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1,0 SUMMARY

Task 2 of the Teledyne Energy Systems (TES) contract with the Brookhaven
National LabOratory..(BNiJ), BNL-480421-S involved the establishment of -aﬁ engineering
and economic model for the evaluation of various options in water electrolysis. The
model, verification of the specific coding and four case studies are described in this
summafy report. |

In brief terms, this new Fortran IV coded model has begn prepared and has the
following features.

(1) Based on operéto: controlled input or default v.';tlues, starting with'fthe»
required D.C. to the electrolysis module, a‘ module is '"designed' and the |
support plant is subsequently "designed."

(2) The manufacturing costs of both items are then calculated and subsequently
recalculated into initial plant costs to the customer. -

(3) The operating power costs as well as the'associated operating costs for the
planf are calculated.

(4) The costs are then evaluated with respect to a capitalization approach, suggésted
originally by EPRI (Ref. 6), and with respect to distinct inflation values for
power and other operating costs to yield a levelized hydrogen cost, or
alternatively defined, a time averaged weighted hydrogen cost.

The model, described in general terms in Section 3.1 of this report and detailed

as Appendix C, was tested by evaluation of a nearly commercial technology,
i.e., an 80 KW alkaline electrolyte system, operating at 60°C, which delivers approximately
255 SLM, hydrogen for applications such as electrical generator cooling or semiconductor

manufacturing. The general output from these calculations are described in Section 3.2



and are bresented‘ in detail in Appendix A and Appendix B. |

The calculated cost of hydrogen from this iﬁstalled nonbptimized case gystem with an ”
initial cost to the customer of‘ $87,000 was $6.99/Kg H2 ($1.67/100 SCF) on a 20-year . -
leveliied basis usmg 2.5¢/KWH power costs. This compares favorably to a léw)elized,
average merchant hydrogen cost value of $9.11/Kg H2 ($2.17/100 SCF) calculated using
‘the same program. ‘

The flexibility of thé program was tested by évaluatién of four "calses. "

The first case (Section 4.1) showed the expected lowering of the cost of hydrogen
as the plant size is increased from 80 KW case to 1000 KW, the largest size requested.
for this; study by BNL. With a preestablished 6000 A/M?2 (600 ma/cm2 =557 amp/ftz),
levelized hydrogen éosts of $5. 3Q/Kg H2 weré calculated for the conventional Ni-200‘
wire screen technology at 125°C and $4. 60/Kg H2 was shown for the advanced cathode
(C-AN) technology for the 1000 KW plant size. -

~ The general effects of temperature for only the 80 KW plénf; size were studied
for both electrode technologies and this case is described in Section 4.2. Approximately
.a 9% cost savings was calculated by increasing the operating temperature of the Ni screen
from 55°C to 125°C and an additional 9% cost savings realized by utilization of the C-AN
cathodc tccimology. | | | |

Uoing tho modol to optimiso tho module deoign paramotors of ocll arca, opcrating
current densvity and operating temperature for again the 80 KW case (Study 3, Section 4. 3),
the minimum costs were found to be $5. 92/Kg H, and $5. 34/Kg H, for the Ni-200 screen
and C-AN cathode téchnology, respectively. ﬁoth electrode technologies optimized with
an 125"C operating temperature and an approximatelj 0.25 M2 cell area, the baseline
technology minimizing at 5000 + 500 A/M2 whereas the C-AN technology minimiz’ed at
6000 + 500 A/M2 operating current densify. These values correSpond closely to 4500 + 500

A/M2 value found in an earlier study and used in most of ARIES testing to date.
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As BNL had originally requested plant duty or utilizationfacto'lf be considered,i
Study 4 (Section 4.4) wés concerned with the effects of both duty factor and electricity
costs., The genefal finding was thata rather broadbased insensitivity existed with respect
to duty factdr for thé; range of 60 to 100%. This finding was distinct from previous
studies and was caused in general by two factofs--the predominance of the electricity
cost on the co'st of gas relative to the other factors, and the "fact" that inflation affects
the electrical and operating costs but does not significantly a.ffect; the cost of an installed
plant. - .

Finally, with the usefulness of the program demonstrated, a comparison of
"existing technology'' cases for both advanced alkaline cells and the SPE (solid pol;mer
elecfrolyte) was attempted. The results (Section 5.4) show the advanced alkaline
technology to be superior to the SPE technology when attempting to base the comparison

on a similarly sized, optimized and costed basis. Evaluation of the stated goals of both

technologies was also attempted and the general findings were nearly identical costs of

hydrogen from the two approaches. The reader must therefore decide on which technology

is the moreé credible. e o '

Several featufes of the model could be further refined and several additional
subroutines which would increase the usefulness of the model are suggested. The
~ specific values contained in the report were, of course, the particular results of the
i)reselected estimates of the author after considerable consultation at TES., However,
a critical review by an independent. party which would lead to more accurate hydrogen
costs is the next order of priority. The case studies discussed in this report have
shown the next proposed experimental studies to lower the internal resistance
of the clectrode separator and improve the anode is the proper near term approach.
Establishing the relationship of fnodule operating temperature and module life would,

as discussed, then be the next order of priorily.
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2.0 INTRODUCTION

2.1 CONTRACT BACKGROUND

For the past.four ;vears, Teledyne Energy Systems (TES) has been workipg ona
series of tasks for the development of advanced alkaline water electrolysis systems
funded by the Department of Energy (DOE) under the direction of the Chemical/Hydrogen
Energy Storage Systems Division and monitored by the Electrochemical Group at |
Brookhaven National Laboratory (BNL). Summarizing tersely, the main thrust of past
efforts has been to identify approaches to achieve high efficiency electrolyzers. There
are several feasible improvéments in cell hardware fechnology, Vnamely using imbrovéd
(lower polarization) anodes and cathodes and less resistive separatofs. Also, sixicé
there are no easily accessible parasitic reﬁction pathways ’ elevétion' of operating tem-
perature results in lower cell polarization and cell fesistive losses with little lossé in |
current efficiency. This further increases the operating efficiem;& 6f hydrogén prodﬁction.

The original contract task was a materials study designed to identify and chai‘—
acterize stable thermoplastics that could be used for cell frame étructural mafex;iéis at
temperatures up to 150°C (Ref. 8). Next, a high temperature applied research sized
electrolyzer was built as a test bed for new technolbgy. This system, called ARIES,
was used in the following tasks to characterize the performance of baseline technology
af temperatures up to 125°C. | The baseline technology consisted of nickel-200 wire
séreén electrodes and bipolars, chrysotile asbestos interelectrode separators, polysulfone
cell frames, and 316 stainless steel plumbing. The following twa tasks again used the
ARIES system in a series of six advanced electrode screening tests, and an extended |
tést of a five-cell electrolysis module containing Teledyne proprietary catbodes (C-110)

and Teflon-bonded nickel-~200 powder anodes. Also tested for a short time were cells



containing shear spun polybenzimidazole (PBI) fibrid, cast felt interelectrodé separators.
Although no significantly improved anode had been found, the best cathode identified, ,
the properietary C-AN cathode, showed on the order of 300 mV lower polarization at

~5000 A/M> -compal:ed to the baseline technology cathode (Ref. 7).

2.2 PURPOSE OF TASK 2, CONTRACT 480421-S

This short history brings us to the present task, the dew}elopment of a computerized
model for alkaline lvaier electrolysis systems (MAWES) which can allow one'to optimize
the critical system componentA parameters and predict the cost of hydrogen produced
from an arbitrary technology' electrolysis system.

