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Simplified Models of U.S. Acid Rain Control Costs
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Simplitied algorithms are presented for estimating the cost of con-
trolling sultur dioxide (SO.) emissions from existing coal-fired pow-
er plants on a state-by-state basis. Resulls are obtained nsing the
detailed Utiity Control Strategy Model (UCSM) to calculate the
Impacts of emission reductions ranging from approximately 30
percent to 90 percent of projected 1995 emissions for 18 different
scenarios and 36 states. Scenarios Include the use of two dry SO,
removal technologies (lime spray dryers and LIMB) as potentlal
options for power plant retrofit, in addition to currently avallable
emission control options including coal switching, coal cleaning and
wet flue gas desulfurization (FGD). Technical assumptions reiating
to FGD system performance and the upgrading of existing cold-side
electrostatic precipitators (ESP) for reduced sulfur levels are aiso

analyzed, along with the effects of interest rates, coal prices, coal

choice restrictions, plant lifetime, and plant operating levels. Re-
sults are summarized In the form of a 3-term polynomial equation
for each state, giving total annualized SO, control cost as a function
of the total SO, emissions reduction for each scenario. Excellent
statisticai fits to UCSM results are obtained for these generalized
equations.

The strategies and cost of reducing sulfur dioxide (SO,)
emissions are prime concerns in the national debate over
“acid rain” control. A number of computer models have been
used to estimate the cost of SO; emission reductions,!*
particularly for coal-fired power plants, which bear the bur-
den of acid rain controls proposed by Congress. The com-
plexity and computational requirements of state-of-the-art
models, however, inevitably limit their direct use by persons
interested in cases other than those reported in a particular
study.

To obtain more general results, the present study uses a
detailed computer simulation mode! to derive simpler mod-
els covering a wide variety of cases of interest in acid rain
analysis. These analyses are performed at the staté level,
which is the focus of most emission control proposals, and
the level at which emission control authority for existing
sources resides. The emphasis of this paper is on the total
statewide cost of SO, reductions from coal-fired power
plants not currently equipped with flue gas desulfurization
(FGD) systems. Reductions ranging from approximately 30
percent to 90 percent of expected future emissions are exam-
ined for a variety of scenarios reflecting different technol-
ogy, coal supply and economic assumptions. Results are pre-
sented in the form of simplified algorithms derived from
statistical analysis of results from the detailed model.

The Utility Control Strategy Mode!

The model used in the present study is the Utility Control
Stragegy Model (UCSM) developed at Carnegie Mellon Uni-
versity for acid rain analysis. The UCSM is a detailed simu-
lation model which assesses control strategy decisions for
individual power plants based on site-specific plant and fuel
characteristics, while also considering various economic pa-
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rameters and technological choice constraints. It incorpo-
rates a number of significant refinements over currently
available emission control technology performance and cost
models, as well as a number of data base enhancements
important for rigorous analysis. Decisions at the individual
plant or unit level are made on the basis of technical and
economic constraints, considering the type and remaining
lifetime of each unit. Available control strategies for SO,
include coal switching, coal blending, coal cleaning, installa-
tion of emission control devices, combinations of coal
switching and control devices, no action, and early retire-
ment. In addition to its current coal, eleven alternative coals
are considered by the UCSM for each plant. These include
both washed and unwashed coals determined by a separate
coal supply module which considers 35 U.S. coal supply
regions and transportation costs to 66 demand nodes. More
detailed descriptions of the UCSM and its associated data
bases can be found elsewhere.+?

In analyzing control strategy selections, the UCSM can be
used either to find the least expensive means of meeting
emission standards for a single facility (i.e., a plant or unit),
or to minimize the cost for a collection of facilities (e.g., all
plants in a state or multi-state region). Although power
plant emission standards in the U.S. currently are specified
on a unit-by-unit basis, most acid rain control proposals
specify an overall SO, emission reduction for individual
states. This is the mode of analysis used in this paper. Thus,
in running the UCSM, the options chosen for individual
power plants are based on achieving an overall least cost
solution for the entire state. Only those plants not currently
fitted with FGD systems are considered in this analysis since
these are the principal candidates for SO, control.

Scenarlo Seleclion

The “base case” assumptions for this study are shown in
Table I. Further discussion of these assumptions is found in
Reference 10. Based on these assumptions, SO, emissions
from all existing plants not currently equipped with FGD
systems and not retired before 1995 are first estimated using
the assumed capacity factors shown in Table I. From this
‘“Base 1995” emission levels, the cost of SO, emission reduc-
tions is then calculated using the UCSM.

