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A new probabilistic modeling environment is described which
allows the explicit and quantitative representation of the uncer-
tainties inherent in new environmental control processes for
$0, and NO, removal. Stochastic analyses provide additional
insights into the uncertainties in process performance and cost
not possible with conventional deterministic or sensitivity analy-
sis. Applications of the probabilistic modeling framework are
fllustrated via an analysis of the performance and cost of the
fiuidized bed copper oxide process, an advanced technology for
the control of SO, and NO, emissions from coal-fired power
plants. An engineering model of a conceptual commercial-scale
system provides the basis for the analysis. The model also
captures interactions between the power plant, the SO,/NO,
removal process, and other components of the emission control
system. Results of the analysis address payoffs from process
design improvements; the dependence of system cost on pro-
cess design conditions and the availability of byproduct mar-
kets; and the likelihood that the advanced process will yield cost
savings relative to conventional technology. The implications of
case study results for research planning and comparisons with
alternative systems also are briefly discussed.

For all technologies in an early phase of development there
are significant uncertainties in performance and cost esti-
mates for commercial-scale systems. To explicitly character-
ize such uncertainties, and to evaluate the overall uncer-
tainty in process costs, a probabilistic modeling framework

Implications

Research planning and technology selection decisions
for advanced environmental control systems often are
hindered by unreliable performance and cost estimates
prepared during the early stages of technology develop-
ment. To gain insight into both the risks and payoffs of a
new technology, explicit characterization of process un-
certainties is postulated as a key feature of a robust
research planning method. The probabilistic modeling
method described here allows the effects of uncertainties
in multiple performance and cost parameters to be
evaluated explicitly and systematically. The information
obtained from probabilistic analysis can be used by
industrial and governmental decision-makers to make
more fully-informed decisions regarding research priori-
ties, investments, and market potential based on explicit
characterizations of the technological risks.
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has been developed and implemented in a non-procedural
interactive modeling environment for performing probabi-
listic analysis.13 The Integrated Environmental Control
Model (IECM) includes conventional and advanced technol-
ogies for pre-combustion, combustion, and post-combus-
tion environmental controls. Uncettainties in process pa-
rameters are characterized using a variety of user-specified
probability distribution functions. The use of a probabilistic
method allows engineers to make judgments at a disaggre-
gated level about uncertainties in specific process perfor-
mance and cost parameters. The resulting uncertainties
induced in model outputs are then estimated using median
Latin hypercube sampling, a variant of Monte Carlo simula-
tion. Details of the modeling system design and software
are provided in Reference 1. _

The objective of process design typically is to minimize
the cost of achieving a given level of performance (e.g., an
S0, removal efficiency). Thus, process engineering and
economic models typically are developed and used to evalu-
ate the effect of controllable design parameters on process
performance and revenue requirements. However, these
evaluations often ignore the many uncertainties which can
affect performance and cost. In contrast, a probabilistic
approach yields several important advantages relative to
conventional deterministic or sensitivity analysis. For one,
probabilistic analysis provides information on the likeli-
hood as well as range of possible outcomes for a given
design. The effect of many uncertainties interacting simul-
taneously is quantified, not just the effect of one or two
variables with all other parameters held constant (as in
sensitivity analysis). As a result, probabilistic process anal-
ysis can lead to design decisions and insights different from
those obtained from simple deterministic analysés. Stochas-
tic modeling also provides better insights into cost uncertain-
ties than traditional contingency factors used for economic
evaluations.

lllustrative Case Study

The fundamental building blocks of the probabilistic
modeling system are: (1) engineering (mass and energy
balance) process models for each technology of interest; (2)
companion economic models for capital cost, operating
costs, and annualized cost; and (3) an integrated software
design allowing for systematic treatment of key plant
parameters and interactions among plant or system compo-
nents. Such models have been developed for a number of
environmental control technologies.!

Use of the probabilistic modeling framework is illus-
trated here for the fluidized bed copper oxide process, an
advanced technology for controlling SO; and NO, emis-
sions from coal-fired power plants. This process has been

Copyright 1991—Air & Waste Management Association

1585



under development at the U.S. Department of Energy’s
Pittsburgh Energy Technology Center (DOE/PETC) and
tested on a small scale. Data from these tests, together with
fundamental mass and energy balances, were used to
develop a performance model of the process. Studies of
projected costs for commercial-scale systems formed the
basis for an economic model.

