A COMPUTER SIMULATION MODEL FOR EXAMINING COGENERATION ALTERNATIVES

ABSTRACT

The purpose of tlils paper is to describe a
computer simulation model that was used to analyze
the technical and economic aspects of specific
cogeneration applications. The model was coded in

_the APL language .and runs on the Scientific Time
Sharing System.

The model was used to help provide a quanti~
tative assessment of the potential market for
industrial cogeneration equipmerit in the near-term
future. This assessment was developed from costs
and technical parameters derived from a detailed
analysis of five generic cogeneration cases.

I. INTRODUCIION

In the past several years, energy comservation
has received increasing attention in industrial
equipment decisions. Oné scheme that can provide
a significant reduction in overall energy use for
the same production capability is cogeneration.

A cogeneration plant is a power plant that produces
both electricity and useful thérmal energy (usu-
ally pressurized steam) in a fmore fuel efficient
manner than if the electricity and thermal emergy
were produced separately. This power production
method has been used by both the electric util~
ities and industry for many years. For all
practical purposes, it has been phased out in the
electric utilities as ever larger generation

plants have been located far from industrial
centers. It has also been declining in use in
industry for the last 15 years, In the past; the
decreasing price of electric power, the high relia-
bility of electric utility supply, and the rela-
tively low fuel costs have contributed to this
decline. However, with recent increases in both
electricity and fuel pricés, coupled with emphasis
on energy conservation, an entirely new perspec-
tive is presented.

The major cogeneration issues may be cate-
gorized as technical, economic, envirornmental,
regulatory, and institutional [1, 2].

The technical issues involve the specific
manner in which the steam is used in the process,
the properties of the steam required, and the
amount used at particular locatioms in the total
plant layout. For example:

P Schweizer
RE.Sieck

*  high pressutre stedin intended for
mechani¢cal drives (& 500 psig)

unsuitable low pressiire steam used
for heatlng and cooking (< 400 psig)

low steam flow rdtes

* rapid load fluctuation$ for steam
and electric power

. small and isolated plants
*  availability of fuel

The economic issues [3, 5] involve the stan-

" dard considerations in any capital budgeting déc~

ision in addition to some peculiar to cogeiteration.
For example:

s the high 1evei of required capitdl

. ROI for cogeneratlon versus competing
projects

e« business expertise in other areas

¢  non~desirability of converting variable
¢ost to a fixed one

* lower reliability than electric utility
or else high standby costs

*  National Energy Plan Incentives
- investment tax credits
~ o0il and gas tax savings in future
- priorities on available gas and oil

The environmental air pollution requirements
on sulfur emissions and the general policy of non-
degradation in partieular areas preclude the devel-
opment of cogeneration regardless of technical or
economic attractiveness.

There is also a concern that generation of
electric power might bring the industrial concern
under increased regulation of local and state
authorities (i.e., the Public Service Commissions).

In some cases, there are also institutional
constraints in which the industries' position is
that electric power is not part of their business
and will not be involved regardless of the
economics.
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COGENERATION STMULATION ... Continued

Recent discussion [4] has also centered on the
possible increased role of electric utilities in
selling steam to industrials.’ While this is a
form of cogeneration, we have not analyzed this
potential market im this study. Our general
belief is that this would require an "energy park"
location of industrials and electric utility
generation. While some interest in this arrange-
ment is currently being expressed, the future site,
plans for most utilities are remote from industrial
centers, and we estimate minimal impact in the
period of this study (1978 -~ 1985).

Additional concern has been expressed
regarding the technical and economic problems
involved in either selling excess industrial power
back to the utility or wheeling it to other indus~
trials. Our general analysis indicates that it is
unlikely that self-generation will exceed in-plant
needs except possibly in the petroleum industry.
While some single plants will have excess capacity,
this will not be the main market thrust. The
problem of getting a fair value for this excess
power will place additional uncertainty on the
capital budgeting decision.

This paper first presents the economic
criteria used in evaluating a particular cogener-
ation investment. Then the various techmical
options (e.g., topping turbine, combustion turbine,
combined cycle, etc.) that may. be simulated using
the computer model are discussed. A comparison of
generic industrial cogeneration cases is presented
to show how the model is applied. .