Given the large number of parameters available in a com-
plex model like the UCSM,* an initial screening was under-
taken to select those of greatest importance to control strate-
gy cost. For the initial assessment of parameters, eight states
were chosen as a representative subgroup: Illinois, Indiana,
Kentucky, Missouri, Ohio, Pennsylvania, Tennessee, and
West Virginia. These states are the largest SO, emitters in
the country, accounting for over 60 percent of the total
projected SO; emissions in 1995 from uncontrolled coal-
fired power plants. Selected scenarios were analyzed indi-
vidually for each of the states in this subgroup. These 25
scenarios included parameters suspected to substantially
affect costs or control strategies decisions.# This included
the future availability of dry SO; removal systems (lime
spray dryer FGD and limestone injection with multistage
burners, or LIMB) in addition to conventional wet FGD

* These include 22 i 123 technical p

L and 4 policy parame-
ters restricting the choice of alternative coals.
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Table I. Selected base case assumptions.

Parameter Value

Compliance year 1995
Inflation rate? 6%
Nominal return on debt® 12%
Nominal return on equity* 14%
Debt/equity ratio 52.6/47.4
Federal tax rate® 46%
State tax rate? 4%
Value-added tax charges 4.5%
Investment tax credit rate® 11.75%
Tax credit eligibility® 100%
Tax life (retrofits) 100%
Real escalation rates

Capital cost 0.0%/yr

Variable cost 0.0%/yr

Energy cost 0.0%/yr

Coal prices 0.0%/yr

Transportation prices 1.5%/yr
Retrofit cost factors® 1.3
Electric energy cost 62 mills/kWh (1985)
Limestone cost 14 $/ton (1985)
Lime cost 63 $/ton (1985)
FGD optionst Wet FGD w/90% removal
FGD construction time 3 yrs (specified schedule)
Capacity factor 35%—65% (based on age)®
Unit lifetime 45 yrs (or database value)
Amortization period Remaining plant life

(maximum 30 years)

a Nominal values are shown for convenience. The equivalent real
interest rate before taxes is 3.7% (weighted cost of capital).

b These values have been altered by the recent 1986 tax code revi-
sions. Results of the analysis, however, are not materially affected.
¢ Applies to all equipment capital cost for SO, and TSP Control.

d Plants with muitiple small units are assumed to consider FGD for
larger aggregates to capture economies of scale.

e Assumes remaining lifetime capacity factor is 35% for units with
one year of life, increasing linearly to 65% for units with a life of 20
years or more.

processes for retrofit applications. For all 25 scenarios, the
UCSM was exercised for nine SO reduction levels in each of
the eight states (i.e., 1800 cases). The SO, reductions ranged
from approximately 30 percent to 90 percent of the projected
uncontrolled SO, emissions in 1995 from coal-fired power
plants not already equipped with FGD.

Results for these initial scenarios showed that certain
cases produced only small differences in total abatement
cost relative to the base case, while other scenarios produced
more pronounced differences. Figure 1 illustrates this for the
state of Indiana. Similar results were obtained for each of the
other states analyzed. In these figures, the cost of SO con-
trol refers to the total levelized annual cost for plants to meet
the statewide SO reduction requirement. Capital costs for
new pollution control equipment, or modifications to exist-
ing equipment (such as ESP upgrades), are levelized over
the remaining life of each plant or unit. This annualized
capital cost is added to any additional operating and mainte-
nance costs incurred. The operating costs include adjust-
ments in the cost of fuel if a new coal is selected. All SO,
control costs are reported in constant 1985 dollars.

The major conclusions from the initial 25 scenario runs are
that:

e The availability of lime spray dryers and LIMB for tan-
gential and wall-fired units without the ability to up-
grade existing cold-side ESPs for particulate control (in
lieu of installing a fabric filter collector) has little or no
effect on the statewide cost of reducing SO, emissions.

o Cold-side ESP upgrade capability with lime spray dryer
and LIMB systems significantly reduces the cost of con-
trolling SO, emissions with statewide savings of up to
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about 35 percent. The magnitude of statewide savings is
approximately the same for all ESP upgrade costs exam-
ined.

e Variations in the reagent requirements for lime spray
dryer and LIMB systems result in little or no change to
the total statewide cost of controlling SO, emissions
(though it may affect the preferred strategy for individ-
ual facilities).