This type of design and economic model is necessary for many reasons. First,
in order to judge the éffect of technicai improvements,. one cannot look solely at the
energy converéion efficiency of the improved system but must also consider the cost of
improvements as they affect the cost of the product, hydrogen. This means a complefe
cost/price anélysis must be done for every change in design. The pri;::e sensitivity is
affected by an improvement' in voltage efficiency, for example, by decreasing the input
power but, the electrode usually. causes a capital equipment cost increase. Also, the
sizes required for heaf éxhangers and pumps may change since less waste heat is
generated. The net change in hydrogen price may increase for a. small, capital intensive
system bought at high interest rates. On the other hand, for a large, powcr intcnsive
system purchased in an era when power costs are inflating, the price of gas may decrease.
Obviously, the sensitivity is . dependent on many interrelated economic and design factors.

The second general use of this model lies in its ability to predic;t areas in which
improvement should be concentrated. From previous output, one may be able to detect

which components or subsystems deserve further attention for purposes of price reduction



and which.ones have relativeiy minor cost effect. In additien, ‘th‘ere may be parametric
optimizations perfoi'med that' allow the designer to d,e design _trade-off studies, fof
example, one trade-off may be the module temperature rise versue heat exchanger size,
Norinally-, the ‘modei is used to detect the optimum cell current densify, number of -
cells and cell area, Many other such trade-offs‘car; be envisioned and the model is
designed to investigate these using, again, the cost of product gas as the ultimate judge
of improvement. | | |

In order todo a c’omplete analysis, the model should be able to predict required
sizes for the major system cemponents and predict prices corresponding to those sizes.
Of course, there is no way to do an ab initio calculation: several design curves must be
input. Aiso, there are some points where the design seems to be a matter of historical
| prefei'ence (i.e., educated guesses) and no parameFric design data is available. In
these areas absolute values must be part of the input.

A major goal of this task is to use the developed model as an optimization tool.
Therefore, the program must have optimization techniques built in as part of its
operation. | These techniques and the techniques for calculation of design and cost values

are described in the following section.
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3.0 DESCRIPTION OF MODEL

3.1 MODEL DEVELOPMENT

3.1.1 Optimization Method

A design study of the type described in the task definition is, in essence, a
classical nonlinear; constrained, optimization problem. In this case, the value to be
optimized (minimized) is the price of product hydrogen. This price is not constant in
an inflationary era, however, and careful attention must be paid to selecting the proper
time-average price called the "Levelizeld Gas Price, " PL‘ Once the definition is made
one still musf relate this value to a rather large set of independent design and economic
parameters. For this study the parameter list is some 262 yériables long and is given
in Appendix A. In an unconstrained problem the objective is to find a minimum price,

P, in a 262 dimension space, obviously a problem to be avoided.

L
There are two types of constraints encountered, range constraints and parametric

consfraints. The first type fall into the category of linear constraints and, as suggested,

simply \limit the allowable range of a given variable. For example, instead of an

operating temperaturé (T) range of -273 to = °C, one may only want to consider:

50°C <T <150°C, or one may want to set a variable constant, e.g., 100°C < T < 100°C

(or T = 100°C). The second type of constraint, the parametric constraint is more -

difficult to handle. In this case there is some additional function of one or more variables

which must be less than a specified value. For example, the cell voltage is not given in

the pérameter list and must be calculated from electrode characteristic curves, temperature

and current density. As a parametric constraint though we have defined that the cell

voltage (V) must not be endothermic (V>1.48 volt)., The program must then test for



. these and similar cases and set PL arbitrarily high so that this out-of-bounds case does

not appear as a minimum. The range constraints are more easily handled by never

allowing any variable out of range at the outset.

The nonlinear constrained optimization program can be stated mathematically

as:

Minimize P; =f(X;, Xp, ..., Xpe))

.subject to range constraints,
.’Li.SxisUi | for i=1 to 262
and parametric constraints
Cj‘_<. fj (Xl, ve ey X262) for a se't of j's.

. The size of this problem is still unmanageable and is even furfher complicated
by t_he presence of fhe constraints in all but the case of total constraint descriﬁéd above,
.i.e.. , X. = constant. This constraint reduces the dimension of the problem space by one', :

. eac_:h time it is employed. In this program only 15 or fewer. variables ars éllowed to
vary, the others being fixéd at the program initialization. The operator is allowed the
flexibility of choosing which set of 15 (out of 262) he wishes to investigate. - He may |
choose fewer or allow noné at all to vary and the problem degenerates to a simple
function evaluation. Several techniques exist for optimizing constrained functions,
notably the SUMT" algorithm (Ref. 1) or the "Complex" algorithm (Ref. 2). Most
require large numbers of function evaluations and are suitable for relacively simple
functioné. In this case, however, the function is anything but simple and requires on the

order of 900 Fortran IV statements to evaluate,



This brings one face to face with the implicit problem in all optimizations:
one must optimize the optimization. That is to say, one must gain as much information

about the minimum at the least expense in computer time. Also one would like to know

which variables are the truly sensitive ones and which can be eliminated from further
consideration in addition to the optimum conditions. Another problem to contend with
is the local versus global minimum problem. As illustrated in Figure 3-1, depending
on the starting point, the minimum found may not be the true global minimum but only
a local minimum for a small region of the variable space. No méthematical solution
to this pitfall is knowﬁ to this author.

To handle these problems for purposes of this contract, a simple grid search
| techﬁique has been adopted where the specified variables are further constrained to
discrete values within their allowed range. For example, one may see a statement
in the output that looks like:

6.CCD = 4000 to 8000 in 5 steps
Roughly translated this means variable #6 (cell current density) has an allowed range c;f

4000 A/M2 to 8000 A/M2 and the program will test it five equally spaced values (4000,

5000, 6000,4 7000, aﬁd 8000 A/MZ). * If there is another variable set up with two steps
(e.g., 5.CAR = .05 to .10 Step 2) and a third with three steps (e.g., 3. PTMOD = 75
to 125 in 3 steps), the program will set up a 5 x 2 x 3 grid or array of values and then
proceed to evaluate the objective function of each of the 30 points. The best result is
saved and all information about it is printed. In addition, the program will find various

suboptima, i.e., given a fixed value of the third variable the optimum of the 5 x 2 sub-

* Variable mnemonics are translated in Appendix A. All units are S.I. unless other-
wise defined. :
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FIGURE 3-1. THE POTENTIAL PROBLEM OF OPTIMIZATION STUDIES
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array -can be detected. The variable ranges, number of steps, and the order of execution
can all be controlled by the program operator as well as the choice of which 15 parameters

are allowed to be variables. All of these assignments are carried out by the main

-

program, '"MAWES." The name "MAWES" is an acronym for '"Model for A&aline
Water Electfolysis Systems. " |
Besides sequepcing the variableé through the various grid points and remfe;r_lﬁering

optimum results, the xﬁain program has two other important tasks. The first is tl;e
. initialization of all the other fully constrained parameters. It does this by two methods,
internal initialization and data statement or external initialization. ’__I‘he program |
internally sets all parameters to a baseline or default value using a block data subroutme
i3 the operator wishes to modify any value, a data readmg algorithm allows the change.
‘The new information is supplied using data cards and is not an internal part of the
program, The last task of the main program is calling the output subroutines and most
importantly calling the subroutine which actually calculates ther‘bjective function, the
price of hydrogen, based upon the 262 parameters. This sdbroptine is named, "ESTIM, "

and the calculation is described in Section 3.1.2.

- 8.1.2 Objective Function

The price of hydrogen required to offset the fixed and operating costs of é thérA
_ele'ctrolysis system is a very complicated function of several design and economic ’
parameters. The starting point for any trade-off study is obviously the plant size,

- which can be described by its input power or by the amount of gas output. One mﬁst
compare similar sized plants and the optimum design for one size will not necessarily

be optimum for another. To complicate the issue, the two size parameters are not
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self—qfonsistent, e.g., a 90% efficient 100 KW (in) -plant produces more hydrogeh' than a
60% efficient 120 KW(in)‘plant. The chosen Astarting point is the plant D; C. busbar
power,
| Ina compute;ized model such as this, one can not do a completely 'detailed» design
'study espevcia'lly if the goal is to optimize among the engineering and economic trade-offs.
Chilton's Chemical Engineer's Handbook (Ref. 3) describes studies like this as "order
of magnitude" estimates ;ince generalized size versus cost curves are used in finding
component costs rather than using firm price quotations. Obvioﬁsly a full set of quotes
and engineering drawings caﬂnot be made for each computer iteration in the 262 dimensioned
| sﬁaée. Chiiton’s estimates that this type of estimate will yield at best a +40% final |
figure, but for doing design optimization studies this is more than adequaté as long as
the cases compared are not extremely differeﬁt. _Therefore, one -éhouid be cautious in
comparing numbers generaéed here with firm numbers from other-; j‘s:ifudies.