II. ANALYSIS OF THE COGENERATION
INVESTMENT

To provide some general guidelines on what in-
cremental investment might be supported, some gen-
eral investment conditions were analyzed and the
results displayed in Figure 1. In this figure, the
allowable incremental investment in electric power
as a function of industrial electricity price with
net payback or internal rate of return for the pro-
ject as a parameter is shown. This functional re-
lationship is analytically derived in the Appendix A.
Substituting the investment parameters shown in
Figure 1 in the analytical expression developed in
the Appendix results in the explicit functional
relationships shown. The conversion of net payback
period to discounted cash flow (internal) rate of
return is accomplished using the graph in Figure 2.
This relationship is alséo derived in the Appendix
and is evaluated in Figure 2 for three annual
savings escalation tconditions. The inves;ment in
Figure 1 ($/KW) is incremental, meaning the
additional investment in steam and electric power
generation over the base investment in steam equip-
ment needed to supply the process.,

Examination of Figure 1 shows that with
industrial electricity prices near 1.7¢/KWH (1974
national average) not much investment in power
generation equipment was justified. However,
with the recent average prices near 3¢ per KWH
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(4 and 5¢/KWH in some regions), an entirely new
perspective is presented.

The investment data presented in Figures 1 and
2 for the "general investment'" are calculated in
the computer simulation model for the specific
cogeneration option under investigation. In
addition, the yearly net cash flow and its spec1f—
ic components are presented.

ITTI. COGENERATION SIMULATION OPTIONS

A schematic diagram for the industrial cogen—
eration computer simulation model is shown in
Figure 3. In the lower right-hand cormer, a
decision table is presented which shows the
settings of conceptual switches and values for
model options. These options are briefly listed
in the upper left-hand corner of Figure 3 and in
more detail in Table 1.

For the particular option being simulated,
data concerning the process heat requirements,
electrical requirements, fuel properties, and
desired steam conditions are input to the model.
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. cost the system components.

. nents.

A basic heat and mass balance is performed by the
simplation model using fundamental thermodynamics
to arrive at a steady-state process description.
Then using steady-state pressures, temperatures,
mass flows, and electric power flows embedded
functional relationships are used to both size and
The total investment
is calculated by summing the cost of all compo-
The cash flows resulting from the poten-
tial investment are then calculated on an annual
basis over the period of interest for the project.
The internal rate of return and the mnet payback
period for the project are calculated as a com~
parative figure of merit for the investment.

Tablée 1

Description of Computer Simulation
Code Optioms

® Option 1 Purchase Power ~
All electrical requirements are met by the
utility. All process heat requirements are
met by the customer—owned equipment.

Option 2
All or

Steam Turbine Topping
part of the electrical requirements are]
met by the customer-ownéd steam turbine gener-
ators. Purchased power may or may not be
utilized. All process steam requirements are
met by the customer-owned equipment.

Ogption ' : ngm
. 1. Buy All Electric Power, Make Process Steam 1 g;wg Plant
2, Steam Turbine Topping Cycle . :
3, Combustion Turbine With Waste Heat Boiler Stack Gas Plant Power Plant Power | Mer s
g. \(f:voa':{t:?iigtcgg{foming Cycle Clean-Up Conditioning Control Center
6: [Extraction and/or Condensing j
d Power for
\ 1 Steam At_:xiﬁaries
Combustion Turbine
. " Generator
Combustion
Turine "] > O o -
Steam Turbin V
] 1 7 Steam Turbine
Generator
1 O 65 Condenser
Fuel Handling 2 oilrs Extraction Plant Process
& Storage ) T
- 3 Conceptual Switches & Valves Representing
Computer Simufation Code Options
Option SW SW Valve No.
Waste 1 2 12345617
Heat 4 1 6 010li1011
Source 2 1 0lop11111
Vg 3 1 1 06111011
4 1 1 06101111
5 1 01110111
: 6 1 01011100
Fig. 3 — Schematic diagram for the industrial cogeneration computer simulation tpodel 1=Closed 0= Open ,
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COGENERATION SIMULATION ... Continued

® (Option 3 - Combustion Turbine Topping
All or part of the electrical requirements are

met by customer-owned combustion turbine gener—

ators. Purchased power may or may not be uti-
lized. All process steam requirements are met
by customer—owned equipment.

® Option 4 - Combined Cycle
All or part of the electrical requirements are
met by customer—owned combustion and steam

turbine generators. Purchased power mdy or may
not be utilized. All process steam requirements

are met by customer-owned equipment.

