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Abstract

To analyze the impact of air pollution control on electricity generation cost, a computer program
was developed. POGEN calculates levelized discounted power generation cost including additional
air pollution confrol cost for coal power plant. Pollution subprogram calculates total capital and
variable costs using governing equations for flue gas control. The costs are used as additional input
for levelized discounted power generation cost subprogram. Pollution output for Flue Gas Desulp-
hurization direct cost was verified using published cost data of well experienced industrialized cou-
ntries. The power generation costs for the year 2001 were estimated by POGEN for three different
regulatory scenarios imposed on coal power plant, and by levelized discounted power generation
cost subprogram for nuclear power. Because of uncertainty expected in input variables for future
plants, sensitivity and uncertainty analysis were made to check the importance and uncertainty
propagation of the input variables using Latin Hypercube Sampling and Multiple Least Square
method. Most sensitive parameter for levelized discounted power generation cost is discount rate
for both nuclear and coal. The control cost for flue gas alone reaches additional 9-11 mills/kWh
with standard deviation less than 1.3 mills/kWh. This cost will be nearly 20% of power generation
cost and 40% of one GW capacity coal power plant investment cost. With 90% confidence, the
generation cost of nuclear power plant will be 32.6-51.9 mills/kWh, and for the coal power plant
it will be 45.5-60.5 mills/kWh. Nuclear is favorable with 95% confidence under stringent future

regulatory requirement in Korea.
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Nomenclature

A: Fly ash removal capacity in tons/hr

ARgsp : ESP collector area in ft*

By : Regression coefficient of the i“th” variable

C : Initial letter C in variable name means “Coal”

CAP : Scrubber reagent capacity in tons/hr

CF : Levalized Capacity Factor

CG: Levelized coal power generation cost (subscript

n, 1.2, and 3 mean without control cost and with

that of scenario 1.2 and 3)

Cl : Levelized Investment Cost for Control Equipment

(Dollar per year)

CN : Construction Forecost {(Dollar/kW)

CR:

CV. : Levelized Variable Cost for Control Equipment
(Dollar per Year)

DC : Discount rate(%)

ESP : Electrostatic precipitator

On-site consumption rate of electricity(%)

fhypass : Fraction of flue gas not scrubbed

F. : Levelized Fuel cost(Dollar per year)

FER : Fuel price escalation rate(%)

FGD : Flue gas desulphurization

FP : Fuel price

G : Flue gas flow rate at full capacity in actual cubic
ft per min

G :Flue gas flow rate capacity through scrubber in acfm

Ge : Levelized electricity generation cost (mills/kwh)

G.”: Levlized electricity generation cost including con-

trol cost
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HR : Heat Rate(kcal/kWh)

Ic : Levelized Investment cost{Dollar per year)

IDC : Interest rate during construction(%)

LC : Waste disposal land cost in a thousand Dollar/
acre

Life : Lifetime of power plant

LT : Power plant construction lead time{month)

MWy : Gross power plant capacity

n : Booklife of alternative(year)

N : Initial letter N in variable name means “Nuclear”

NG : Levelized nuclear power generation cost{mills/kWh)

NOP : Number of operating scrubber trains

NOy : Nitrogen oxides

NSP : Number of spare scrubber trains

O : levelized O&M cost (Dollar per year)

Py : Levelized gross electricity generation per year(MWh)
=(MW¢g X 8760h X CF)

Pret : Levelized net electricity generation per year(MWh)

POGEN : Computer code name which calculates elec-

tricity generation cost with pollution control

R : Repetition factor flue gas to be scrubbed

RC : Scrubber reagent cost in Dollar/ton

R?: coefficient of determination

S: Scrubber S0, removal capacity in tons SO,/hr

Siy: Standard Deviation of i“th variable or output p-
arametery

SICF : Indirect cost factor for FGD

SOy : Sulphur oxides

TICF : Indirect cost factor for ESP

TSP : Total Suspended Particulate
VOER : Variable O&M cost escalation rate(%)
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VOP : Variable O&M price
WICEF : Indirect cost factor for waste disposal system
X : Electricity requirement for FGD/ESP

(fraction of net electric power without FGD/ESP)
31 : Standardized regression coefficient of i “th variable
HFCD: SOy removal efficiency of FGD
#sox : SOx removal efficiency requirement
¢ : levelized fixed charge rate
“:“means the costs are estimated in constant money

basis.
1. Introduction

Due to TMI and Chernobyl nuclear accidents, nuc-
lear power plant had to be subject to more stringent
safety requirement. Therefore, nuclear power genera-
tion cost has in recent years increased somewhat.
However, in future expansion planning for electrical
generating system, the realistic viable options would
be either nuclear or coal power generating system due
to finite energy resources and technoeconomic reasons.
For such planning, the new nuclear power plants were
introduced in many national electric grid systern based
on the economic comparability with the existing coal-
fired power plant.