The model itself is structured in three segments, first a Blbqk of design routines
size the individual components anci calculate efficiencies, then ﬁ bléék.'of costing
roufines take those siies along with manufacturing costs and rates fc;r consumables
to generate capital and operatings costs, Finally, the last routine usés the above in a
levelized revenue requirement calculafion to yield the objective fl'mct:ion, the levelized price
ofhydrogen. This levelized price is a time average weighted valu_e to account for various
rates of inflation in opefating expenses. It is not the first year gas price but is more
truly representative of the type of cost one should use in business decisions.

Figures 3-2 and 3-3 are block diagrams of the objective calculation. Subroutine
calls are handled by the main subroutine, "ESTIM.'" "ESTIM'" also makes a few early
design calculations. These are discussed in the following section. "ESTIM'" also

handles the parametric constraints discussed in Section 3.1.1.
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NOTE: In the next three sections (3.1.2.1, 3.1.2.2 and 3. 1.2.3) whenever
an input parameter is mentioned, the number in parentheses following
refers to its position in the input list in Appendix A.

3.1.2.1 Design Routines

The cell voltage ie calculated using subroutine "VOLTCLC" frgm interpolating
the parametric coefficients (E, S and R) at three input temperatures (#8-#19). Given
the cell voltage, area (#5), current density (#6) and D; C. input power (#1),- tne number
of cells are calculated. This is rounded to the nearest integer and the D.C. power is
adjusted accordingly. If the number of cells is larger than some arbitrary maximum
i (#33), the stack is divided into multiple modules, B-nsbaxj curfents and voltages are
calculated assuming cells electrically in series and modnlesv in parallel.. The voltage
| efficiency is calculated defining the isothermal cell voltage at operating temperature

and standard state concentrations as 100% voltage efficiency. At this point, "ETAREC" A

" and "ETACUR" are called. "ETACUR" calculates the net effect of shunt currents on

current efficiency (n. ) In th1s type of system the current eff1c1ency is near unity because
of the absence of any side reactlons and because of the low gas’ solublhty in concentrated
caustic. For 25 w/o KOH, sohibility is on the order of 10"4 molar for both gases (Ref, 4).
- There are shunt current paths in the electrolysis module, however, which Bypaes one

: or more cells, redncing the current efficiency as shown conceptually in.Fig'ure 3-4.
"ETACUR' treats this effect using a linearized Kirchhoff's law technique to solve self-
consistently for the loop currents. I these currents are'small and do not change the

cell impedance significantly, this technique is valid. - For larger shunt currents, a
nonlinear technique must be used. The ourrent efficiency is ultimately a function of
electrolyte conductivity (in turn a function of temperature and concentration), number

of cells, cell voltage and cell impedance. "ETAREC" is the rectifier efficiency and

is considered a constant 95% value,
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After n is calculated, "ESTIM' calls either-a round or rectangular module
design routine depending on operator controlled input parameter "AMSTY" (#31).

These r‘outines calculate the cell frame annular thickness given internal pressure,
temperature and a d%rated modulus of elasticity. The circular frame calculations are
based on hoop stress and required seal length arguments. The rectangular case uses
a beam loading galculation on the longest dimension to give the maximum plastic tensile
stress. In addition, the amount of plastic and seal areas are found. Each éf these
routines calls an end plate and tie rod design routine. End plate thicknesses are cal-
culated based on maximum deflection (#35) under load arguments. Tie rods are sized
according to sealingr loads, separator compression, and operating pressure. Tie rod
safety factors (#55) are included, along with temperature eﬁeéts (#51). Ultimately,
these routines return design parameters such as end plate thicknesses and masses, tie
rod lengths and diameters and as.sociated costs.

The next routine called, "MANANAL, " calculates the required fluid mass flow
through the electrolyéis module based on a cursory heat balance routine given the elec-
trolyté temperature difference across the module #25). Individual cell flow is calculated
~ using a mbmentum balance t‘echni'queu .described in Ref. 5. Maximum cell flow is detected
for purposes of checking parametric constraints in flow. ‘

After "MANANAL'" is executed, "HMPB" is called. This routine calculates
sizes for the major components in the electrolyte loops using an energy and mass balance
technique. A block diagram showing the major components is shown as Figure 3-5.

The net energy input consists of the D.C. input power plus the electrolyte pump power,
The net energy output consists of the product enthalpy and heat losses by convection,
condensation, and heat exchangers. The routine starts by finding tﬁe required anolyte

and catholyte flow rates based on the input temperature difference across the electrolysis
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module and the calculated module heat load. Given the piping pressure drop per unit
length (#100), the minimum pipe size is calculated. A required piping length is .
estimated from the plant size and a tofal pressure drop is found. An additional.per-.
centage is added to ;ccount for heat exchangers and flow meters. This. is then added "
to the module pressure drop calculated above to give the total loop pressure drop.
From here it is easy to find the required pump power and size using various efficiency
factors (#106, #113). At this point the routine switches to consideration of energy
balances starting with sizing the gas condensers. Feed water requirements are
calculated by balancing the masses of gas and uncondensed waterhlheaving fhe condensef.
Convective heat losses are then estimated for the electrolysis module, fluid reservoirs,
and piping. Insulation thicknesses and K values are inputs (#125-131). The heat
exchangers are then sized for the net remaining heat load given cooling water tempera-
tures and overall heat transfer coefficients #97, 132, 133). Finally, the on-board
electrolyte requirements are calculated. The next routine, "CONDIT'" sizes the gas
handling systems including dryers, compressors, and storage tanks. Dryer 'calculgtions
are based on the required gas purity (#139 and 140) and the condenser outlet tempera_ture.
Dryer power _requirefnents are a direct function of overall size, If high prebssure outlét
gas is required, the routine calculates the size and number of stages of conipressors. If
gas storage is required as specified by .a storage mass, the routine returns the displace-
ment volume of storage.

The final design routine calculates an overall production efficiency taking into

account the dryer gas losses, auxiliary power losses, module current and voltage

efficiencies and power conditioning efficiencies.



3-14

3.1.2.2 Costing Routineé

The costing section of 'the objective calculation is comprised of five subrouiines,
"OPCOST," "PLTCO-ST, " "MODCOST, " "LfFE, " and _"CAPCOST. "

The first routine, "OPCOST, " assigns and sums all the yearly direct and indirect
costs associated with plant opgration except for cépital costs, taxes, and él@ctricity'.
Ttems addressed include cooling water, feed water, electrolyte; consumable parts, -
and labor. Overhead costs are assigned as a simple percentage of labor while general
and administrative costs are a pércentage of labor, overhead aﬁd "materials. "

"PLTCOST" assigns original costs to all plant subsystems except for the
electrolysis module. Most compoﬁents are costed using an order of magnitude

approximation of the form:

where C1 and S1 refer to a standard size (sl)' component and its cost‘ (Cl)’ while Sx
refers to an arbitrary size component, Cx to its cost. The exponential factor is generally
less than one reflecting the econdmics of scale up. All major coiniaonénts ar‘e" essentially
treated this way excluding control systems, cooling water piping, feedwater subsystem
and purge gas subsystems which are treated as constants. The exact values of the |
coefficients and exponents are input parameters. For fluid and gas exposed systems
the costs are multiplied by material correction factors sothat the additional expense
of higher cost materials can be modeled.