e Restrictions on coal choice cause the largest increases in
the total cost of controlling SO, emissions. A require-
ment to burn only current (1980) coals leads to the larg-
est increases, which are as high as 50 percent to 100
percent for the eight midwestern states analyzed. A re-
striction to only “local” coals produced in-state can also
lead to increases of 50 percent in statewide costs, but the
magnitude of these increases varies from state to state
with costs for some states increasing by only a few per-
cent.

o Changes in the assumed real interest rate alter the total
cost of SO, control by approximately 10 percent (in-
creasing or decreasing depending on whether a higher or
lower rate is assumed). This reflects the effects of debt
and equity payments associated ‘with capital expendi-
tures for pollution control equipment.

e Assumptions concerning future coal price escalation
rates as a function of sulfur content can vary moderately
without substantially altering the total statewide cost of
reducing SO, emissions. However, a few states are more
sensitive with increases or decreases in total cost of up to
about 10 percent for some reduction levels. Shifts in the
usage of particular coals, however, may be significant in
all cases. :

e Extending the lifetime of coal-fired power plants de-
creases the annualized cost of reducing SO, emissions
(when compared on an absolute SO, reduction scale)
with savings of about 30 percent to 50 percent. This
decrease is due to a longer amortization period, not to
any inherent reduction in control costs.

Again, it should be recalled that the above conclusions
apply only to total cost at the state level. Significant changes
in cost and control strategies can occur at individual plants
or units under the scenarios presented without significantly

Table I1. Final 18 scenarios selected for analysis.

SO, removal Non-technical parameters
technology options (for each technology option)
Present technology: All parameters at base case

Wet FGD systems only, with value
conventional ESP upgrades Real interest rate at 2%°
for coal switching. Real interest rate at 6%°

Advanced technology: Real coal price escalation rate
Wet FGD systems, lime 1%/yr
spray dryers® and LIMBP for  Real coal price escalation rate
S0, control with cold-side varies by sulfur content (1.5/

ESP upgrade available for 0.75/0/0%/yr)d
TSP control at $6.25/kW for Coal switching limited to in-
coal switching/wet FGD, and state coals only

$18.75/kW for dry FGD and No coal switching (current coal
LIMB. only)
) Unit life extension of 20 years®
All plants at 65% capacity
factor

a S0, removal efficiency is 70%; 1.1 moles lime/mole SO, input.

b SQ, removal efficiency is 50%; 3.0 moles limestone/mole SO, re-
moved.

< Base case real interest rate is 3.7% (calculated).

d Refers to coal sulfur content in lbs SOs/MBtu for four ranges;
<1.2; 1.2-1.8; 1.8-3.0; and >3.0.

¢ Only for units larger than 100 MW.
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Figure 1. UCSM cost estimates for several scenarios: Increase in annual costs in millions of constant 1985 dollars for Indiana.

altering the overall cost for the state as a whole. While an
analysis of coal use patterns and emission control technology
selection is outside the scope of this paper, other studies*’
provide insights in these areas.

In extending the analysis to all states, we eliminated sce-
narios in which alternative parameter values did not notice-
ably alter the total state-wide SO, control costs.!® This re-
duced the total number of scenarios to nine. To more fully
analyze the implications of possible technological advances
in dry SO, removal systems, an “advanced technology” sce-
nario was added to the “present technology”’ cases involving
only wet FGD. Thus, a total of 18 scenarios (Table II) were
run for all states using the UCSM. States expected to have
negligible or no SO; emissions from uncontroiled coal-fired
power plants in 1995 were not analyzed, reducing the total -
number considered from 50 to 36.

Developing Simplified Models

The relationship between total annualized SO2 control
cost and the absolute reduction level achieved was illustrat-
ed earlier in Figure 1. To represent these relationships ana-
lytically, results genetated from the UCSM runs were statis-
tically fit using multivariate and step regression methods.
The statistical computer software package MINITAB!! was
used for this analysis.

Beginning with the base case scenario, the procedure used
to determine an appropriate form of a cost algorithm was to
begin with a simple linear model and add complexity until
an acceptably “good” fit was found which accounted for
most or all of the observed variation as reflected by a high
coefficient of determination, (R2 of 98 percent or more) with
no other suggestion of an underlying relationship (i.e., a plot
of the standard residuals is random).