Optimizing an electricity generation alternative for
next century, various uncertain and qualitative future
aspects must be considered together with cost analysis.
Increasing attention on the clean environment and
clean energy supply requirements have to be taken
into account for future electric power system expansion
planning as the environmental impacts and control c-
ost of energy systems.

In spite of these international trends, Korean current
environmental regulation for air pollutant emission of
coal power plant is much weaker than other industrializ
ed countries. Therefore, Korea Advanced Energy
Research Institute and Korea Electric Power Corpo-
ration estimated more stringent regulation and man-
datory inclusion of Flue Gas Desulphurization(FGD)
in future.

On the other hand, environmental regulations for

Korean nuclear power plant are the same level as the

dJ. Korean Nuclear Society, Vol. 21, No. 1, March, 1989

industrialized countries because of recent public con-
cerns of nuclear safety.

In addition, nuclear has a few hundredth or thousan-
dth of health risks than coal even under the current
regulatory requirement of industrialized conutries?.
Whereas 50% FGD installation has 4 times or more
lives saved cost effectiveness in coal power plant than
recombiner or 6 charcoal beds added in nuclear power
plant?. In this situations, coal power plant would likely
be subjected to more environmental control than nuc-
lear in future.

Levelized discounted power generation cost is the
most prevailing and reasonable basis for national and
international comparisons of investment choices for
equivalent services. In order to compare the economics
between nuclear and coal power plants to be com-
missioned commercially in 2001 with stringent environ-
mental regulation, the environmental control cost has
to be included in the electricity generation cost. The
cost data have to be estimated carefully due to long
time horizon and uncertainty in the estimation of the
input variables.

Thus, a computer code POGEN was developed.
POGEN calculates levelized discounted power genera-
tion cost taking into account of an dadditional cost
due to environmental polution control{total suspended
particulates, sulphur oxides, and treatment of subseq-
uent wastes) to meet the future regulatory requiremen-
ts. The analysis is based on three scenarios for SOy
and TSP regulation levels.

Environmental capital and variable costs were cal-
culated for TSP control, SOx control and waste dis-
posal, and these were used as the additional input of
levelized discounted power generation cost subprogram.

Sensitivity and uncertainty analysis was made to
check the importance of the inputs and uncertainty
propagation due to uncertain future circumstances.
One variable-at-a-time sensitivity results show the rela-
tive importance of inputs, and multivariate uncertainty
analysis shows uncertainties of generation costs due

to the coincidence of input uncertainties.



Power Generation Cost Comparison of Nuclear --- BW.Lee and S.H.Oh

2. A Quantification of Environmental Impacts

In 1979, in order to protect human health and
environmental damage from air pollutants, UN World
Health Organization (WHO) proposed the guide values
of air quality’™ as a long term target for human health
and environmental protection. For SOy, the value is
0.014-0.021ppm and for TSP, it is 0.04-0.06 mg/Nm®.
European Community adopted “the Directive on Air
Quality Limit and Guide Values.™ According to this
quality limit, SOx concentration in air shall not exceed
0.028-0.042 ppm (80-120:4: m') and TSP shall not
exceed 008 wg/m'. The guide values are same as
WHO. Each country establishes its quality standard
and emission standards corresponding to it as shown
in Tablel. For air quality, averaging time is in parent-

hesis.
in Korea, air quality standards for SOx and TSP

are 0.05 ppm and 0.150mg/m’ respectively. During
period from 1980 to 1983, several cities including

Table [. National Ambient Air Quality and Emission
Standards for Electricity Generating Plants®

Naton L S0,(4) T TsPegtm) |
} Quality Emission Quality Emission
FRG T 006i1d) 140 048050 | 50
USA omsly | 215 007y |3t
Sweden o0s0d | s {010y %
Japan 004(1d) 190 011d) 100
Netheands | 00301(1d) | 192 48
Canada 0010021y) | 245 006007(1y) | 116
Belgium 0.06(1y) 700 350
Korea 005(1y) 1800 015{1y) 400
WHO 00140021 , 004006
EC 00280042 o8
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metropolitan Seoul area had excess concentration than
the air quality standards, although much effort to use
low suphur oil, etc could meet the air quality standards
thereafter.” It is generally accepted that in future,
Korean enviromental quality standard would have to
be more stringent than presently enforced ones. Japan
reinforced environmental regulation stringently upward
ten times during 60s and 70s. Being different accor-
ding to specific area. polluted urban area apply 190
ppm SOy and 100 my/Nm* TSP for general standard.
70 ppm SO« and 50 mg/Nm* TSP for special stan-
dard. .