Using the IECM framework, the impact of the copper
oxide process on the overall power plant (including down-
stream flue gas equipment and waste disposal/recovery
systems) can be assessed. An integrated design analysis has
been used to select optimal values of key process design
parameters. The results of the design analysis formed the
basis for a set of case studies in which the advanced
technology is compared to conventional emission control
systems for SOy and NO, removal.

Process Overview

The copper oxide process is designed to achieve 90
percent removal of both SO, and NO, from power plant flue
gases. To achieve this performance with conventional (base-
line) technology, a wet flue gas desulfurization (FGD)
system for SOg control and a selective catalytic reduction
(SCR) system for flue gas NO; control would be used. In
contrast the copper oxide process combines SOg and NO,
removal in a single reactor vessel. The process is regenera-
tive, producing a marketable sulfur or sulfuric acid byprod-
uct in lieu of a solid waste containing spent sorbent. A
simple schematic of a power plant with the copper oxide
process is shown in Figure 1. A more detailed schematic of
the copper oxide process is shown in Figure 2.

In a commercial-scale process, a bed of copper-impreg-
nated sorbent, consisting of small-diameter (e.g., % inch)

. alumina spheres, is fluidized by the power plant flue gas.
Removal of SO3 and SOj3 in the flue gas occurs by reaction
with copper oxide in the sorbent: -

CuO + S0, + 140, —» CuS0, 1
CuO + 80, — CuSO0, 2

NO, is removed by reaction with ammonia injected into
the flue gas upstream of the absorber. The reaction is
catalyzed by copper sulfate and promoted by the mixing
within the fluidized bed:4 )

4NO +4NH, + 0, > 4N, + 6 H,O )
2NO, + 4NH, + 0, > 3N, + 6 H,0 @

The absorber reactions are exothermic. For a high sulfur
coal, the increase in flue gas temperature may be as much as
100°F for 90 percent sulfur removal.5 This incremental
thermal energy can be recovered in the power plant air
preheater, resulting in an energy credit.

The sulfated sorbent is transported from the fluidized
bed absorber to a solids heater and then to a regenerator.
Regeneration of the sorbent occurs by reaction with meth-
ane, converting the copper sulfate and unreacted copper
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Figure1. Coal-fired power plant design with a copper oxide emission control
system.
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Figure 2, Schematic diagram of the PETC fiuidized bed copper oxide
process for coal-fired power plant flue gas SO, and NO, removal process.

oxide to elemental copper, and producing an off-gas contain-
ing sulfur dioxide:

CuSO, + %CH, — Cu + SO, + %CO, + H,0 6)

4 CuO + CH, — 4 Cu + CO, + 2 H,0 (6)

The off-gas is further processed to recover either sulfuric
acid or elemental sulfur. Sulfuric acid is recovered by a
sulfuric acid plant containing a three-stage catalytic con-
verter. To recover elemental sulfur, a modified Claus plant
may be used instead. A portion of the SO, in the off-gas
must be converted to HyS using methane in order for the
Claus reaction to occur. The regenerated sorbent is trans-
ported back to the absorber. When the sorbent contacts the
transport air, an exothermic chemical reaction occurs:

Cu + %0, - CuO (N

Additional details of process development may be found in
References 6 through 10. '

Process Performance Model

The copper oxide process performance model includes the
fluidized bed absorber, sorbent heater, regenerator, solids
transport system, and ammonia injection system. The
model also characterizes the performance of an integrated
sulfuric acid or sulfur plant, and the power plant air
preheater. Material and energy balances are developed for
12 chemical species that are traced throughout the system.
These species include components of the flue gas, sorbent,
transport air, regenerator off-gas, and a number of other
process streams. The mass balances account for the stoichi-
ometry and conversion rate of Reactions 1 through 7. An
energy balance for each process area is calculated based on
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the mass balance and elemental reference state enthalpy
data for each chemical species. Details of the performance
model are available elsewhere.?