The module costing is handled in much greater detail in subroutine "MODCOST, "
This routine breaks down the cost of the module intd individual components. Structural

parts include end plates, tie rods and associated hardware, cell frames, and seals.
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Internal components include bipolar plates, anolyte and catholyte flow distribution
members, anodes, cathodes, and interelectrode separators. With each of the internal

members there is associated a material stock cost per unit size, a stock utilization

factor to allow for scrap and waste, and a processing cost. In addition, theré is
a catalyst cost input for each electrode. Cell frames are coséed according to the amount
of plastic required, the price of the frame mold and its expected parts yield, and a
processing cost per piece. End plates are costed according to their mass and material
prices per unit mass and a machining cost. The bolts are costed in proportion to their
mass also, with an additional factor for hardware. Assembly costs follow the equation:
Mod. Assy. Cost =K1 x area x # of cells + K2 x area,
where K1 and K2 are input constants (#261, 262). These factors are all summed to
arrive at a module cost, MODCOST.
At this point in execution, the module life is calcuiated as a function of opérating
temperature. Two specified lifetimes are input (#224, 226), one at low temperature,

one at high, The subroutine "LIFE" interpolates between these using an Arrhenius-type

curve, i.e.:

1
. LOG (LIFE)a( )
o e Tabs

where T ps 1S In °Kelvin,

' The total original capital cost of the system is calculated in subroutine "CAPCOST. "
For ease of calculation, all modules required during the life of the plant are considered |
to be bought at year zero. This does not introduce a large error if the discount rate and
inflafion rétes are not widely divergent. In addition, refund values for all returned

modules are estimated and credited to the original capital cost, thereby 'avoiding' the
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capital gains taxes. The original capital cost is then made up of the sum of plant and
module costs. A spare parts inventory is tacked on as a percentage of plant cost.
Design and éngineering costs are also estimated but only a fraction is assigned to the

plaﬁt cost assuming rﬁore than one plant of a given design will be built. Then, a gross
profit margin for corﬁponents is added on to the sum of fhe abbve. Thié completes thé
components price or cost to the customer but there are two other capital costs addressed
in this rogtine, the installation and checkbut costs and the building and facilities costs.
Both of these scale with the plant size using some exponent less than unity as above.

Different profit margins can be associated with each of the three divisions, components,

facilities, and installation.

3.1.2.3 Revenue Requirement Routine

The last subroutine, GASCOST, uses LhLe previously generated total capital cost,
yearly operating c_osts, and power cénsumption to do a revenue requirement calculation
for the levelized and first year gas prices. Levelized prices are an impoftant concept
used throughgut the subroutine. In eésence, this concept allows one;'to take an irregular
cash flow distributed.over time and compute a present worth, This then is distributed
as an even payment cash flow which has the same economic force as the original cash
flow. These evened out payments (or credits) are célleci the "levelized" payments. In
the prediction of prices in inflationary times, this concept generates a much more useful
nulﬁber for comparison purposes. It should not be compared to costs or prices at a
single point in time, however. The details of the calculation were taken from and are
discussed in a study guide prepared by the Electric Power Research Institute (Ref. 6).
In this calculation the effects of different rates of inflation on operating and power costs

can be addressed. In addition, this routine calculates tax rates, accelerated depreciation
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allowances, and investment tax credits. The initial iuvestment can be broken into debt
and equity financing and different interest rates can be assigned to each. Finally, |
there is a provision for a "retirement dispersion allowance'" to add a safety factor for
random diffefences m actual plant life. | |

This routine ends the objective function calculation and control is returned to the
main program which tests for a lower levelized gas price thaﬁ calculated in p_reviou‘s
cases, Also returned are onthe order of 200 other values such as design parameters,
efficiencies, component sizes, and cost breakdowns. A list of ‘these is given in
Appendix B, Program execution notes are listed in Appendix C and a complete
Fortran listing is contained m Appendix D, Fig‘urel4—10 shows a sample final output
optimum case. This run tested the sensitivity of three péra;neters, cell area (#5),
current density (#6), and module temperature (#3) using a 4 x 8 x 4 grid or 128 funption
evaluations,. Execution time was 0.9 C.P.U. seconds and the cost was $2. 00 .
for daytime priority execution. This run was executed on a C,D.C. Cyber 76

computer opérated by Itel, Inc. at their Dallas, Texas facility.

3.2 TEST OR BENCHMARK CASE STUDIES

3.2.1 Input

To evaluate the model's predictive power and to debug the program, a particularly
intéresting test case was tried, this being an 80 KW D, C., dual irriguous (i.e., anolyte
and catholyte) system sized for electric power gencrator cooling. Appendix A lists
the specific input parameters used for this case, wﬁile Appendix B lists the total output

results. The following is a generalized discussion of the input,
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The first major input parameter is, of course, the input module D. C power.
For this example, the reqmred maximum hydrogen gas output is ~250 SLM whlch
translates to ~50 KW or 11,000 Kg H /yr. Using a 62.5% D.C. to gas efﬁclency, this
means a D, C input reqmrement of 80 KW. Having selected a particular D.C. input,
if a higher efficiency value for the module is subsequently calculated, then the output
gas flow would be greater than required. It is possible to design the oomputer code to
use a constant, specified gas output as the size parameter but this would require an
expensive reiterative procedure to oonverge simultaneously on current efficiency,
voltage efficiency, number of cells, and input power.

The other parameters can be grouped loosely into three divisions, (1) techmcal
2) manufacturer, and (3) operator. Technical parameters include diverse items such
as cell polarization characteristics, operating temperature and pressure, electrolyte
concentration, module design and tie rod design parameters, flow curves, fluid systems
and thermal systems design parameters, gas conditioning and storage systems design
parameters, etc. ’fhe second grouping includes specific components cost vs. size
curves, manufacturing and materials costs, catalyst costs, design and engineering
costs, installation, test and facilities costs, etc., Also included in this set are profit
margins on three general areas, components, installation and facilities. The third
grouping includes both cost and technical items. Technical input from the system
operator includes cooling water temperature and maximum flow ratfe, plant ambienl
temperature, gas storage requirements and outlet pressure. Economic input is comprised
of items like power cost, duty factor, capitalization methods and interest rates, tax
credits, accounting method, inflation rates, manpower. costs, cooling water costs, etc.

For the baseline case, the cell polarization curves were taken from previous
test results in this and preceding contracts. Baseline electrodes were nickel—200 wire

screens and asbestos was used as a separator. Costs for this cell technology are fairly

oy
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well established since commercial systems produced by TES utilize the same materials
in a similar design. Module design parameters (fluidics and mechanics) were also taken
in large part from commercial system data althou%h there is the major difference that the
commel;cial system..operates in the "single irriguous'; mode (siﬁgle flowing electrolyte)
whereas this baseline system uses two electrolyte sfreams. Cold rolled 18-8 stainless
steel characteristics define the tie bolt parameters and 316 stainless steel was used in the
end plate design (Ref. 9). Fluid manifolds were chosen from previous studies done for
EPRI. Cell frame parameters were taken from UDE L®polysulf6ne design literéture (Ref. 10).
System temperatures chosén are representative of those encéimtered in practice.
An operating temperature of 60°C and an ambient of 25°C was selected. A module temp-
erature rise of 8,.33°C defines the electrolyte.flow rate when coupled with the module

heat load. The heat exchanger and condenser heat transfer coefficients as well as the

" various efficiencies are taken from the commercial design. Many of the numbers are

arbitrary such as heat exchanger outlet temperatures, réservoir:-and filter sizes, etc.
Educated‘guesses arethe "rule of thumb" here. Gas conditioning_éystem design parameters
are based on molecular sieve dryer design (Ref. 11) and standard co;xlpressor design
curves. “ |

Cost curves were generated from commercial systems design and wherever :
available, standard cost vs. size exponents were used. The numbers représent mid-1979
prices and are the latest available to the author. Other economic factors suéh as
capitalization methods and interest rates also are_somewhat arbitrary and will vary widely
from case to case., A power cost of $0.025/KWH was selected along with an inflafion

rate of 10%.
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3.2.2 Results of Test/Benchmark Case

NOTE: In this section, the numbers in parentheses are referenced to the
position in the output list in Appendix B.