As a guide value for enviromnental regulatl.r\l)n the
year of 2000, KAERI study® proposed 200-250 ppm
for SOx. 200-250 ppm for NOy, 100-150mg/Nm® for
TSP, and their corresponding emission targets in power
plant was proposed as 100 ppm for SOy, 100 ppm
for NOy and 50 mg/Nm, for TSP. The proposed
regualtion by KEPCO® are 150 ppm, 100 ppm, 50
mga/Nm?® for SOx, NOy, and TSP, respectively.

In this study, emission target value in power plant
to be reached in the year of 2001 are proposed as 150
ppm for SOy, 50mg/Nm® for TSP. For the scenario
approaches, the followings are assumed.

(1) Scenarion I is the weakest regulation requirement.
Scenario [l is the most extreme case and scenario
Il is medium case.

(2) Per 10 years, the the regulation is reduced to its
half value.

The second assumption is based on the past trends
in industrialized countriesand that for every 10 years
the size of environmental polluting sources such as
the number of coal power plants increases about twice
and this is reasonable. Therefore, the proposed sce-

narios for regulations are as shown in table [I.

3. Governing equations and POGEN Description

1) Governing Equations and Series Configuration
Model

Model of direct and variable costs for cumently av-

ailable air pollution control technologies was developed

by J.C.Molburg” In this model, a nominal or basic
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Tablell : Assumed Target Scenarios for SOx and TSP Control in Korea

SOx(ppm) now 1995 2001 2011 2021
Scenario | 1800 300 150 75 38
Scenario ] 1800 200 75 38 19
Scenario Il 1800 100 38 19 10
TSP{mg/Nm") now 1995 2001 2011 2021
Scenario | 400 100 50 25 13
Scenario 1] 400 50 25 13 7
Scenario [l 400 30 13 7 4
engineering design was first assumed for each tech- Therefore,
nology, and the cost of that design was determined
from detailed studies or models reported by other in- NOP— MWg X R(nearest integer)

vestigators, and then using the multiple regression
analysis. the model calculates the costs for components
of similar designs as pollutant emission constraints,
coal characteristics, component size(or capacity), and
economic basis are varied.

In order to calculate SOy control cost even in case
of extremely stringent regulation, series configuration
model of scrubber was devised. SOy removal efficiency
of FGD #rgp) was assumed to be 90%. When SOy
removal efficiency requirement(zsoy) is less than SOx
removal efficiency of FGD (#gcp), it needs not scrub
full flue gas, and therefore, some portion of flue gas
can be bypassed. If a scrubber of 125 MW capacity
takes charge of flue gas, the number of operating
scrubber trains(NOP) is

NOP=(1 — fyypass) - MWg/125 (nearest integer)
where, MW; is gross power plant capacity in MW and
pSox
DFGp 1SOx

fovpass is 1—

But, when S0y removal efficiency requirement nsoy
is greater than SOy removal efficiency, the flue gas
must be scrubbed repetitiously until until the SOx con-
centration of flue gas meets the regulation requirement.
If the repetition factor R is defined as the number(real
number ) which flue gas is to be scrubbed, the repeti-

tion factor R must meet the equation

1—-0sox=(1- gecpl®.

125

For estimating equation for other technical para-
meter, refer to Molburg”. The governing equations
from Molburg were modified using US consumer price
index® in order to convert to 1986 US Dollar. Table

Il shows these equations adopted.

2) Mathematical Model for Lifetime Levelized cost

of Generation

The constant dollar levelized bus bar cost” in mills/
kWh can be defined as the sum of the constant dollar
levelized annual fixed cost and the constant dollar le-
velized variable cost divided by the levelized electric
generation. Energy Systems Group of Management
Science Dept., KAIST developed 4 methods'? accor-
ding to the input data assumptions whether the inves-
tment cost is generated at a time or not, and whether
annual cost data are assumed to be constant or not.

For the future decision analysis, the simple method
is used because it is difficult to detect the annual va-
riation of each variables such as electricity generation,
capacity factor, annual cost, etc. But in order to detect
the effect of interest rate during construction (IDC)
and lead time (LT), investment cost enters in the form
of forecost and the investment schedule is assumed to

be a standardized S curve” of investment theory.

