summary and conclusions

In this paper a linear programming model was presented
which is useful for studying the effectiveness of possible

Table 2 Predicted results of CO, emissions in 2000 and corresponding new power unit costs based on combined options of 10% energy
conservation, 10% reduction on peak production and 5% increase in electric efficiency without the introduction of a nuclear plant

Minimize CO, Intermediate Intermediate
Minimize cost emission solution A solution B
Total CO, emission (106 Mt) 71.7 65.4 70.1 68.6
Per capita CO, increase rate (%) 82 66 78 74
(compared to 1990)
CO, emission reduction rate (%) 20 27 22 23
(compared to uncontrolled emission)
Total cost for new units (106 US$) 2790 3120 2860 2925
Cost per tonne of CO, avoided (US$) Base case 53 42 43

(compared to base case)
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Figure 5 Marginal costs as achieved by fuel alternatives and CO, capture technologies in 2000. CO, capture and disposal cost is (a)

US$76, (b) US$33 and (c) US$50 per tonne of CO, capture

CO, mitigation options for the electric sector. The model
was applied to evaluate the best solution for Taiwan’s
power plants in order to reduce the CO, emission in 2000
with minimum costs. The mitigation options being con-
sidered were fuel alternatives, energy conservation, reduced
peak production, improved electric efficiency, and CO,
capture technologies. The results indicated that without
considering cost effectiveness, fuel alternatives for new
power units are an effective means of reducing the CO,
emission. The options of energy conservation, reduced
peak production, and improved electric efficiency may not
yield a profound reduction on the CO, emission if em-
ployed separately. However, by combining any of the re-
duced peak production and improved electric efficiency
with the energy conservation, the CO, emission as well as
the new unit installation cost can be significantly reduced.

This also results in an increase in the cost effectiveness of
the fuel alternative plan. The cost effectiveness of installing
CO, capture and disposal devices and fuel alternative plans
were also compared. It was seen that for a relatively low
CO, capture and disposal cost (less than about US$40 for
every tonne of CO, avoided), it may be beneficial to select
the power units which burn high CO, emitted fuels, then in-
stall the CO, capture and disposal devices to reduce the
emission.
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