® Option 5 ~ Bottoming Cycle
All or part of the electrical requirements are

met by customer-owned steam turbine generators.
Purchased power may or may not be utilized. All
heat for generation is supplied by the process.

Steam may or may not be shipped to the process
and, if so, is supplied by customer-—owned
equipment.

® Option 6 - Extraction and/or Condensing
Same as Option 1 except for the multiple con-
figuration of the turbine.

The simulation options are now each discussed
in more detail. A single example demonstrating the

simulation model will be used in explaining each
option. The process details for this example are
summarized in Table 2.

Table 2

Cogeneration Example for Simulation Options

® Option 1 '~ Buy All Electric Power,
Make Process Steam
Flow to process 50 psig @ 135,000 #/hr
Boiler pressure 200 psig, temperature 300 F
#6 o0il as fuel
Electric power required 60,000 KW

Option 2 ~ Topping Turbine

Flow to process 50 psig @ 135,000 #/hr

Boiler pressure 900 psig, temperature 825 F

#6 oil as fuel

Steam turbine throttle conditions 850 psig
825 F

Electric power required 60,000 KW

Option 3 - <Combustion Turbine with Waste
Heat Boiler

Flow to process 50 psig @ 135,000 #/hr

Turbine inlet temperature 800 F

Turbine pressure ratio 10

#2 distillate oil fuel

Electric power required 60,000 KW

with Back Pressure Steam Turbine)
Flow to process 50 psig @ 135,000 #/hr
#2 distillate oil fuel
. Electric power required 60,000 KW

~Option 4 -~ (Combined Cycle (Combustion Turbine

820 -

SIMULATION OPTION 1: BUY ALL ELECTRIC POWER, MAKE
PROCESS STEAM

This option is the base case against which
the cogeneration cases (Options 2 through 6) are
compared. It is assumed that an expansion in
basic plant capacity requires added steam capacity.
The investment question then is should just steam
capacity be purchased or should a cogeneration
system be installed to make both steam and elec-
tricity? This option investigates the investment
and cash flow for just steam expansion. The net
cash flow is simply the negative of the cost of
electric power shown in Figure 4.

SIMULATION OPTION 2: STEAM TURBINE TOPPING CYCLE

The calculations performed in the steam
topping option of the computer simulation model
are as follows. Essentially, a fundamental heat
balance is performed to establish the steady state
operating point of the system. Based on steady
state operation, installed costs are estimated for
major system components. These costs are then
aggregated to obtain total system costs and a dis-
counted cash flow analysis is performed for the
necessary investment.

For the application using a back pressure
steam turbine, the calculations begin with defined
values for steam turbine inlet temperature,
pressure, and the desired exhaust pressure (deter-
mined by process requirements). Sets of curves
similar to those shown in Figure 5 are approxi-
mated in the model for four specific inlet
pressures: 1500, 1200, 900, 600 psig.

The theoretical steam rate is estimated from these
curves and an actual steam rate is calculated by
dividing by the turbine generator efficiency
(Figure 6). The electrical power from the turbine
generator is then calculated by dividing the steam
mass flow through the turbine by the actual steam
rate (see Appendix B).

FIGURE 4
OPTION 1 - FLOW OF FUNDS

*
Cost of Electric
Year Power

$ 13,436,000
14,340,140
15,343,949
16,418,026
17,567,288

18,796,998
20,112,788
21,520,683
23,027,131
24,639,031
26,363,762
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Based on total purchase of 60 MW, 85%
capacity factor at 3¢/KWH in year 1
escalating at 77 annually.
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The computer simulation model contains
functions which approximate the Mollier steam dia-
gram in the superheat region. These functions are
used to estimate the imlet enthalpy of the turbine
knowing the pressure and temperature. The exhaust
enthalpy is calculated by subtract1ng the enthalpy
drop across the turblne from the inlet enthalpy '
Knowing the exhaust pressure and enthalpy, these
functions are again used to estimate the exhaust
temperature of the steam. If this temperature is
above the upper 11m1t for the process, a desuper—
heater calculation is performed The ‘amount of
water that must be sprayed into the’ superheated
steam to bring the temperature under the upper
limit is calculated on an energy ba51s. Having
performed these calculations, the pressuyres,
temperatures, and mass flows are now known far
all points in the plant, and component sizes and
costs are then estlmated from an embedded set of
functional relatlonshlps shown in Append1x B.