3) POGEN Description
As shown in Fig.T, POGEN consists of three major
parts. First calculating levelized discounted power

generation cost, second calculating pollution control
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Table [lI. Direct and Variable Cost of Control Equipments

Component/Option direct Cost

Hot-side ESP P7.03x10 (ARgsp)"®” +7.695(GWq)
Limestone FGD system
1.Material Handling

a) CAP(282 0.1991{CAP) + 3.251
b) CAP=282 D.0887(CAP) + 6.374
. Trai ~ .
2.Scrubber Trains NOPNSPIx (34754 005078 +1299x10°G ]
NOP
Solid Waste Disposal (LCY0.00784 §' 40,0020 A1) + (224 +0.865 S 9%+ 0.525 A°)
Component/Option Variable Cost
Hotside ESP 14.594 x 10 *(CF)YARgsp)
Limestone FGD system
1.Material handling (included below)
2.Scrubber Trains 1.1366x10 ®* CFx
(9.11(CAP)(RC) + 143 S+ 0.00356 G +2000)
Solid Waste Diposal 0.175(SX CF)07 4 0.108 (A x CF) % + 1.449

generates Pz MWh(Pg=MWg X 8760h X Levelized

INPUT VARIABLES Capacity Factor) with consumnption rate CR, then Ge
- RANGE AND DISTRIEUTION .

15,

‘LHS { COALCHARACTERISTICS
sample-1000 [FLANT CHARACTERISTIC | GooFetOctle  _Fe+Octl
SCENARIO | ¢ Pret ~ Pg(1-CR)
[EMISSION CONSTRAINT | [FLUE ass "iASS BALANCE]
3
—‘{ PGLLUTION l Each pollution control has two cost term, levelized

investment(Cle) and O&M(CVc) cost in dollar/year,

with energy requirement of rate X. These have to be

]
{ GENERATION l added to generation cost. New generation cost G~
is, therefore,

[LEVELIZED DISCOUNTED POWER GENERATION COST |

Fig I.POGEN Logic Diagram G (Ic + Cle) + (O + CV, ) + F¢
< Pred1-X)
cost and third Latin Hypercube Sampling (LHS) pro- G Cle n CV,
cess. The first and second sub-program requires the 1-X)  Ppetll=X)  Pred1-X)

input values, LHS sub-program provides three input

data sets.

Levelized generation cost, G. in mills/kWh, is cal- 4. Sensitivity and Uncertainty Analysis'
culated by three terms: Levelized investment cost in
dollar/year(l.). levelized O&M cost in dollar/year(O¢). The most economic comparison method for future

and Levelized fuel cost in dollar/year(F.). If power plant ~generation cost analysis is based on the assumption
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that the properly estimated input data will be realized
in the future. Probably, the actual future values of the
input variables will differ from what is used in the
deterministic estimate today. The deterministic method
gives no quantitative measure of this uncertainty. Ho-
wever, a probabilistic analysis can quantify the uncer-
tainty by providing a probability distribution of the
expected total power generation cost from a given type
of power plant. Kent A. Williams et al. have studied
the input uncetainty propagation through the genera-

tion cost model by use of Monte Carlo driver code'®
13) '

1) Latin Hypercube Sampling'"

In studying a mathematical model, the more complex
it is, the more important good sampling is. In order
to reduce the uncertainty of simulation output, Latin
Hypercube Sampling of input variable technique is
devised'®. To obtain a Latin Hypercube sample, above
all, stratified samples of size N are obtained on each
input variable. Then, the stratified samples of size N
on X, is permuted into a random order to get a input
matrix (Xy,) using randomization method.

2) Multiple Least Square and Sensitivity Coeffic-
ient!®
This method is usually used to generate an appro-
ximate relationship between the input parameter and
the output variable considering the system as a black
box. When the output variable y is a complex function
of a number of input variables, Xj(i=1,---k), that is,
y=1{x,X," %), the input-output relationship can be

approximated in polynomial as

y=Xb+e,
where, y=nX1:observed data vector, X=nXm:
design matrix, bx<1 : coefficient vector, e=n X1 : error
vector, i.e., the difference between observed data and
estimated response, n=number of observations (runs),
and m=1 + number of variables.
The best-estimated regression coefficients can be
found by the method of least squares, sum of squares
of the error is minimized when b=(x"x)"xTy. - Where,

superscript T means transpose of a matrix.

J. Korean Nuclear Society, Vol. 21, No. 1, March, 1989

The By, each component of the coefficient vector
b, represents the slope of y with respect to X;. But the
actual magnitude of the coefficients depends on the
units in which the variables are measured. Only if in-
dependent variables are measured in the same unit,
their coefficlents are directly comparable. Therefore,
the standardized regression coefficient, /3,, is the sen-

sitivity parameter in a sense'®.

where S; and Sy are the standard deviations of the
i"th variable and output parameter y. In fact, the 3-
coefficient is the slope of the least squares line when
both X and Y are expressed as Z scores. The regression
coefficient B; and its standard form, /,, are bases for

one-variable-at-a-time sensitivity.

3) Sensitivity and Uncertainty Analysis Procedure

After the model and simulator POGEN is construc-
ted, the next step of uncertainty and sensitivity analysis
is the definition of uncertain inputs. The uncertainties
of the inputs can be defined by the range and proba-
bility distribution within the range.