The detail output .results from the benchmark case are tabulated in Appendix B.
The predicted levelized gas price (#1) is $6. 99/Kg H, and the first year #16) price
$4.03/Kg H, or $0.96/100 SCF. These pricés reflect the revenue réquired to cover
capital, power and opelrgting expenses, with return on internal investment and taxes
included‘ in capifal charges, The gas output mass (#10) is 9,554 Kg/yr at an 85% duty
factor or translated to peak flow, 0.0214 Kg/min (9.01 SCF/min), Levelized total
| costs per year #21) are $66, 835 which are factored into levelized capital cost per
year (#24) of $16,152, levelized power cost per year (#22) of $35,879, and levelized
operating costs per year (#23) 6f $14,803. These three costs will be further subdivided
and discussed in the following paragraphs.

The total capital price (#7) for the system is $87,013 and includes the original

selling price for the components (system and all eleétrolysis modules used over the

20-year book life), the cost of installation and startup, and building and facilities costs.

Original design and engineering charges are also accounted for separately. For this
case, module plus components costs (#28) amounted to $34,186 which includes credits
for returned electroly.sis modules. This cost was then incremented by 75% to allow for
vendor gross margin. Installation and star;tup costs (#27) were $3,417, again to be
incrémented by 75% for profit margins. Finally, the building and facilities (#26) Were
estimated to cost $17,108 with no profit assumed. Design and engineering costs (#200)
wefe $410, 000, of which 1% was charged to this plant (i.e., amortize D & E ofrer 100

" plants). This sums finally to the total capital price (#7) of $87,013.



3-21

-For a 20-year book life system capitalized at a 11, 4% discount rate (#17),
capital costs must be recovered #20) at 12, 89% per yeaf, i.e., 12.89% of the original
capital cost must be paid back each of the 20 years to cover the original débt plus
interest. An additional 5.4% is required for income taxes (#153) on équity return and
2% was required for property tax and insurance (input #172). An accelerated depreciation
allowance (#152) of 2.5% can be taken, however. Another 0.75% for retirement
dispersion (#155) must be allowed. The sum of all these costs yields a 18.56% yearly
fixed charge rate (#25) on the original capital or $16, 152/yr (#24). This is a levelized
number but it should not change dramatically over time,

The componenpts costs (#28) of $34,186 can be broken into $17,913 for non-
electrolysis module components (#11) plus 1% ($180) for original spare parts inventory
(input #187), and $16,094 for two electrolysis modules #13) to last an estimated (#12)

10 years each. The cost for non-module components is further broken down in Table 3-1.

The estimated module cost #66) of $10,258 can be attributed to costs for cell
corhponents, end plates, tie rods, and assembly. The baseline module requires 90 cells
(#15) of 670 cm2 area (0.72 ft2) (input #5) which operate at a current density of 6000
A/M2 (557 ASF). More will be said about the predicted module design later in this
section. Module costs are broken down in Table 3-2. As mentioned befc;fe, these
costs relate to nickel screen electrodes, asbestos separators, polysulfone cell frames,
and stainless steel end plates. Material utilization factors for die cut parts are taken
into account, in this casea 1,4 M2 stock (square) size i>s required for a 1 M2 (round)
part..

A replacement module for this system costs $5,836 (#118). This smaller cost

comes from the assumption that the end plates and tie rods are reusable but only an



Table 3-1. Components Cost - Baseline Case: 255 SLM Ho Out

| Fluid Systems Costs (Including Subassembly, Labor, and Burden)

- Catholyte Anolyte
Plumbing $ 464.00 #172)  $ 464.00
- Filter 77.64 (#176) . 82,67
Pump 769.60 (¥180) 769.60
Heat Exchanger 665.50 (#178) 659. 90
Reservoir/Phase Separator 904.90 (#182) _904.90
$2881.84 $2881.07
Gas Systems Costs (Including Sﬁbassembly, Labor, and Burdeﬁ)
Hydrogen Oxygen
Plumbing ©§ 219,90 #174)  $219.90
Condenser - 228,70 (#185) 314.60
'Dryer 1736.00 (#187) -
Compressor - (#194) -
Bottle —=  (#196) -
$2184.60 $534.50

Other Costs (Including Subassembly, Labor, and Burden)

Purge Gas Plumbing
Insulatioﬁ

Cooling Water Plumbing
Feed Water Plumbing
Ventilation

Structures

Control and Instrumentation
Power Supply

Unassigned (5% of subtotal)

TOTAL

$ 130.00 (#183)
- @188)
220.00 (#189)
200,00 (#190) .
210.80 (#191)
1732.00 (#192)
3400.00 (#199)
2685.00 (#197)
853.00 (#198)
$9430. 80
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(#171)
(#175)
(#179)
@#177)
(t181)

#173)

#184)
#186)
#193)
(#195)

 $17,913 (#11)



" Table 3-2. Module Cost Breakdown

Cost Per Cell

Cell Internal

Bipolar Plate $ 8.550
Flow Members (2) 5.783
Anode 6.778
Cathode - 6,778
Separator ' 1.169

Cell Structural . :
Cell Frames (2) 17.66

Cell Seals (2) 7.231
$53. 95
Tie Rods ' $188. 80

End Plates (pair)

Assembly (L + B)

. TOTAL MODULE COST (#66)

#64)
(#65)
#162)
#163)
#63)

(#168)
#169)
x 90 cells (#33)

(#166) x 8 (input #49)
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. $4855. 50
$1510. 40

$2984. 00 (#165)

'$ 907.50 (#170)

$10,257.40
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effective smail fraction of the cell internal and structural members are reusable. An
additional 50% disassembly charge is tacked onto the returned module as a reassembly
cost.

The yearly Jperating cost for the system, excluding power cost is broken into
four categories: material, labor, ovcrhead, and general and administrative. Thé
yearly materials allotments are for cdoling water, feed water, consumable parts,
electrolyte, and purge gas, for a total of $1493/year. Labor cost is estimated'at
$2524/year (#159)(0.18 man year @ $14,000/yr). The input overhead rate of 100% is
applied to this labor cost to yield $2524 #161), while no G & A is charged (#160). The
cooling and feed water requirements reflectthe 85% duty cycle input, wilile the other
material factors and labor requirements do not. The total is $6,541 (#9) for the first
year while the levelized figure #23) is $14, 803 reflecting a 10% inflation. rate (input #166)
and 11.4% (#17) discount rate. |

The yearly power cost is simply calculated from the A, C power réquirements
(85.2 KW), duty factor (input #169) (85%) and power cost (input #167) (2.5¢/KWH). This
cost turns out to be $15,855/y1j (#8) for the first year or $35,879 (#22) 'f01; the levelized
cost. The A.C. powér of 85.2 KW (#2) is the sum of 877.6 watts for auxiliary systems
(#i37) and 84.3 KW for the electrolysis circuit. The overall system efficiency is

59.28% #3) for A.C. into gas out based on the heat of formation of water:
H,y(8) + 1/2 O, (2)~H,0(t) AH =-2.86 x 10° Joule