The output of the simulation model (for the
example in Table 2) is shown in Flgure 7 and a
system dlagram is shown in Figure 9. The compo-
nents of cash flow related to the investment are
again calculated using the equations in Appendix A.

SIMULATION OPTION 3: COMBUSTION TURBINE WITH
WASTE HEAT BOILER

‘The combustion turbine calculatlons use isen—
tropic Brayton cycle relatlonshlps to calculate
ideal temperatures and pressures. Efficiencies
for the turbine and compressor are then introduced,
and temperatures and pressures are corrected to
actual values using these efficiencies. The
equations are given in Appendix B. ’

FIGUKE 7 CUGENERATION  LiVESTVENT SINGLATION
v . "OPTIONSTEAS TURRINE TOPPING CICLE

ELOw OF FUNDS

YEAR VALUR UF MR, FUEL COST OPERNATH. AUXTLIARIES
1 $2,010,000.00 $593,000.00 $123,000.00 $69,000.00
2 $2,150,700.00 4628, 580,00 3127.920.00 $73,830.00 . )
3 32,301,249, 00 2566,294,30 $133,036.80 $78,990.10
“ $2,462,336.4) $10u.272.49 $138,358,27 $¥4,527,97
5 32,604,699.98 $740,648,84 $149,892.60 390,444,492
13 $2,819,128,38 $793,567.77 3149,646.31 $96,776.07
7 #3,016,468,9) $8641,181.83 $155,63u,24 $103,550.39
8 $3,227,620,77 891,652, 74 5164,859.61 $110,798.92
9 33,483, 55’! 22 $945,151.91 $168,333.99 $118,554,85
10 $3,695,300.02 $1,001,861,02 3175,067,35 $126,653.69
11 53.95;.97".23 £1,061,972.68 $162,070,05 $135,733.44

YEAR DLPNEC, TAXES v, TAX CRED. HED CASH FLOW
1 $102,478,26 336,230,43 $235,700.00 3991,247.83
2 #1902,470,26 $620,026.43 $0,00 $902,821.83
3 $102,478.26 5671,730. 79 $0.00 1553.h65.77
& 4102,478.20 3727,309.16 30,00 3908,346, 81
5 £122,478,26 J?u'l,'O'AG. 53 $0.00 $967, 145,38
5 $102,476,26 ¥051,248,63 30,00 $1,030,366.47
7 F192,474,26 3920,243,36 30,00 $1,098,336,u4%
8 S102,478,26 F994, 382,47 $0.00 '$1,174,405.28
Y 5102,u78,26 £1,074,06),23 30,00 $1,289, 948,51

10 £302,478,26 -51,159,630.26 50,00 $1,334,368,95

1 $102,478,206 $1,251,577.55 $0.00 $1,825,098.76

PAYBACK PEAIUD 2.38
INTLRRAL nAVE OF RETIRN 46,3

STUANT T0TAL £ 2,357,000,00
ALING EeUIP, 5 127,000.00
EAN TURRINE GLW, $ 2,533,000.00

PUnkh £OND CREDIT $ 303,000.00
b(b'l-El( LRESS! ‘/’l».PJf

300,00
F«J.IVL!"A.IMI:‘.:‘PSIA 850,00 63,00
EFFISIENCY OF TURNTIE CE hATOR 8,80
CHdSS LLPL"..\IL‘ N-Lh EROUUCED K0 9,000,00 .00
HI«ST STAGE 9,000.00

STALE 0.00
ur.a uo

ELECTRIC Poelk FOR AIIXILAHH. o

STEAE Thdls 1,412,00 1,180.00
STHAY Tunitltl

¥h 300,00
CLNFEAAYIRE OF PHOCES, B
PoESSURE OF THE nOCKSS STEANPSIT
TICAL PRUCLSS FLOV, LfG\'/zIR HS 000,00
FLO PHROUGH Dby J14% Tl VROC, Oh COND. ,Lll.'ﬂ(/lllu 0.00
COST OF LLECTAIC IWR, /4wt 30,03
ELECTRIC PUMER AT JASE RATE VALUL K< v,000.00

$0.00

821



COGENERATION SIMULATION ...  Continued

The electric power rating, pressure ratio,
atmospheric temperature, and combustion turbine
firing temperature are defined input wvariables..
Using the pressure ratio and the ideal Brayton
cycle relationships, the temperature into the com-
bustor and at the exhaust of the combustion turbine
expander is calculated. The efficiency values for
the compressor .and the expander are used with the
ideal temperatures to calculate the net work per-
formed by the turbine. The total mass flow needed
through the expander is then calculated by dividing
the electric power rating of the unit by the net
work. The temperatures are then recalculated to
actual values based on this actual mass flow.