For the first stage analysis, all inputs are assumed
to be uniform distribution. Then, LHS input sets are
selected and levelized discounted power generation
costs are calculated by POGEN. The LHS result data
set and generation costs are used as the input of the
SPSS/PC + (Advanced PC version of Statistical
Package for Social Science) to apply the multiple least
square method.

The regression result generates the regression coeffi-
cient B, and its standardized form ;. Because the
31 is sensitivity parameter, variables of low 3 value

{less than 0.05) were neglected as if they are constant
at their nominal values. The others are assumed to
be triangular distributions in the region with the apex
of nominal value. This assumption provides second
stage analysis. The new £; and B; are the bases for
single variable sensitivity study.

A thousand of generation cost data go through the
sorting procedure. the 40 intervals are used. Sorting

the output Y; and counting within each interval is
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rammed. At this stage, probabilistic and cumulative

l LEVELIZED DISCOUNTED GENERATION COSY ]

K

lMULTlPLE LEAST SQUARES ]

(

SORTING 1

!

a8 .8

DISTRIBUTION FUNCTIONS
STATISTICAL PARAMETERS

A

A

ONE-VARIABLE-AT-A-TIME
SENSITIVITY

MULTIVARIATE
UNCERTAINTY ANALYSIS

Fig [I. Sensitivity & Uncertanty Analysis Logic Diagram

parameters are calculated. From this results, the input
uncertainties propagation through the model POGEN

distribution functions are obtained and other statistics
is studied. Fig.|l shows this procedure schematically.

5. Result and Discussion

1) Code Verification

In order to verify pollution subprogram. FGD inves-
tment cost predicted by the subprogram is compared
with published data as presented in Fig [ll. The eleven
published data points are from Japan and OECD data.

The points A, B, and C are results from AKinosht
ta'”’ . who studied environmental control cost of coal
power plant in-service in 1990, and intended to rep-
resent’ the standardized typical cost estimates based
on actual experience and on various studies taking
into account of system complexity and diversity. as well
as uncertainties concerning future market.

The points D, E. F are Japanese estimate. too. They
are case study result!”’ based on Takasago, Mathushima
and Takehara power plants. The points G to J are
from OECD data’”. FGD investment cost is a strong
function of SOy regulation level and sulphur content
of coal. The figure shows that the Pollution subpro-
gram is useful to estimate the FGD investment cost
and total SOx control cost.

2) Input Variables for POGEN
In order to run POGEN, twenty six input variables

are required as shown in Table [V. Most nominal values

25
T T T T T T T
L ]
~.
wo \\““'-"-———s\iz ]
E‘_‘—\—\\\ "-\{‘C—- x .
- Iy %
%m L .Y‘i oz \} * i
— -—-\.‘-\-
§ t T~ A 1
t
EJZU L \\
éj \, EXx
g | ]
60 b p
o 1
0 4 1 | } | | |
5 7.3 12,0 iB.6 28.9 4.7 09,3 107 166 258 &0

SOx Emission Level (i, log scale)

Fig. [l Required FGD Investment Cost for SOy
Regulation Level.

of inputs are best estimated values for KEPCO long-
term electric generation expansion planning in 1987.
For most variables. the ranges are determined in con-
sideration of Korean and foreign experiences.

From the analysis with uniform distribution, several
variables are assumed constant because their f3-coeffi-
cients are less than 0.05. Other variables are assumed
to be triangular distributions with the apex of nominal
value within the range. The ranges and the nominal

values for inputs are shown in Table [V,

3) One-variable-at-a-time sensitivity

The LHS result data and levelized discounted power
generation cost of POGEN output were used as input
of SPSS/PC +to get simplified linear model for gene-
ration cost and sensitivity parameter, i.e., correlation
coefficient of the input variables. The obtained linear
models for nuclear electricity generation cost(NG), coal
power plant electricity generation cost with regulation
scenario [(CG,) and coal power plant electricity gene-
ration cost without any contral equipment{(CG,,) are
shown in Table V.

Coefficient of determinations, R?, are 98.0%, 98.
0% and 97.8% for NG, CGand CG, respectively.
One variable-at-a- time sensitivity is based on the 4-
As

coefficient and the regressed linear model.
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Table V. Input Data File for the Year 2001

J. Korean Nuclear Society, Vol. 21, No. 1, March

. 1989

NO| Name Nominal Range Probability Distribution Unit

1| NLIFE 25 20-45 Uniform/Triangular year

2| NHR 2500 2457-2606 Uniform/Point kal/kWh
3| NCF 7 55-85 Uniform/Triangular decimal
41 NCN 1090 1006-1700 Uniform/Triangular Dollar/kKW
5(IDC 10 413 Uniform/Triangular %