Module efficiency is 63.9% (current efficiency = 95.49% (#34), voltage efficiency =
66.92% (#35)). Gas purification efficiency is 98.66% (#37) and rectifier efficiency was

input at 95%.
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th. only are the costs described above returned by the prégram, but also several
design requirements for the electrolysis module, fluid loops, and gas conditioning
systems. For the baseline case, the model predicted a 90—ce11l elec.troly.sis module is
required. The end 'i)late dimensioné are 57.7 cm (diam) x 9.8 cm (thick_ngss #51).
The cell frame annular width is 11 em (#46) and tie rod diameter is 2.2 cm “(#49).
Using heat exchangers with an overall heat transfer coefficient (U) of 568 W/MZC and
85°C cooling water, the program predicts heat exchanger areas of 1,183 and 1, 196 M2
for anolyte and catholyte, respectively (#100, #101). Heat loads here are on the order
of 14 KW each (#41, #102, #103). Condenser areas are 0,061 and 0,098 M2 for oxygen
and hydrogen (#86, #87). The total water mass flow rate is predicted to be 0,835 Kg/sec
(#88) (12.9 gpm). The gas output mass flow rate for this case is 9554 Kg/ye#r #10)
or using the 85% duty cycle, a peak output of 3.5609 x 1074 Kg/sec (#123) (255.1 SLM
or 540.5 SCFH). | | |

Although many of the inputs were arbitrary and more than a few were educated
guesses, the values returned for this case do réflect believable quantities based on
past exi)erience. It is important to rerhember though that this tyi)e of study yields price .
estimates with only limited (+40%) accuracy and should not be treated as project coptrol
estimates, much less final values. 1t is extrefnely useful for comparison of alternatives

when the same values of economic variables are utilized, and even more useful as a

tool for gauging the true sensitivity of design alternatives.
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4.0 SENSITIVITY ST.UDIES

The initial computer runs condﬁcted as part of this task were arranged into
four studies. Study_.One tests the sensitivity of the gas price to overall system size
‘measured in terms of module input power. Two electrode technologies were evaluated,
the first utilizing baseline nickel-200 screen electrodes, the second utilizing the C-AN
advaﬁced cathode and nickel-200 screen anode.. As suggested by BNL at the start of
the task, four sizes were employed, 80 KW, 250 KW, 500 KW, and 1000 KW (1 MW).
Study Two tests the effect of operating temperature on the priceé of the two electrode
technologies. Study Three is a deeper effort based on Study Two and tests the effects
of current density, temperature and module size on both technologies. The last study
requesfedby BNL, Study Four, shows the effeét of system aut:y factor and the electricity

rates upon the gas price, again for both electrode technologies.

4.1 STUDY ONE. EFFECT OF PLANT SIZE

To ascertain the magnitude of the economies of scale on alkaline Water elec-
trolysis systems, the program was run for four sizes ranging from 80 to 1000 KW D.C.
input power. For eaéh size the computer picked an optimum cell area but the current
density was set at 6000 amp/M2 and the operating temperature at 60°C. Most of the
inputs were the same as the baseline case, although a few estimates were required to
be input for the bigger systems in the few areas where the model will not solve for the
required size. Figure 4-1 shows a plot of gas price vs. size for the baseline technology.
The model predicts a reasonably linear behavior for the price when plotted versus the
logarithm of power, a slope of about -$1.'30/K.g H, per decade power., The price shown
here is the 20~year levelized value. Figure 4-2 gives a similar plot for first year prices.

The cost of clectricity for all sizes was 2,5¢/KWH as in the baseline case, Also shown on
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these plots are the proportion of yearly costs goiﬁg toAfixed dapital costs, power costs,
and to othe; operat‘ing costs. It is interesting to note that in the 80 KW system the
capital and power costs share equal.magnitude only when considering first year costs.
‘Since capital is a (r-elatively) fixed value wh'eréas power is inflationary, the levelized
numbers reflect a much greater sensitivity to power costs. For larger plants, this
dominance is increased since in the absence of size-dependent electricity rates, po;;ver
costs show no economies of scaie.

Figure 4-3 is. a log-log plot of the major costs calculated for the baseline tech-
nology in this study. The first year power cost curve has a 45° slope in reference to
thé axes, again because of no economies of scale for power. The top curve is the total
capital price of the system including installation and facilitiés. For the 80 KW system,
the price is ~$88K and increases to $480K for the 1 MW ‘(input) system. As indicated
in the figupe, the slope is much less than 45°. Whether the trend continues or not can
not be predicted bjr this study since, as mentioned above, the c;osf curves utilize(i are
accuraté only in low power regimes. The indiéation is, though, that' the price of hydrogen
decreases dramatically with increasing system size and further study, including obtaining
more accurate cost data, is warranted.

Similar runs were made using cost und currenl-voltage data for the C=AN
advanced cathode technology. These are presented in Figures 4-4, 4-5,. and 4-6.
Comparing Figure 4-1 (baseline technology) and 4-4 (C'-AN cathode technology), the
levelized price curves, one notes that the cost ratio curves are almost superimposable.
This may seem strange until the reader remembers that the model is comparing plants
of similar input power and the C-AN containing plant would then use the same power

to produce more gas. As indicated, the advanced technology results in a lower cost
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of hydrogen., Table 4-1 makes a comparison of the two technologies for the 80 and 1000
KW cases. | | .

There is a small d‘ifference between the baseline case.described in Section 3.2
and the 80 KW systéin here. This is because in this set of runs, the computer selected
the optimum cell size of 0.15 Mz, over twice the area of the baseline cell. Figure 4-7.
shows. the eﬂéct of nickel-200 technology cell area on gas price for the four plant sizes.
In the larger plants the effect is remarkably flat except in the low area region.- For the
80 KW system, the effect is more pronounced, due mainly to the greater proportional,
price of end plates in the smaller modules. The minimums for"all these curves will:vary
when other parameters are allowed to vary, particularly the cell current density as will

be seen in the third study. : o S s

4.2 STUDY TWO. EFFECTS OF TEMPERATURE: 80 KW UNIT

This study consisted of two computer runs, the first for baseline nickel screén
cell technology, the s:econd for C-AN cafhode technology. Terhperature was .,varied
from,55 to 125°C and while the other input ;;;u;émeters weré képt at the baseline case
values, the principal units being 85% utilization, 80 KW size and 2.5¢/KWH. Figure 4-8
summarizes the results from this study. The levelized price of hydrogen does, indeed,
decrease with increasing temperature. Each of the curves here is made up of segments
from a family of curves describing systems requiring 2, 3, or 4 electrolysis modulecs
over the 20-year book life of the plant. Recalling that paft of the input information
is the module life at two temperatures, in this case, module life was estimated to be
10 years at 50°C and 5 years at 125°C. The program interpolated between these two

lifetimes using an Arrhenius type behavior and calculated the number of modules required

over the plant life, rounding to an integral number. A more detailed calculation may not



Table 4-1. Study One: C-AN vs Ni Screen Tecimologies,

Size

Levp.lized gas price
First year gas price
Gas output
Efficiency

Cell voltage

Cell area

Cell cost

Number of cells
Module cost

Capital price

80 and 1000 KW Plants @ 60°C, 6000 A/M>

. ($/Xg)
($/Kg)
Kg/yr)
%)

V)
™)
($)

($K)
&)

Nickel Screen Cathode .

80KW 1000 KW
6.73 5.29
2879 2, 936
10,100 124,500
61.6 6.7
2.213 2.213
0.15 0.75

91 370

41 101

12 97
RT,R4R 479,890

4-10

C-AN Cathode

80 KW 1000 KW
5.91  4.623
3,44 .41
11,300 141,500
69.8 70.2
1.948 . 1.948
0.15 0.75

95 387

46 115

13 105
90,257 505,900
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round this way but instead caleulate the remaining life in the last module and take a
resale credit for it, thus smoothing out the curve, It is interesting to note that because‘ '
of thjs effect the minimum for the C-AN technology is at 105°C although the value at |
125°C is very close. One additional reason for this can be seenlby considei'ing the values
presented in Figure 4-9, a plot of current and voltage efficiency versus temperature.
The voltage efficiencies of both technologies are increasing with temperature at close

to the same rate. The current efficiencies are almost identical. (Not plottéd are the
gas purification efficiencies, 98.7% in all cases, and the rectifier efficiencies, 95%

in all cases.) Therefore, from 55°C to 125°C the overall efficiency in the baseline
system changes from 58. 8% to 66.7%, an absolute increase of 7.96%and a relative
increase of 13.55%. For the advanced technology, the absolute increase is 7 72% but

the relative increase is only 11.65% since the low temperatuxl'e:'efficiency is a higher
value to begin with, This means that one does not gain as much going to .higher tem-
peratures in the advanced system case which explains part of the lower curve in Figure
4-8. Again, the significant conclusion is both curves indicate that operation at higher
temperatures is economically advantageous if the module life (and system life) is not

substantially diminished at highef temperatures.