The heat recovety steam generator calculations
begin with the temperature, pressure, and flow re-
quired at the process. First, the steam mass flow
that can be generated based on combustion turbine

exhaust temperatures, a minimum pinch point of 40°F,

and minimum differential temperatures (exhaust gas
to steam or water) of 50°F is caléulated. An
iterative procedure is then used to correct the
steam flow to the desired value. If higher flow
values are needed, then supplemental firing of
combustion turbine exhaust is initiated. If lower
values are needed, stack gas exhaust temperatures
are elevated.

The generic example used in demonstrating the
first two options is again run here for Option 3.
(Figure 10). The output is demonstrated in Figure
8.

SIMULATION OPTIONS &, 5, 6: COMBINED CYCLE,
WASTE HEAT BOTTOMING CYCLE, EXTRACTION AND/OR
CONDENSING .,

These options essentially involve combina-
tions of the system calculations discussed in the
preceding sections. While the calculations are
identical to those shown in Appendix B, consider-
able bookkeeping is required in the model 'so that
the temperatures, pressures, and flow from one
part of the system are consistent with all the
others on a first and gecond law thermodynamic
basis. .

The generic example used in previous sections
is used to demonstrate the output for Option 4 and
the summarized results are given in Table 3.

Table 3

Comparison of the Cogensration Opticos
for the Generic Pxamples
1000 §)

Option 1 Option 2 option 3 Optica &
Total investment § 4952 $ 7309 $§ %363 $12082
stesm generating equipment 347 3274 - 498
steam turbine gemerator system 25331 - 2533

pover conditioning 1805 1502 1050 738

combustion turbine system - 4759 4739
heat recovery steam generator - - 3554 3554
Annual operating costs 16557 15332 14789 13568
fuel 2932 3525 6633 7288
operation and maintenance 189 312 322 416
purchase pover 13436 11495 7834 5864
Fuel chargesble to pover (Bru/KWH) o 41 5520 5235
DCFROR - 46.3% &0% 32%
Total specific cost - §  s12/m $ 15/mw § 355/m@
Incremental specific cost L] 262/x0 176/x0 210/KW

Savings in Anpual Operating Costs 0 1225 1768 2989

~ = not applicable to that option
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COGENERATION INVESIMENI' SINULATION

FIGURE 8. OPTION:COMBUSIION TURBINE WITH WASTE HEAT BOILEK

FLOW OF FURDS

YSAR . VALUE OF BWR. FUBL CUST OPER . +4ALR. AUKILLIAKIES
1 £5,584,000.00 $3,701,000.00 $133,000.00 718,000.00
2 35,974,880.00 $3,923,060.00 $138,320.00 $18,720.00
3 $6,393,121.60 $4,158,443,60 $143,852.80 $13,468.80
4 36,840,640.11 $4,407,950,22 $1438,606,91 $520,247,55
5 $7,319,48%,92 $4,672,427.23 $155,591.19 $21,057.45
[ 57,831,848.85 $4,952,772.86 $161,814,84 .;'?21.8‘3.3.75
7 28,380,078.28 $5,249,939.23 $168,287,43 $22,775.74
8 $8,966,683,76 55,564,935,59 $175,018,93 $23,686.77
E] 3$9,594,351,63 $5,898,831,72 $182,019,68 $24,634.24 |
10 310,265,956.2% $6,252,761.63 $189,300.47 $25,619,61
11 $10,984,573.18 $6,627,927.32 $196,872.u9 $26,644,40

YEAR DEPREC . TARES IW. TAX CRLD. HEL CASH FLOW
1 $191,782.61 $306,844,35 $441,100.00 $1,615,938,26
2 $191,7982.61 - $826,424.35 0,00 $1,2060,138,26
3 $191,782.61 $911,540,44 $0.00 $1,351,598,56
L] $191,762,61 $1,003,624,18 $0.00 $1,450,793.86
5 $191,782.61 $1,103,848.27 $0.00 $1,558,343,39
5 $191,782.61 $1,212,229,71 $0.00 $1,674,914,31
7. $191,782.61 $1,329,633,13 $0,00 $1,801,225.36
8 $191,782.61 $1,456,774339 $0.00 £$1,938,050.70
9 $191,782,.61 $1,594,424.45 $0.00 $2,0865,224.13
10 $191,782.61 $1,743,413.54 30.00 $2,246,643.60 ,
i1 $191,782.61 $1,904,635.56 30,00 $2,420,276.01

PAYBACK PERIOD 2,73 !