6| NLT 70 60-90 Uniform/Triangular month

7| NFER 1 02 Uniform/Triangular %

8| VOER 1 0-2 Uniform/Triangular %

9|DC 10 4-13 Uniform/Triangular %

10| NFP 3.05 284323 Uniform/Triangular mills/10%kcal
11} NOVP 531 4.25-6.37 Uniform/Triangular mills/kWh
12| NCR 6 4.8 Uniform/Triangular %

13| CLIFE 25 20-40 Uniform/Triangular year

14| CHR 2205 2150-2450 Uniform/Triangular kcal/kWh
15| CCF 0.7 0.55-0.85 Uniform/Triangular decimal
16| CCN 508 434-1000 Uniform/Triangular Dollar/kW
171 CLT 46 4060 Uniform/Point month
181 CFER 1 Q-2 Uniform/Triangular %

19| CFP 858 8092 Uniform/Triangular mills/10%kcal
20| CVOPC 4.33 346-5.20 Uniform/Triangular mills/kWh
21| CCR 9 711 Uniform/Triangular %

2218 0.6(2.0) 54 Uniform/Point %

231 A 15.7 10-20 Uniform/Point %

241 SICF 0.8 0451.0 Uniform/Point, decimal
25| TICF 05 045-1.0 Uniform/Point decimal
26| WICF 05 045-1.0 Uniform/Point decimal

Talbe V. Linear Model for Generation Costs.

NG =2.176(DC)+0.0206(CN)—37.79(CF)+0.523(IDC) —
0.160(LIFE)+-0.0956(LT)+4-1.179(VOP)+-0.960(FER)
+0.359(CR}+0.611(VOER)+3.00(FP} — 3.964

CG =1.443(DC)+0.0207(CN)+-2.29(FER) — 28.65(CF) +
0.013(HR)+-2.814(FP)+0.651(S)+4-0.598(CR)+1.2
26(VOP)+0.865(VOER) —0.079(LIFE)+0.140(IDC)
—22.446

CG=0.02(CN)+2.231{FER)+-0.938(DC) — 18.81(CF)+
0.0115(HR)+2.73(FP)4-1.184(VOP) — 0.478(CR}+
0.138(IDC)+0.503{VOER) — 0.050(LIFE} — 24.725

!

shown in Table VI. AB-coefficient shows relative imp-
ortance of each variable, and the minus sign means
that the generation cost and the input parameter vary
in a opposite manner.

Discount rate (DC) is most sensitive parameter for

both coal and nuclear power generation cost. /3 values

of DCare 0.697 for NG, and 0.602 for CG,. Coal
generation cost excluding the control cost is most

sensitive to the construction forecost(CN).
The important parameters for NG are construction

forecost, capacity factor. interest rate during constuc-
tion, lifetime and lead time. etc. Those for CG are
construction forecast{CN), capacity factor (CF), fuel
price escalation rate(FER), heat rate(HR) and fuel price
(FP). Consumption rate and sulphur content are
important relatively. For unclear power plant, param-
eters related to thefixed cost are important, whereas
for coal power plant those related to the variable costr
are relatively important.

The graphical presentation of single-variable sensiti-
vity for DC is shown in Fig. [V Nuclear power generation
cost varies by 2.176 mills/kWh per each 1% discount

rate change. Break even point of NG and CGp occurs
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nearly at eleven percent of DC. About 62% for capacity
factor and 0.7% for fuel escalation rate are the break

even points.

9

L}

» F

N 4 Ca
Beta 0.697 C.6C2 0.4%0
B 2170 1.4 0.938

Generation Cost(mills/kWh)

P

nasinal

25

s ? 9 : 1 13
Discount Rate(%)

Fig IV. One-Variable-At-A-Time Sensitivity for Discount
Rate

4) Multivariate uncertainty analysis

Final goal of multivariate uncertainty analysis using
simulation is to get the propagated uncertainty of figure-
of-merit in the of probability distribution functions.
Nominal case 1 is for sulphur content of 2 percent
and nominal case 2 is 0.6 percent.

1 Generation cost

Computation results for generation cost of each
altenatives are tabulated in Table V. the results are also
shown graphically in Fig. V and V]

The mean value of nuclear power generation cost
is 41,50 mils/kWh. The shares of investment cost, fuel
and O&M cost are 63.4%, 21%. and 15.0% respecti-
vely. Coal power generation cost without the control
cost has nearly the same as nuclear power generation
cost. The shares for coal plant are 30.9. 56.6, and 12.
6% respectively. The fuel cost share for coal power
plant is nearly as high as investment cost share of
nuclear power plant. When the control cost is included
the generation cost of coal power plant increases by
nearly 10 mills/kWh.

u.2

Probability density Function
<

0.0%.