The sorbent flow rate is a key parameter that affects the
mass and energy balances, sizing, and cost of most compo-
nents of the copper oxide process. The total sorbent mass
flow rate, including copper oxide, unregenerated copper
sulfate, and the alumina substrate, is given by (see nomen-
clature):

Cu0

) Mo + Meyso (1 + 1.260X,)] (8)

m, =
Xeu
where
1
Mgy = ": (:Mso2 + Msos) 9
and
",
MCuSO‘ = ("r]_) 1 -m,) (M_soz + Msos) (10)

The conversion rates of Reactions 1 through 4 in the
fluidized bed absorber are based on the emission control
requirements. The available copper-to-sulfur (Cu/S) molar
ratio required to achieve a specified SOg reduction require-
ment is estimated based on a first-order sulfation reaction
kinetics model developed by PETC.1! This model assumes

ideal flow in a plug flow reactor and may be written as:
exp[B(-n]1 -1
e = exp[BU-r)] — r an

where

kDAGZC,
W CuVO
My,
M CuO

The PETC model accounts for the molar ratio of inlet sulfur
oxides to inlet available copper, r, and the amount of
available copper oxide initially resident in the fluidized bed
per unit molar gas flow, B. Since incomplete regeneration
reduces the available copper relative to fresh sorbent, the
PETC model must be modified to explicitly include the
effect of regeneration efficiency on the Cu/S ratio require-
ment. An explicit representation for C,, the weight ratio of
copper oxide to alumina in the substrate, can be given as a
function of the regeneration efficiency:
Xou ) 1
R — .
%o E) a- 'q,)r] (12)

r=

C.

o
This expression for C, is used in Equation 11. For the case
study, the SO, removal efficiency is a model parameter, and
Equation 11, with the modified value of C,, is used to solve
for the required copper-to-sulfur molar ratio. The modified
equation is solved numerically.

Figure 3 shows model predictions for the copper-to-sulfur
molar ratio based on data reported by Yeh and Drum-
mond.!! The model is a function of eight variables, each of
which is subject to measurement error. Thus, scatter in the
plotted data is expected. Experimental values of the eight
input variables were used as the basis for model predictions,
which are compared to the experimentally measured Cu/S
ratio. The scatter in the predicted Cu/S ratio can be
represented statistically by a standard error, which is used
later in an analysis of process uncertainties.

For by-product recovery, the elemental sulfur process is
capable of 95 percent sulfur conversion, in contrast to 99.5
percent recovery for sulfuric acid plant. Thus, to achieve an
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Nomenclature

A = Absorber area (m2)
C, = Weight ratio of available copper oxide to alu-
mina in the sorbent (kg CuO/kg Aly,O3)
D = Fluidized sorbent density (kg Al,O3/m3)
G = Molar volume of flue gas (m3/kgmole)
H = Fluidized bed height (m)
k = Sulfation reaction rate constant (1/hr)
M; = Molar flow rate into absorber of species i
(kgmole/hr)
r = Molar ratio of inlet sulfur in flue gas to avail-
able copper in sorbent
r,n = Molar ratio of inlet ammonia to nitrogen ox-
ides in the flue gas
R = Ratio of molecular weights of Cu and CuO
Xcu = Weight fraction of copper as copper oxide in
sorbent '
V, = Flue gas volume flow rate (m3/hr)
W,; = Molecular weight of species i, kg/kgmole
Z = Fluidized bed height (m)
Mn = NO, removal efficiency (fraction)
75 = SOq removal efficiency (fraction)
1 = Regeneration efficiency (fraction)

overall 90 percent SO removal, the copper oxide process
must be operated at 90.5 percent removal efficiency with
sulfuric acid recovery or 94.7 percent removal efficiency
with sulfur recovery. Other possible designs, such as recy-
cling tail gas from the sulfur plant to the power plant flue
gas, or sulfur plant tail gas treating, were not considered in
this study.

The molar ratio of ammonia-to-nitrogen oxides required
to achieve a given level of NO, removal is estimated using a
regression model developed from PETC test data.5 The
model is sensitive to the fluidized bed height and the
required NO, removal efficiency:

m, — 0.131 H — 0.782
-0.367

The model in Equation 13 does not explicitly account for
the catalytic effect of copper sulfate that is believed to
promote NO, removal.# However, the catalytic effect has
not been well-characterized in the available literature.

(13)

r., = exp

Economic Model

Direct capital costs, indirect capital costs, and fixed plus
variable operating costs have been modeled for each compo-
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Figure 3. Comparison of experimental and predicted copper-
to-sulfur molar ratio. Experimental Cu/S ratio and values of

input variables used for model predictions are taken from
Reference 11.
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nent of the copper oxide system.5 The direct capital costs
include the absorber, solids heater, regenerator, solids
transport, ammonia injection, flue gas handling, incremen-
tal air preheater sizing, and by-product recovery plants.
These costs are estimated using ‘‘capacity-exponent’ scal-
ing relationships based on key process parameters.