INTERNAL RATE OF RETUKN 40,3

TOTAL INVESH LT 34,411,000.,00
CO3YSTION TURB. SYS. $4,759,000,00
HERT KECOV, STEAd 6. $3,554,000,00
SIEAY GENl. LIP. ~3,147,000, 00
P, CORDITIONG KQUIP. ~755,000,00

COABUSTION TURSINE PRESSURE RATIO 10.00
COXBUSY . CHAMH, ALK IRLET TENP. ,OF 60.00

SOSSUSTION TURBLNE IWLET ITRP, ,OF 1,800.00
CO4BUSTION TURSINE EXHAUST XEMP, ,OF 950.24
CONBUSTION TURBINC AFTER BURN TEMP, 850.24
COMBUSTLON TURBINE FLOW ,LBM[dl 582,894%.85
WASTL HEAT LIPUT LESHIAR 982,894,85

' WASTE HEAT TEMPERATUKE,OF 950,24
STACK TEXPCRATUKE ,OF 25%.18

ELICH POLNT OF 54.00
PROCESS STEAY FLOW ,LBSH/Al 135,000.00
TEMPERATURE OF PROCESS STEAM.OF 300.00
PRESSURE OF PROCESS STEAM.PSIG 50.00

COMBUSTION TURBING ELECTRIC POWER K@ 25,000.00
ELECIRIC POWEK FUR AUXILLARIES KW 220, 00-
COST UF BLECTRIC POWEK,$/KwH $ 0,03

IV. COMPARISON OF THE INDUSTRTAL
COGENERATION OPTIONS

Data from each of the computer simulation runs
for the generic example are shown in Table 3.

An examination of the data in Table 3 for the
four options shows that steam turbine topping
yields the highest return on invested capital.
These cases deliver the samé thermal process power
and are therefore compared on that basis. The
steam turbine topping also requires the maximum
investment on a per kilowatt basis. The electric
power produced increases from a low of 9 MW in
Option 2 to a high of 34 MW in Option 4, essen-
tially requiring more equipment and investment
in each case.

The returns on investment in all cases are
attractive because one is trading off the higher
equipment costs of the smaller industrial plant
with the lower fuel chargeable to power rate.

Even though the combustion turbine and heat
recovery steam generator look attractive (Option 3)
from the DCFROR, onme must remember that high grade
distillate oil or gas is required presently to fire
this equipment. Most industrials are currently
trying to reduce their consumption of gas and oil




(and are strongly urged to through government
rhetoric), and might be hesitant to choose this
alternative. Using coal economically is essen-—
tially restricted to the steam turbine topping
applications for this time period.

The return$ on investment are attractive in
many cases, but the capital investment is large
and the investment is in a business not closely
related, in most cases, with the primary business.

If one considers using coal as the fuel for
Option 2, then almost twice the capital invest-
ment would be required for the same electric power
production. The return for coal firing is usually
below. that for oil firing and might require addi~
tional tax or investment credits to encourage this
approach.

In all options shown, the electric power pro-
duced is valued at the price the industrial is
presently paying for electrieity. In other words,
the power produced is mever greater than the
actual plant need. This results in getting maxi-
mum value for the power produced and maximum
return on investment. If electric power greater
than need is produced, then the value of this
excess power is extremely uncertain in today's
electric utility-industry enviromment, Taking a
pessimistic approach and valuing this power at
electric utility energy or even bus bar costs
makes the industrial plant unattractive even for
small amounts of excess power.