Generation Cost(mills/kWh)
Fig. V Relative Probability Histogram of Levelized dis-

counted Power Generation Costs for Nuclear and
coal Power Plants With Each Scenario (Triang-
ular Distribution Assumed for Inputs Described
in Tacble X)

v

0.6

0.2

Cumulative Distribution Function

0.0

Generation cost(mills/kWh)
Fig. VI Cumulative Probability Histogram of Levelized

Discounted Power Generation costsfor Nuclear
and Coal Power Plants with Each Scenario(
Triangular Distributions Assumed for Inputs

Described in Table V)

For trangular/point distribution 90% confidence
intervals for NG. CG,. CG,, CG, and CG, are 32.6-
519, 363483, 455-60.5, 460-61.1" and 46.4-61.8
mills/kWh. respectively, as shown in Table V.

2 Control cost

Control cost calculation result for each scenario is
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summarized in Table IX. Its probability distributions
are shown in Fig. Wl and Vi, Control costs vary 9.3 mills
to 10.4 mills/kWh for scenario I I, and Ill. These are

Table VI : Beta Coefficients

Variable NG CG, CGs,
DC 0679 0.602 0490
CN 0545 0.580 0.701
FER 0067 0.209 0254
CF 0.395 0.391 0.321
HR NA. 0193 0182
IDC 0167 0058 0072
LIFE 0148 0,075 0,059
EP 0.046 0152 0185
LT 0102 NA. NA.
VOP 0088 0.097 0117
CR 0.055 0109 0109
s NA 0104 NA.
VOER 0.042 0079 0.057

Table V[ Generation Cost Calculation Results(mills/kWh)

Item Invest Fuel O&M Total

Nuclear | mean | 26.294 | 8963 6240 | 41497
% 634 216 15.0 100

SD. 5928 0483 0564 | 5843

Coal(n) | mean | 12.822 | 23.606 | 5246 | 41.673
% 309 566 | 126 100

SD. 3.486 1.376 0494 | 3589

Coal(l) | mean | 19173 | 24424 | 8850 | 52.449
% 36.6 46.6 169 100

SD. 4413 1438 0.705 4.491

Coal(2) | mean | 19.630 | 24479 | 8951 | 53.060
% 370 46.1 169 100

S.D. | 4486 1.440 0.676 4.538

Coal(3) | mean | 20.161 | 24504 | 8989 53.654
% 37.6 457 16.8 100

SD. 4.564 1.442 0.672 4615
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Pollution Control Cost(mills/kWh)
Fig. VI Relative Probability Histogram of Pollution control
Cost for Each Regulation Scenario(Triangular
Distributions Assumed For Inputs Described in
Table [X)

o T 1

L Mean  S.D,

Scenario 1 9.33  1.I7
Scenatio 2 9.8%  1.20
0.8 | Scenario 3 10.40 1.31

¢.2p

Cumulative distribution Function

) « s 12 [ 0

Pollution Conirol Cost{mills/kWh)
Fig. VI Cumulative Probability Histogram of Pollution

Control Cost for Eac Scenario(Triangular Distr-

ibutions Assumed for Inputs described in Table

IX)

Table VIl : 90 percent Confidence Intervals for Generation Costs(mills/kWh)

Uniform Triangular
interval mean interval mean
NG 30.136-57.429 42478 32.550-51.887 41497
CG, 35.675-52.189 43.210 36.300-48.308 41673
CG, 44.523-65.260 53.965 45.504-60.511 52446
CG, 45.149-66.089 54.654 46.027-61.118 53.059
CG, 45.662-66.897 55.303 46.409-61.849 53.653
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Table IX : Control Cost for each Scenario(mills/kWh)
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Scenario [ Il i}

FGD Invest. (S=2%) 2145 2359 246.7
(Dollar/kW)* {S=0.6%) 165.1 197.2 223.6
median 9.304 9.821 10.369
mode 9.09.5 95100 10.0-10.5
mean 9.332 9.848 10.396
90% confidence interval 7.377-11.272 7.880-11.799 8.296-12.559
SD. 1172 1.203 1.308

% of CGx) 17.8 18.6 194

about 18-20% of total power generation cost.

To see the effect of sulphur content on the control
cost, two nominal cases are calculated. Sulphur content
change from 0.6% to 2% increases the control cost
by about 1.6 mills/kWh for scenario I. 1.4 percent
increase in sulphur content results in 30% increase
(214.5/165.1=1.3) of investment cost for scenario
T. But for more stringent regulation scenario, the dif-
ference is not so great.

As shown in Fig [X control cost for SOy is composed
of 4 parts : Fixed cost, Variable cost, Power cost and
Waste disposal cost. SOx control cost trend shows the
same trend as fixed cost which is major variable for
SOy control cost. Other three cost components are
nearly constant regardless of SOy emission level var-
jations. FGD investment cost, which is proportional
to the fixed cost, shows nearly semi-linear trend with
respect to SOy emission level as expected. Fixed cost
is 26 mills/kWh, and variable cost, power cost, waste
disposal cost are approximately 3.1,1 mills per kWh,
respectively.