Indirect capital costs, including engineering, design, su-
pervision, contractor, construction expense, and contingen-
cies, are based on the total direct costs. Other items
included in the total capital requirement are interest during
construction, royalties, pre-production costs, inventory cap-
ital, initial chemicals, and land. Fixed operating costs
include operating and maintenance labor, - maintenance
materials, and administrative labor. Variable operating
costs include makeup sorbent, ammeonia, methane, electric-
ity, and credits for by-product sales and recovered energy in
the air preheater, which reduces coal consumption.

Since the performance and cost of major components of
environmental control systems are interrelated, cost com-
parisons in this paper are based on the total pollution
control cost for the power plant. Thus, the total levelized
costs presented here include the copper oxide process, a
fabric filter particulate collector, solid waste disposal, and
any incremental changes to the power plant associated with
air preheater modifications and energy credits. For inte-
grated designs employing coal cleaning, the incremental
cost of the cleaned coal is also included. All costs of pollution
control are expressed as an incremental cost of electricity
generation, and constant dollars, which exclude inflation
effects, are used throughout the analysis. The capital
recovery and variable cost levelization factors are calculated
using standard methods described by the Electric Power
Research Institute.!2 Economic models for other pollution
control systems (used for comparative analyses) are de-
scribed in Rubin et al.!

Specification of Uncertainties

A probabilistic analysis requires input assumptions or
data regarding the uncertainties in key process and eco-
nomic parameters. For this analysis, the selection of param-
eters for probabilistic representation was based on a review
of data, design studies, statistical analysis, and expert
Jjudgments by process developers and the authors. Key
process parameters were identified by correlating model
cost results with process input uncertainties. For the
copper oxide process, the factors which contributed most to
the uncertainty in total pollution control cost were found to
be the sorbent attrition rate, sorbent regeneration effi-
ciency, and copper-to-sulfur molar ratio required to achieve
90 percent SO, removal. Uncertainties in the sorbent cost
and plant capacity factor also were significant. Scatter plots
did not reveal any strong non-linear dependencies.

A summary of key parameter assumptions for the illustra-
tive case studies is presented in Tables I, II, and III. Table
HI includes the uncertainty distributions for the copper
oxide process, fabric filter, and solid waste disposal system.
While these distributions serve primarily to illustrate the
probabilistic methodology, a few examples can illustrate the
basis for characterizing uncertainty.

As shown in Equation 9, the molar flow rate of unreacted
copper oxide entering the absorber depends on the available
Cu/S molar ratio. An important factor that affects the Cu/S
ratio is the regeneration efficiency. Test results for the
Cu/S ratio were based on low (e.g., 30 to 50 percent)
regeneration efficiencies.® SMC estimated that a properly
designed and sized regenerator, coupled with appropriate
heating of the sorbent to reaction temperature, can result
in regeneration efficiencies of over 99 percent at a 30
minute residence time.13 To characterize uncertainty in the
regeneration efficiency, a negatively skewed probability

Table 1. Selected input parameter assumptions for case studies.

Deterministic Probability  Values (or o as %
Model parameter (nominal) value distribution of mean)?
Emission constraints )
Nitrogen oxides 90% Reduction
Sulfur oxides 90% Reduction
Particulates 0.03 Ib/MBtu.
Power plant parameters
Gross capacity 522 MW
Gross heat rate 9500 Btu/kWh  —14 Normal (1.8%)
Capacity factor T 65% Normal (7%)
Excess air (boiler/total) 20%/39% Normal (2.5%)
Ash to flue gas 80%
Sulfur to flue gas 97.5%
Economizer outlet temp 700°F
Preheater outlet temp 300°F
Financial parameters
Inflation rate 0%
Debt fraction 50%
Common stock fraction 35%
Preferred stock fraction 15%
Real return on debt 4.6% Normal (10%)
Real return on com.
stock 8.7% Normal (10%)
Real return on pref. .
stock 5.2% Normal (10%)
Federal tax rate 36.7%
State tax rate 2.0%
Ad valorem rate 2.0%
Investment tax credit 0%
Book life 30 years
Real fuel escalation 0% 1, Normal o = 0.06%

a

o = standard deviation. Values in parenthesis are standard deviation as a

percentage of the nominal value of the distribution. When the nominal value is zero,
the standard deviation is expressed on an absolute basis.
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Table II. Selected properties of coals used for case studies (as-fired basis).