V. CONCLUSIONS

The computer simulation model presented here
can be an effective tool in examining industrial
cogeneration alternatives. The model would be
properly applied in the very preliminary stages
of an investigation to determine a more detailed
study plan. Then detailed equipment and con-
struction cost studies would follow.
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APPENDIX A DERIVATION OF DISCOUNTED CASH FLOW
- RATE OF RETURN, PAYBACK PERIOD, AND
ALLOWABLE INVESTMENT FOR COGENERATION
SYSTRMS

The gross savings (before taxes) for year i
is

GS, = 5, - FC, - OM. - DEP, (A1)
i i i i i
where
GSi = gross savings for year i

S, = savings on purchase of electricity for
year 1

FCi = incremental fuel costs for year . i

OMi = incremental operating and maintenance
costs for year i

DEP, = incremental depreciation for year i

The net savings (after taxes) for year 1 is

NS, = G5, - TAX, (A2)
1 1 1 . .
where
NSi = net savings for year i
TAX, = local, state, and federal income tax

on gross savings for year i

The net cash flow for year i 1is
NCF, = NS_ + DEP, (A3)
i i i )

The taxes are calculated from

TAX; = TR x GS; - ITCR x C_ (a4)
where TR is the effective industrial tax rate

ITCR = investment tax credit rate

Using straight line depreciation yields (A5)
pEPi = C, /L

where C0 = incremental capital investment
L = life of the investment for tax

purposes

The DCFROR, r is defined as that rate of
return which equates the present worth of the net
yearly cash flows to the incremental capital
investment

cC =
o

N1 :
% ; NCF A
I Tt Y (46)

The net savings in year i may be related to
the savings in the first year of operation by

_ i-1
NSi = NSl(l+g) (A7)

where

g = annual growth rate of gross savings

The gross payback period is defided as the
ratio of capital investment to the gross annual
savings (before taxes) plus depreciation and is
given by ¢

GPBE = —2— (A8)

GS1 + DEPl
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COGENERATION SIMULATION ... Continued

The payback period is taken as the ratio, of
the capital investment to the net annual savings
(after taxes) and is given by

C
PR = —— 0 (A9)

NSl + DEPl

Using (A2) and (A5) in (A3) and substitutlng
the result into’ (A6) yields

1 -1 C
c = Z [NS. (I+g). + 2] (A10)
o =1 (1)t 178 L
Solving (A10) for NSi and substituting into (A9)
yields
1
PB = - N
1
n-1 oz L _j.1
L 41 (#x)t 1 - (All)
1—1
._ﬁ_,
1—1 (l+r)

Summing the series in (All) yields a closed form
expression

1 1- @™y
(1+g) T,
PB = N ~N
1 }’[l~(l+r) 1+ 1 [1—(l+ro) 1
L T " L(4g) r, :
(A12)
where r é rs
o 1tg

Equatibn (Al2) is used to plot the PB versus
r relationship for different savings growth
rates g.

An expression for the allowable investment
versus electric power cost for different PB may
be derived in the following manner.

The savings are defined by

Sl = CAP x 8760 x CF x EPR (A13)
where
CAP = capacity of the cogeneration plant KW
CF = capacity factor
EPR = electric power price per KWH to the

industrial

The fuel costs are expressed by

FCl =VFCP x FCST x CAP x 8760 x CF (A14)
where
FCP
FCST

fuel chargeable to power
fuel cost

[l

The operation and maintenance costs are related
to the capital investment by

OMl = OMR x Co (A15)
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where

OMR = operation and maintenance rate

Substituting (A13), (Al4), and (ALl5) into (A9)
and rearranging yields

Co (1-TR) x PB x 8760 x CF x (EPR~FCP' x FCST)

{1+ PB [(1 - TR) OMR —ILE— ITCR]}
(Al6)

Equation (Al6) was used to plot the specific
($/KW) allowable investment versus electric power
price for various net payback periods shown in
Figure 1.

APPENDIX B EQUATIONS USED IN THE STMULATION MODEL
OPTIONS 2, 3, 4, AND 5

STEAM TOPPING TURBINE CALCULATIONS:

The following relationship is used in the
model to calculate any one of enthalpy, tempera-
ture, or pressure given the other two values.

hg = 5(T)p, + h (B1)

where

hg = superheated steam enhthalpy, S(T) = matrix

of values for different temperatﬁres, ho vector of
"ordinate" enthalpy values, and P, = steam pressure.
The electric power, P o’ from the topping turbine
generator is given by

P =W Efft/TSR (82)

where
ﬁs = steam mass flow rate
= efficiency of turbine generator

Efft
TSR = theoretical steam rate

The enthalpy of the exhaust steam from the
topping turbine, hegh’ is calculated from

'hexh = hg - Pﬁ/ﬁs ‘ (83)
where
hg = enthalpy of steam into turbine, and Pm =
mechanical power produced by the turbine,

The temperature of the exhdust steam is calcuw
lated by using hexh in (Bl) and solving inversely
for Texh’ the steam exhaust temperat?re.