The form of an acceptable algorithm selected from this
analysis was a 3-term polynomial:
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C=ay+a,x+ayt (1)

where C is the levelized annual control cost in millions of
constant 1985 dollars, and x is the statewide SO, emission
reduction in millions of tons per year (Mtpy). Coefficients
ag, 01, and a are estimated for each scenario using multiple
regression analysis. A value for b for each state was deter-
mined by a trial and error analysis using integer values. A
value for b was judged to be appropriate when the resulting
standard residuals were between —2 and +2. This ensures
that the residuals are normally distributed about a mean
value of zero, which is necessary in fitting models with multi-
variate regression analysis.

The complete set of algorithm coefficients for Equation 1
for the base case scenario and the “advanced technology”
alternative is shown in Table III. The range of validity for
SO, emission reductions also is shown, along with the pro-
jected 1995 emissions in the absence of SO, controls on
existing coal-fired power plants without FGD in each state.

For low to moderate emission reductions (i.e., roughly 50
percent or less), the increase in total control cost is approxi-
mately linear in most states. This is due primarily to a shift
toward lower sulfur coals. As FGD technology becomes nec-
essary to achieve increasingly higher levels of SO; abate-
ment, control costs increase non-linearly. This is reflected
by the last term of Equation 1. The value of the exponent b
in that term reflects the sulfur distribution of current coal
use in each state. States like Illinois with a high value of b
tend to have a “bi-modal” distribution of current coal sulfur
content (e.g., half very low and half very high). This pro-
duces a relatively sharp increase in abatement cost once coal
switching alone becomes inadequate to meet further emis-
sion reduction requirements. On the other hand, states with
relatively low values of b reflect situations where coal sulfur
content is relatively uniform for plants not yet equipped
with FGD. Of particular interest are large emitting states
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like Missouri, where high sulfur coal use predominates. in-
creases in control cost, while still non-linear, are far less
abrupt over the range considered since there is greater po-
tential for coal switching and washing to reduce SO; emis-
sions by significant amounts before scrubbers are required.

The cost coefficients for Equation 1 and ranges of validity
for sixteen additional scenarios reflecting the range of vari-
ables considered in this study (Table II) appear in Reference
10. Summary tables also are available from the authors.
Since the selected value of b is dependent primarily on indi-
vidual state characteristics, it is assumed that b remains
constant for a given state in all scenarios.

In all cases, the statistical fits were extremely good, with
R? values typically above 99 percent. Thus, within the stated
ranges of validity the results of the UCSM are matched
exactly by the simpler regression models presented here.
This goodness of fit was achieved in part by restricting the
lower limit of the regression to a removal efficiency of ap-
proximately 30 percent. Attempts to develop a single equa-
tion valid over a wide range of emission reductions were less
successful owing to a linear variation of cost increases at low
reductions, with non-linear behavior at higher reduction lev-
els. Thus, a good approximation to the UCSM results for
reductions below the ranges shown in Table III is a straight
line from the lower limit to the origin. Although this range
generally is of less interest for acid rain control policies, the
linear variation of costs reflects a dominant strategy of coal
switching to achieve relatively small emission reductions. At
the high end of the range, reductions in excess of 90 percent
at the state level were not modeled since this range is well in
excess of acid rain control proposals for the U.S.

Conclusion

The parameters summarized in Table II reflect many of
the key factors affecting the cost of reducing SO, emissions
from existing coal-fired power plants. For each of two “tech-
nology” scenarios (wet FGD only, versus wet FGD, dry FGD
and LIMB), several “non-technology”’ parameters were var-
ied across a range of SO, emission reductions for each state
to derive algorithms for cost as a function of emissions re-
duction. These parameters reflected changes from the base
case assumptions (Table I) regarding alternative coal prices;
requirements to use only local coals; changes in real interest
rate; higher plant capacity factors; and an extended plant
lifetime. Again, the cost results presented reflect a “least
cost” strategy for each state as a whole (i.e., a statewide
“bubble”). Other implementation schemes, such as the im-
position of uniform emission caps of the sort now prevalent
in most states, could lead to higher emission control costs.*

Several areas relevant to acid rain control cost analysis
which also merit examination were beyond the scope of this
paper. These include SO, emission reductions from oil-
burning power plants; emissions from the industrial sector;
effects of electricity demand and dispatch modifications;
and the inclusion of NO, reduction requirements in addition
to SO,. These areas are important to a more complete analy-
sis of the utility sector and other sources of precursor emis-
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sions associated with acid deposition. However, the costs
algorithms developed here do provide a basis from which a
major portion of the cost of SOz emission reductions can be
estimated under a variety of scenarios.
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