Illinois No. 6 Coal ' Pittsburgh Coal

Coal property Run-of-mine Washed? Run-of-mine Washed?
Heating value, Btu/Ib 10,190 10,330 . 13,400 12,900
Sulfur, wt% 4.36 3.09 2.15 1.66
Carbon, wt% 57.0 57.7 748 72.1
Hydrogen, wt% 3.7 4.0 4.6 45
Oxygen, wt% 7.2 8.4 : 5.3 54
Nitrogen, wi% 1.1 11 14 1.3
Moisture, wt% 12.3 17.5 2.7 7.9
$/ton (at mine) 26.10 30.68 33.40 34.99
$/ton (transport) 7.90 7.90 7.90 7.90

a Model results for a 30% sulfur reduction on a Ib/MBtu basis using conventional coal cleaning (Level
3 plant design).

distribution was therefore assumed with a maximum value In experiments on a life cycle test unit, the sorbent
of 99.2 percent, representative of nominal expectations, attrition rate (another key parameter) was reduced to 0.13
with a small probability that the value could go below 50 weight percent of the sorbent circulation rate after modifi-
percent, representative of actual experience to date. The cations were made to the solids transport system.19 The
negatively skewed distribution is qualitatively consistent test results indicated that solids transport was the primary
with the notion of performance shortfalls that are character- source of sorbent attrition. However, significant improve-
istic of innovative chemical process plants.14 ments in the attrition rate were expected for a commercial
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Table III. Nominal parameter values and uncertainties for the advanced environmental control
system.

Deterministic Probability Value (or o as %
Model parameter (nominal) value distribution of mean)?
Copper oxide process®
Fluidized bed height 48 inches
Sorbent copper loading . 7 wt-%
Regeneration efficiency - 99.2% ~1% Normal (20%)
Fluidized sorbent density 400 kg/m3 Normal (10%)
Standard error, Cu/Sratio - 0 Normal =039
Sorbent attrition 0.06% Normal (41%)
Ammonia stoichiometry (calc) Normat (6.25%)
Regeneration temp 900°F Normal (2%)
No. operating trains 4 Chance 10% @ 1;
20% @ 2;
40% @ 8;
: 30% @ 4
No. spare trains 1 Chance 50% @ 0;
50% @ 1
Sorbent cost $5.00/1b —Y Normal (25%)
Methane cost $4.50/mscf Y% Normal (25%)
Ammonia cost $150/ton Uniform $150-225/ton
Sulfuric acid cost $40/ton —14 Normal 80%)
Sulfur cost $125/ton —1% Normal (30%)
‘Absorber direct cap. cost (calc) Uniform 1.0x — 1.5x
Solids heater DCC . (calc) Uniform 1.0x — 1.5x
Regenerator DCC (calc) Uniform 1.0x — 1.5x
Solids transport DCC (calc) Uniform 1.0x — 2.0x
Sulfur recovery DCC . (calc) Uniform - 1.0x —1.2x
Total capital cost (calc) 15 Normal (10%)
Fabric filter
Air-to-cloth ratio 2.0 acfm/ft? —14 Normal - (10%)
Baglife (calc) Normal : (25%)
Energy requirement (calc) Normal (10%)
Bag cost $0.80/1t2 Normal (5%)
Operating cost (calc) Normal (15%)
Total capital cost (calc) Normal (15%)
Solid waste disposal
Land cost $6,500/acre Normal (10%)
Direct cost (calc) Normal (10%)
Operating cost (calc) Normal (10%)

2 ¢ = standard deviation. Values in parenthesis are standard deviation as a percentage of the nominal
value of the distribution. When the nominal value is zero, the standard deviation is expressed on an
absolute basis. For uniform distributions actual ranges of values are shown. For chance distribu-
tions, the probabilities of obtaining specific values are shown. A multiplier “x” indicates that the
range is-based on the value calculated by the model.

b As part of integration of the copper oxide process with the base power plant, the plant air preheater
is resized to maintain an exxt flue gas temperature of 300°F.
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process. The judgment of one process developer, elicited for
this study, was that the attrition would nominally be 0.06
percent, but could have a 90 percent chance of being
between 0.02 and 0.10 percent. This judgment formed the
basis for the distribution in Table IIL.