The rate of fuel £low to the boiler, fr’ is
approximated with

£ = (hg - hf)v'vs (B4)

where hf = saturated feedwater inlet ehthalpy.

The costs of the steam turbine, STBC, and the
incremental costs of the boiler are approximated
from the following:



STBC = 581.156 (Pe/lOOO)'67

(35)

The boiler costs, BC, to supply steam at
pressures at temperatures in the neighborhood of
the generic example are approximated by

'Oz(ﬁsll x 10°)°%3 (86)

= 2.45 x 10%(p, /100)
The base and scale coefficients are selected
and changed by the model for different pressure
and flow ranges.

COMBUSTION TURBINE CALGULATIONS:
The calculations used for the combustion
turbine follow Brayton cycle relationships.
The ideal turbine compressor work, W , is
given by

W, = cpa(Tcl - Ta) (B7)

where cpa = specific heat for air, T . = tempera-

el
ture into the combustor, and T = the air inlet
temperature. ,

The temperature ratio between combustion
turbine inlet, TCBIN’ and that out, TR’ is given by

¥t
Tepry _ (B | (58)
TR PR
The ideal turbine expamsion work, W is
calculated from
W = coeTepy ~ TR (39)

where cPv = gpecific heat of combustion Produéts,

and TR

rejected from turbine.

= temperature of combustion products

The net actual shaft work performed by the
combustion turbine is given by

wnet = Eff.t wt - Wc/Effc (810)

eee 204 Eggo

of the turbine and compressor, respectively.

where E are the actual efficiencies

The actual combustor inlet temperatures and
turbine reject temperatures are calculated from
(B7) and (B9) using the actual turbine work
(Wta Efft X Wt) and compressor work
(Wca = wg/Effc)'

WASTE HEAT BOILER CALCULATIONS:

The flow of combustion products to the waste

heat boiler, ch, is approximated by

w =P /E (B11)

cg me’ f£ft WNET

where Pmc = combustion turbine mechanical power.

Thé steam flow, ﬁs’ out of the waste heat

boiler is calculated using energy balance and
second law thermodynamics by

w_ o= (w (T

o = Giggey Ty = T =T ))/(h, = h) (812)

where Tws = temperature of saturated water inlet,

Tpp pinch point temperature of waste heat boiler,
and hw = enthalpy of inlet feedwater.

Since water enters at conditions of satura-
tion, the stack temperature, TSTK’ is calculated
from .

Tork = Top * Tue (813)-

For a desired steam flow ﬁ;, equations (B12)

and (B13) are dteratively solved for increasing
pinch point temperature, Tpp’ with the constraint

250°F < TSTK and

(B14)
Ty < Torx

where Tw = saturated feedwater temperature
The cost for the combustion turbine generator

system, CICST, is approximated for turbines near
the size of the generic case by

CICST

90 5 p (815)

where Pec electric power out of the turbine
The waste heat boiler costs, WHBCST, are

calculated from

.85

(w /1 x 10 )

WHBCST = 2.754 x 106(pb/100)

(B16)
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COGENERATION SIMULATION Continued
Electric
~ Utility Power
Stack Gas 51, 460 kW
Clean-tUp y '
- Plant Power Plant Power | Plant
135,000 # /hr Conditioning | } | Control Center Power
900 psig/825°F 60, 000 kW
— - 460 kW
QO ‘ weoats
Topping Turbine Auxiliary
9,000 kW .
Fuel Handling __,O_
& Storage /215 mBtu/hr
50 psig/300°F
Water ~ 135,000 #/hr Plant Process
Treatment Process® Steam
Feedwater
.| 85°F * Includes steam for deaerator feedwater heaters
Fig. 9 — Schematic diagram for case 2 steam topping turbine
A
‘ 35, 070 kW
Stack Gas Plant Power .| Plant Power Plant
Clean-Up Conditioning Contro! Center Power
[ 60, 000 kW
317 mBtu/hr
Auxiliary
Power
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- Y\ B0k
Combustion
Turbine N 135,000 # /hr
l N 50 psig 1300‘.’[-‘
@) »| Plant
— Process
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Treatment
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Fig.10 - Schematic diagram for case 3 ; combustion turbine with waste heat boiler