4.3 STUDY THREE. OPTIMIZATION OF CELL SIZES AND CURRENT DENSITIES:
80 KW UNIT

This study was basically an expansion of Study Two in which femperature,
current density, and cell area were allowed to vary, temperature from 50°C to 125"C
in 25°C steps, current density. from 3000 to 10,000 A/M2 in 1000 A/M2 steps, and cell
area from 0.05 M2 to 0.55 M2 in0.1 M2 steps. This optimization was run for both

technologies. Figure 4-10 is a plot of the levelized price of hydrogen versus cell current
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density at the four temperatures for baseiine technolbgy electrodes. There is a rather
broad minimum in éll cases ranging from 3000 A/l'VI2 at 50°C to 5000 A/M2 at 125°C.
The program predicts a small area module (0. 15 M2) for higher current densities.

The optimum cell a;ea increases as current density decreases and the dashed lines on
‘Figure 4-10 show which cell area is optimum; Figure 4-11' gives the same information
for the C-AN'cathode technology‘module and as before, significant savings are predicted
independent of the operating conditions. The optimum current density is generally
higher than in the baseline case. It is interesting to note that in the advanced teéhnology‘
case there wére three combinations of parameters disallowed by the model due to thermal
iﬁstability. They all were at 125°C, and 3000 A/M2 and large module size. This is the
reason that the lower curve in Figure 4-11 rises at thé leff side and actually crosses the
100°C curve. It is possible that insulation could be added to maintain 125°C operation,
but since the-optimum is at ~6000 A/M2 anyway, this option was not pursued. The
overall conversion for both technologies is shown as a function of temperature in

Figure 4-12.

" For this ,80 KW case the minimum levelized gas.price for baseline technology
was $5. 92/Kg ($1.40/100 SCF) and the first year price was $3.60/Kg ($0.85/100 SCF)
occurring at a current density of 5000 A/Mz, cell area of 0.25 M2 and at 125°C. For
the advanced technolog&, the optimum levelized price was $5.35/Kg ($1.27/100 SCF)
and the first year price was $3.25/Kg ($90. 77/100 SCF) occurring at the same tem-

perature and cell area but at 6000 A/ M2,

4.4 STUDY FOUR. EFFECT OF ELECTRICITY COSTS AND UNIT UTILIZATION -
(DUTY FACTOR): 80 KW UNIT ' ‘

This study was conducted to test the sensitivity of the two technologies to the

cost of electricity and the system duty factor. All other inputs were the same as the
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baseline case so these do not represent optimized modules at any given point, but serve
to illustrate the cost trends. Figure 4-13 is a carpet plot of the results from the base-
line technology run. As one would expect, the lowest gas costs occur for a 100% duty
factor and lowest elé}:tricity cost. There is not a direct increase in gas cost as the
duty factor decreases however. At 3¢/KWH the cost of hydrogen goes from $7.30/Kg
to $8.90/Kg when the duty factor is decreased from.100% to 60%. Figure 4-14 is a
similar plot for the advanced technology case. In order to facilitate direct comparison,
Figure 4-15 presents the same two plots on one page.

Previous studies have emphasized the plant utilization or duty factor would have
a significant influence on the cost of hydrogen. What is indicated in this study is that
with use of 10% inflation as applied to the major cost factors in hydrogen economies,
namely the power to the module and the other operating costs, duty factor, which only
controls the capitalization expense, is not as significant an influence. What the proper
value_ for inflation should be, remains for future studies. The selection of 10% may even

be considered incredibly low at this report time.



LEVELIZED H2 GAS PRICE ($/Kg)

14
13

12

11

10

: | 6¢/KWH : : RUN 17
Ni-200 SCREEN CATHODE . 316/80
BASEL INE TECHNOLOGY _ ‘

~3¢/KWH

ELECTRICITY

2¢/KWH RATE

% 1¢/KWH
DUTY FACTOR . 100%

0¥

FIGURE 4-13. LEVELIZED GAS PRICE VS. ELECTRICITY COSTS & DUTY FACTOR,
BASELINE TECHNOLOGY



—_— p—t s
—_— N w o

f—
oo

LEVELIZED H2 GAS PRICE ($/Kg)

-

T

|

: ‘ RUN 18
C-AN CATHODE TECHNOLOGY o | 3/6/80

6¢/KWH

5¢/KWH

L 55

ELECTRICITY
RATE
70%\80\ :
0% .

DUTY FACTOR

Iva

FIGURE 4-14. LEVELIZED GAS PRICE VS. ELECTRICITY COST & DUTY FACTOR,
ADVANCED CATHODE TECHNOLOGY



LEVELIZED H2 GAS PRICE ($/Kg)

13+

12

11
10

6¢/KWH RUNS 17,18

: | 316180
O Ni-200 SCREEN CATHODE .
¢ C-AN CATHODE |

RATE

R  m—
DUTY FACTOR 9% 100%

FIGURE 4-15. LEVELIZED GAS PRICE VS. ELECTRICITY COST & DUTY FACTOR,
TWDO TECHNCLOGIES

(it 4



5.0 DISCUSSION

5.1 MODEL FOR ALKALINE WATER ELECTROLYSIS SYSTEMS: "MAWES"

5.1.1 General

By far the major amount of effort during this task went into the development of
the ""MAWES'' computer program. It was not until near thé end of the task period that
the program was considered to be effectively ''debugged.' As shown in the previous section,
several cases have been run using it and some of the program's strong points and
drawbacks have become apparent, | |

On the positive side, the computér program is relatively flexible and easy to
operate., Although it is structured for the alkaline electrolysis systems, it is flexible
enough to allow many variations within normal configuratfons by only changing a few data
cards. The mainprogram also has no limitations with respect to plant size and oper-
ating temperature save the previously mentioned limitations in accuracy based on cost
estimation and lifetime data.* The other major point is that while generating fairly
detailed design and cost information, the program is rather rapid and therefore cheap
to operate., If used ina compiled~ form, each case requires on the order of one cent to
execute, and detailed output for a case only doublesthat price. Finally, based oﬁ historical
values, the model generates numbers that are in credible ranges and so the program
becomes very useful for sensitivity studies and preliminary cost estimates.

There are some drawbacks, however, that deserve mention. As discussed in
Section 3.1.1, the optimization technique used is limited to points on a user supplied
grid. Considering the speed of execution using a more sophisticated "simplex" technique

is certainly viable. It would also be advisable to develop another subroutine which would

* Added in proof: At present several of the subroutines do have constraints, Modifications
to these subroutines would be fairly easy to make to allow calculations of larger plant
economics,



allow the user to manipulate groups of variables in concert rather than independently.
While this has not been necessary to date, there are several cases where one might
wish to recalculate an input value based on other inputs, for example, the price curve |
for a heat exchange; based on its overall heat transfer coefficient. Another helpful
addition would [be an output subroutine thich reports the results in a more convenient
format snrh as in Tahles 3-1 and 3-2, for example. As it stands now, the program
possibly reporfs "too much, " i.e.; one can be deluged with data that, while interesting,

-

is probably not necessary for évery user.