On a commercial scale, measures such as equipment
additions or redesigns could lead to significantly higher
costs. Results from a Rand study regarding cost growth in
pioneer process plants indicate that solids handling systems
pose the greatest difficulties in process design and opera-
tion.15 In deterministic analyses, contingency factors nor-
mally are used to represent process risks. However, in
probabilistic analyses, process contingency factors are sup-
planted by directly specifying uncertainties as probability
distributions in model parameters affecting cost. To repre-
sent the uncertainty in current estimates of capital cost, the
capital costs for each major equipment area were assigned
uniform probability distributions, with the current esti-
mates at the low end of the range. The high end of the
ranges represented probabilities that the actual capital cost
might increase by up to 50 percent for most process areas
and up to 100 percent for the solids transport system. These
uncertainties were intended to be representative of the
_ costs likely to be found in a commercial system (e.g., based
on a fifth-of-a-kind plant).

Applications to Process Design

The value of a probabilistic process model in identifying

process design tradeoffs is illustrated for several copper |

oxide process parameters. While the specific results apply
only to this particular technology, the types of insights
found apply more generally to other types of environmental
control systems.

Absorber Design

The absorber is the principal vessel for SO; and NO,
removal, and the height of the fluidized bed is a key design
parameter. “Conventional wisdom” among process develop-
ers was that increasing the bed height relative to the
nominal design value of 36 inches would increase overall
process costs since the higher pressure drop across the bed
would increase the flue gas fan energy requirements.
However, data indicated that increasing the fluidized bed

height also increased the available copper in the bed, -

reducing the required copper-to-sulfur molar ratio (see
Equation 11). This, in turn, reduces the required sorbent
flow rate in the system. Because much of the process
equipment size is based on the sorbent flow rate, a reduc-
tion in sorbent flow yields capital and operating cost
savings, offsetting the increased energy costs for the ab-
sorber.

The integrated process model allowed these design trade-
offs to be quantified. Figure 4 shows the results of both a
deterministic and probabilistic simulation of the pollution

Absarver bed height increase from 36 to 48 inches
‘Washed Illinois No. 6 coal

Cumulative Probability
o
=3

0.4 Type of Simulation
02- Deterministic
—e—— Probabilistic
0.0 T T T T T T
-1 0 6

1 2 3 4 5
Levelized Pollution Control Cost Savings, Constant 1985 mills/kWh

Figure 4. Uncertainty in levelized cost savings due to increasing fiuidized
bed height. The ordinate shows the overall probability of being at or below the
corresponding abscissa value. These results show a 35 percent chance that
the cost savings from increased bed height will be less than the deterministic
. value, and a 66 percent chance that it will be greater.
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control cost savings from increasing the absorber bed
height from 36 to 48 inches using a washed Illinois No. 6
coal. The deterministic case uses the nominal parameter
values in Tables I-III, while the probabilistic case uses
distributions. The probability distribution is shown as a
cumulative distribution function (cdf). The range of values

~ of the uncertain variable are given on the abscissa, and the

corresponding fractile from the probability distribution is
shown on the ordinate. The cdf is the integral of the
probability density function (pdf). It gives the overall

"probability of a parameter being at or below a given value.

One minus the cumulative probability value gives the
probability of exceeding the corresponding parameter value.
The uncertainty in the cost difference when only the bed
height is changed was calculated using identical paired
samples for the input distributions which take into account
the underlying correlation between the two cases. The
probabilistic simulation reveals that there is a very small
probability (about two percent) that the increase in flue gas
fan operating costs could outweigh the cost reductions
associated with reduced sorbent circulation rates. On the
other hand, there is a 65 percent chance that the cost
savings could exceed the deterministic estimate of about 1.1
mill/kWh, with about a 10 percent chance the savings could
be over 2.6 mills/kWh. The skewness of the uncertainty
distribution in Figure 4 results from assumptions about
key uncertain parameters such as the regeneration effi-
ciency. Similar results were obtained for other coals (e.g.,
run-of-mine Illinois No. 6 and Pittsburgh No. 8} and for
other sorbent copper loadings (e.g., 5 and 10 percent).

Sorbent Loading

Increasing the ‘sorbent copper content can reduce the
sorbent mass flow. The primary tradeoff is the potential for
increased sorbent cost and attrition. An engineering study
for DOE, however, reported that copper loadings between 5
and 11 percent have comparable attrition characteristics
and similar manufacturing costs.1¢ To date, most testing
has been with sorbents of five to seven percent copper.910:17
Figure 5 shows the effect of increasing the sorbent copper
loading from 5 to 10 percent for a washed Illinois No. 6 coal.
The figure also shows the associated uncertainty in level-
ized revenue requirement. As the copper content increases,
the median and variance of the revenue requirement
decrease. There is a significant cost advantage for the seven
percent sorbent compared to the five percent case, with a
mean savings of 2.3 mills/kWh. Additional savings may be
realized by increasing the copper content to 10 percent.
These results indicate that additional research on sorbent
attrition at the higher copper loadings is merited.