FGD investment cost, fixed cost term of control cost
for SOy. is determined assuming that the FGD system
efficiency must meet the most siringent regulation
expected during the FGD operation (or plant lifetime).
Therefore, the FGD investment cost for each scenario
is one corresponding to the regulation level of the
third decade. This is why the investment cost is large
more or less. The investment cost is nearly 40% of
power plant investment cost. As the regulation become
stringent, the probability distribution shows shift by
nearly 0.5 mills/kWh. It is true of mode and mean.

When assumed triangular/ point distribution, the 90%
confidence intervals for the pollution control costs with
each scenarios are 74-11.3, 79-11.8, and 8.3-12.6

mills/ kWh, respectively.

Control Cost For SOx(mills/kWh)

! ! l ] i Ll ] ]

S 13 iz, 186 2.9 . 6.5 100 b 8 W

SOx Emission Level (P, Log scale)

Fig IX. Control Cost for SOx Regulation Level Using
FGD (5=2%)

3 differential generation cost

Differential generation cost between coal nuclear
power plant is summarized in Table X and represented
schematically in Fig. X . Because coal power generation
cost without any pollution control cost is nearly equal
to nuclear power generation cost, the difference
between coal and nuclear generation cost is ma
inly due to environmental pollution control cost of coal
power plant.

In the differential generation cost distribution assu-

ming triangular/point distribution. the percentiles cor-
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Table X Differencial Generation Cost (CG(x)-NG, mills/kWh)
Scenario 0 I il il
mean 0176 10.952 11564 12157
mode (-1.5)-0 9105 105-12.0 10.5-12.0.
1.5-3.0 12.0-135 135140 135-140.0
90% confidence
(tdangular/point } (-9.56)-8.95 1.05-19.87 1.83-20.37 2422113
{uniform) (-14.36)-13.30 (-2.73)-24.29 (-1.82)-25.28 (-1.21)-24.87
Standard Deviation 5562 5.548 5519 5529
1.0
T 6. Conclusion
| scenario 0 0.18 5.5
§ Scearlo 1 133 .32
'g 0.8 LScenario 3 1201 3053 The conclusions from this study are as follows :
= ! e 1. Control cost reaches 9-11 mills with :standard
.g e deviation of 1.3 mills/kWh. 90% confidence interval
; [ is 7.4-11.3 mills/kWh for scenario T. The cost is
2 M nearly 20% of generation cost but the FGD inve-
.g e F . stment cost is nearly 40% of plant investment "cost.
'g - 2. Nominal generation costs for NG and CG are slightly
S ez} lower than the mean or median, which means the
! nominal inputs are optimistic somewhat.
S e LS e 3. 90% confidence interval for nuclear power genera-
0.0 ——
% -1 % 0 tion cost is 30.1-574 and 32.6-51.9 mills/kWh for

Differential Generation Cost (CG(x)-NG, mills/kWh)
Fig. X Cumulative Probability Histgram of Differential
Generation Costs Between Coal with Each Sce-

nario and Nuclear (Triangula Distributions Ass-

umed for Inputs Described in Table [X)

responding zero difference are 47% for CG,-NG, and
for CG-NG, the percentiles are 4%, 3%, and 3%. The-
refore nuclear power plant is more economical with
the confidence level of 96% even in scenario 1. In
scenario I, the difference lies between 1.0 and 19.
9 mills/kWh with 90% confidence.

1 Uncertainty

As shown in Table I, the uncertainty (standard
deviation) of generation cost is more or less larger
for nuclear than for coal. The major uncertainty con-
tributor is investment cost for both nuclear and coal power

plant. But fuel cost uncertainty is considerably large for coal

power plant.

uniform and triangular/point distribution assumed.
For coal power generation cost with each scenario
when assumed triangular/point distribution assu
med, the intervals are 45.5-60.5, 46.0-61.5, and
46.4-61.8 mills/kWh, respectively.

4. Most sensitive parameters are discount rate for both
coal and nuclear.

5. Imporant parameters are constuction forecost, ca-
pacity factor for both nuclear and coal. For nuclear,
interest rate during construction and lifetime is im-
portant. Fuel price and fuel escalation rate is im-
portant for coal.

6. Investment cost is a major uncertainty contributor
for nuclear but fuel cost ‘or coal.

7. In the case of stringent regulation, nuclear is far
more economic than coal with nearly 95% confiden-
ce. The differential generation cost for scenario
[ ranges from 2.73 to 24.29 with mean of 1095
mills/kWh at 90% confidence.
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