Energy Recovery System

Another process integration issue is the recovery of
energy added to the flue gas by the exothermic reactions in

2w
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Figure 5. Uncertainty in levelized pollution control cost vs. sorbent copper
loading.

J. Air Waste Manage. Assoc.



the fluidized bed absorber. For the deterministic parameter
assumptions, in Table III, the incremental capital cost of
the enlarged preheater slightly outweighed (by only 0.01
mills/kWh) the cost savings associated with a reduced
fabric filter size and an increased energy credit. However,
when the same analysis was performed including uncertain-
ties, the likelihood of a small cost advantage from enlarging
the air preheater was found (Figure 6). The difference in
results was due to the skewness of many of the distribu-
tions assigned to key parameters in the probabilistic model.

Integrated Coal Cleaning

Because many of the costs of the copper oxide process are
sensitive to the sorbent flow rate, which in turn is propor-
tional to the coal sulfur content, a reduction in sulfur
content through coal cleaning can lower the cost of the
process. The integrated environmental control model deter-
mines how these sdvings compare to the increased cost of
cleaned coal. :

As in the air preheater sizing analysis, deterministic and
probabilistic simulations yielded qualitatively different re-
sults regarding the net cost savings associated with using a
washed Illinois No. 6 coal. As shown in Figure 7, the
deterministic analysis indicated an overall cost penalty,
whereas results of the probabilistic simulation ranged from
a net cost penalty to a 55 percent chance of a cost savings.
The cost penalty outcomes stem from the low copper-to-
sulfur molar ratios that are achievable with high regenera-
tion efficiencies. In such instances, the process cost savings
from lower sorbent circulation rates are too small to offset
the higher coal prices associated with coal preparation. The
probabilistic analysis, however, reflects the possibility of
lower regeneration efficiencies, requiring higher sorbent
circulation rates. In these cases, the benefits of a lower
sulfur content outweigh the costs of coal cleaning, yielding
a net savings.

The degree of sulfur reduction achieved through coal
cleaning also affects the cost results. Figure 8 shows the
mean cost of each component of the emissions control
system associated with various levels of coal preparation.
For the example above, a 30 percent sulfur reduction was
assumed. Separate analyses for the Pittsburgh No. 8 coal
indicated that the cost of coal cleaning was always larger
than the incremental savings for the copper oxide process.
Similarly, results for the conventional FGD/SCR plant
indicated that run-of-mine coals always gave the least cost
solution. In the comparisons that follow, therefore, coal
cleaning is assumed only for the copper oxide systems with
the Illinois No. 6 coal.

Applications to Economic Evaluation

A key measure of the viability of advanced environmental
control systems is whether they yield a cost savings com-
pared to currently available technology. For comparative
analyses, an integrated emission control system including
the copper oxide process is compared to a baseline system
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Figure 6. Uncertainty in levelized cost savings due to enlarging the air
preheater. Results show a 99 percent probability that the savings will exceed

the best guess deterministic value.
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show a 30 percent chance that the savings will be less than the deterministic

value, and a 70 percent chance that it will be greater. Furthermore, there is a-
55 percent chance that the cost savings will be positive.

with FGD and SCR. The parameter assumptions and
uncertainties for the FGD/SCR system are given in Table
Iv.

Because many of the input parameter distributions are
common to both systems (e.g., financial parameters, base
plant characteristics, solid waste disposal, and ammonia
cost), there is, in general, a positive correlation between the
cost distributions for the two systems. Therefore, as dis-
cussed earlier, probability distributions again have been
calculated for the cost differences between the copper oxide
and FGD/SCR systems using paired, samples of input
distributions for each system.

Figure 9 shows the differences in levelized pollution
control costs expressed as cumulative distribution func-
tions for four different cases (two coal and two sulfur
recovery options). A positive difference indicates that the
copper oxide process is less expensive than the FGD/SCR
system. This was found to be true for all cases when the
median results (i.e., 50 percent probability) are considered.
In all cases, the cost savings with copper oxide were higher
for the medium sulfur Pittsburgh coal than for the high
sulfur Illinois coal.

Figure 9 also shows up to a 30 percent chance that with
Illinois No. 6 coal the copper oxide process might be more
expensive than the FGD/SCR system. This result stems
primarily from the possibility of high operating costs (e.g.,
for sorbent, etc.). In all cases, however, there is consider-
able uncertainty in the magnitude of potential cost savings
using the advanced technology. For the Illinois No. 6 coal
with sulfur recovery, the 90 percent probability range (a
common measure of uncertainty defined as the range
between the 5th to 95th percentiles) is —5 to 8 mills/kWh.
For the Pittsburgh No. 8 coal, the range is 1 to 10
mills/kWh. This indicates that the copper oxide process is
likely to be most attractive with medium rather than high
sulfur coals. In all cases, there is a small probability that the
cost savings could be significantly higher.

Conclusion

Significant uncertainties inevitably surround advanced
environmental control technologies in the early stages of
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Figure 8. Mean levelized poliution control cost vs. sulfur reduction from coal
cleaning. The minimum overall cost occurs with a 30 percent sulfur reduction
via coal cleaning. \
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Table IV. Nominal parameter values and uncertainties for the conventional environmental

control system.

Deterministic Probability Values (or o as %
Model parameter (nominal) value distribution of mean)?
Wet FGD system :
Molar stoichiometry (calc) Normal (5%)
No. operating trains -4 Chance 10% @ 1;
20% @ 2;
40% @ 3;
30% @ 4
No. spare trains 1 Chance 5% @ 0;
25% @ 1
Reheat energy (calc) Chance 75% @ 0;
25% @ x
Total energy use (calc) Normal (10%)
Limestone cost $15/ton Uniform $10-15/ton
Direct capital costs (calc) Normal (10%)
Operating costs (cale) Normal (10%)
Selective catalytic reduc-
tion
Space velocity 2,850/hr Normal (10%)
'NHj stoichiometry (calc) Normal (10%)
Catalyst life 15,000 hrs Chance 5% @ 1,275 hrs
30% @ 5,700 hrs
50% @ 11,400 hrs
14% @ 17,100 hrs
1% @ 28,500 hrs
Energy requirement (cale) Normal (10%)
Ammonia cost $150/ton Uniform $150-225/ton
Catalyst cost $460/1t3 Normal (7.5%)
Direct capital cost (calc) Triangular 0.8x, %, 2x
Operating cost (excl. :
cat.) (calc) Normal (10%)
Cold-side electrostatic pre-
cipitator
Specific collection
area (calc) Normal (5%)
Energy requirement (calc) Normal 10%)
Total capital cost (calc) Normal (10%) .
Operating cost (calc) Normal (10%)
Solid waste disposal
Land cost : $6,500/acre Normal (10%)
Direct cost (calc) Normal (10%)
Operating cost (calc) Normal (10%)

2 ¢ = standard deviation. Values in parenthesis are standard deviation as a percentage of the nominal
value of the distribution. When the nominal value is zero, the standard deviation is expressed on an
absolute basis. For uniform distributions, actual ranges of values are shown. For triangular
distributions, endpoints and mode are shown. For chance distributions, the probabilities of obtaining
specific values are shown. A multiplier “x” indicates that the range is based on the value calculated

by the model.
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development. Thus, engineering performance and cost mod-
els developed to evaluate process viability must be capable
of adequately analyzing and displaying the consequences of
these uncertainties. Toward this end, the probabilistic
modeling capability described in this paper allows the effect
of uncertainties in multiple performance and cost parame-
ters to be evaluated explicitly. The results give a measure of
overall uncertainty in key model outputs, such as cost, and
serve to identify the key process variables that contribute
most to overall uncertainty.

Case studies for the fluidized bed copper oxide process
illustrated potential applications of an integrated environ-
mental control system framework for process design and
comparative analyses. Interactions among various compo-
nents of the environmental control system, which are
frequently overlooked in many process studies, were found
to significantly influence overall system costs. Probabilistic
comparisons between advanced and conventional technolo-
gies also provided quantitative assessments of the potential
benefits and risks of new technology in various market
situations. The potential payoff from process research and

J. Air Waste Manage. Assoc.



development also may be evaluated using the methods
described in this paper.

Of course, as with any other modeling approach, probabi-
listic methods rely on data and judgments that must be
provided by the user. To be sure, different judgments or
assumptions can alter the results. But forcing process
developers and evaluators to consider uncertainties explic-
itly (rather than ignore them) in probabilistic engineering
models can help improve research planning and manage-
ment by allowing the implications of alternative judgments
to be tested. Indeed, our experience to date suggests that

the process of thinking about key parameter uncertainties,

as inputs to a model, often is the most valuable component
of this approach and fosters improved understanding of the
systems being modeled.
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