5.1.2 The Objective Calculation

As mentioned above, the present objective calculation can be considered very
powerful and certainly accurate within the constraints of ava'i_lable data, This is not to
say tha.t it should be considered in its final form. As desigh techniques improve these
should continually be incorporated into the calculation. There are several places where
the cﬂmﬂaﬁon could be improved and even speeded-up, and there are several points
where more detailed analysis is warranted. In addition, silnce so much of the accuracy
is dependent 6n accurate cost versus size curvés, it is imperaitive that these curves
be updated on at least an annual basis, especially in light of today's inflation. The
module lifetime/temperature curves should be ilpdated reflecting the results from
ARIES testing. Areas where improved algorithms are advisable are (1) heat exchanger
overall heat transfer coefficient calculation, (2) eleétfolyte reservoir design, (3)
electrolyte filter sizing, (4) gas dryer design, (5) méﬁifold electrolysis loss
estililation; and (6) powcr conversion efficiency estimnﬁinn. It may be advisable to
eliminate the module internal fluid distribution calculation or replace it with a more
flexible module pressure drop calculation, In the costing routines, one area that

could be made more flexible is the calculation of the total capital price, especially



with respéct to vendor profit. As it presently stands, a simple gross profit margin
_is used but it may be advisable to estimate this number instead based on plant size,
return on capitél, projected sales and company profit goals. One final suggestion
which deserves con;ideration is the choice of D.C., module power as an input and gas
.production rate as an output. In many cases one would rather have gas output fixed
and calculate the required input poWer instead. This means, though, a time consuming
reiterative tecimique would have to be used since the efficiency calculations flow most
directly from the input power, current density and module parameters. It would also
be advantageous to structure the program so the user can select either mode of
calculation,

There are two additional '"final" subroutines which could make the program
more flexible and more realistic but should be considered only for single case, i.e.,
optimized plant, calculations since they are quite detailgd. | The first would be the
development of a detailed year-by-year revenue requirement calculation. The
levelized technique is very fast but it makes sevefal* argumentative assumptions such
as constant rates of inflation, lumped (year zero) capitalization, fix;ad tax rates, etc.
By using a year-by-year formal é.ccounting procedubre, one might more accurately
predict p;‘oduct costs and time effects. The second development would be to employ
a variable power and power cost factor. With this type of input, one‘could more
accurately estimate the economics of operating an elevq‘trolyzer coupled to a variable
power source, for example a snlar array or off-peak power.

It must be reiterated that as it stands, the computer model is a powerful and
effective tool for prediction and estimation. The above suggested‘imp’rovements

would serve to make it more so.
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5.2 THE STUDY: A DISCUSSION OF FINDINGS .

5.2.1 Baseline Findings

The most important result issuing from the baseline study was that the first year
. cost of hydrogen for a 80 KW, 60°C, proven technology electrolyzer is~$4/Kg or $0.96/
100 SCF. Remembering that this case used 2.5¢/KWH power and 11.49% cost of money
(discouxit rate), tlhe price is competitive with merchant gas rates in many parts of the
country. When considering levélized values, the hydrogen [rom an on-site generator
becomes ia better baréain. For example, if merchant gas is $0.. 96/100 SCF at the end of
year zero, and Alo%/yr inflation is forecast over 20 years with the discount rate at 11.4%
then the levelized cost of merchant gas is $2.17/100 SCF compared to the levelized cost of
electrolytic gas of $1.66/100 SCF. 'i‘hese costs reflect onl& one set of economic. con-
ditions, a certain amount of prognostication and a hon-optimized system but the trend

is certainly encouraging for small scale, on-site electrolytic hydrogen,

A second result of the baseline casc study was the conclusion that the gas pricc
tends.to be energy intensive even for these small systems. It ié important.to remember
that as a different set of economic assumptions can easily change the sensitivities,
although increases in efficiency are justified, capital costs cannot be neglected. The
first year price tends to emphasize capital cost over that of power but levelized prices
indicate power and operating costs become more important. Most mode.rn companies

would tend to choose among economic alternatives based on the levelized price.

5.2.2 Sensitivity Study Findings
Several results of the four sensitivity studies tend to substantiate the baseline

results,
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First, the C-AN cathode 'techno'logy does offer a real savings over nickel
screen technology. Of course, this is a rather inexpensiveA technology, adding only
$21/M2_ for catalysts and yielding a significant (~300 mV @ 5000 A/Mz) voltage
reduction, so the beLefits appear intuitively obvious. For a 80 KW system (Study Four,
80% duty factor) tﬁe levelized savings range from 55¢/Kg at 1¢/KWH electricity to -
$1.24/Kg at 5¢/KWH electricity or for all electricity rates, about 11% savings in gas
cost.

Second, in all the trials, operation at as high a temperature as possible yielded
the lowest gas price except for the previously discussed case shown in Figufe 4-8. It
is important to realize that these results are very sensitive to temperature/life data,

If a module has more drastic limitations in life at high temperature than used in these
studies, the optimum operating temperature could decrease significantly. The same
holds true for component life effects and maintenance rate versus temperature effects.
However, the results obtained thus far indicate that higher tempefature operation is
definitely worth pursuing.

Third, the current density chosen for ARIES testing was 4500 A/M2. The current
density sensitivities yielded in mc;st cases a rather broad minimum centered in the 4000-
6000 A._/M2 region for small plants, For larger plants, higher temperatures or more
expensive cells, this value tends to become higher. However, there was no lifetime
versus current density information built into the model. If such correlations exist then
that information should be included and will affect the obtimum current density accord-

.ingly. Perhaps more surprising was the tendency to optimize at larger cell areas,
There are several assumptions implicit in the model which may have significantly
inﬂuenced this result, e.g., the assembly and electrode costs proportional to cell

area, This is another area where further study is warranted.



5.3 ADVANCED ALKALINE WATER ELECTROLYSIS PROGRAM DIRECTION,
SOME SUGGESTIONS

Thus far, the MAWES computer model has servedto reinforce the previous state-
ments madeby TES personnel relative tothe advanced alkaline water electrolysis program.
There are two possible explanations for this. First, we are excellent pro_gnostic‘ators, or
second, our technical biases have been built into the computer code and input data.

In view of the absence of hard data in so many areas, the second exblanation is more
likely. Since cell component life data prohahly has thé largest bias, wo rccommend as’
a top priority the continued evaluation of materials and cell coﬁlponents in the ARIES
system and other test fixtures' in order to establish meaningful lifetime and performance
data at elevated temperatures. It is also necessary to continue the development of
the '"Model for Alkaline Electrolysis Systems" in order to increase its flexibility and
reliability., There are two aspects to this development, that of the model itself and that
of its data base. Several improvements to the model have been discussed in Section 5.1.1
but these are not inclusive. The model should never be treated as a final version but
should be continually improved. The same holds true for tﬂe data base. As mentioned
previously, the order of magnitude cost estimation method yields at best 10% aocuracy.
This is obtainable only if the data is current and not too far removed in size from the
systems under investigation.

Given these caveats, one can suggest a direction for the technology in general,
First, since the studies to date indicate the levelized gas cost is energy intensive,
efforts should be directéd to finding higher efficiency cell components, concentrating on
lowéring the cell internal resistance and possibly the gmode polarization without incurring
overwhelming cell component cost iﬁcreases. Second, high temperature operation should

be pursued for the same reasons, keeping in mind that current efficiency effects cannot



be neglecte.d. Third, in order to keep capital costs from escaiating, the module life
and, in generél, component reliability as functions of temperature should not be
neglected. Fourth, novel approaches to cell and system design which could be less
expensive should be éngouraged. Since the predicted price of hydrogen for smaller
systems indicates an edge over merchant gas, the market'for such systems s‘hould make
such efforts worthwhile to the developer. |

For larger systems, there are possibly some overlooked uses that should be
studied, First, it is not too early to investigate the economics of coupling solar photo-
voltaic power generation to electrolytic hydrogen production. Rapid strides are being
made in the former while the problem of efficiently utilizing such a .vafiable power
source remains to be adequately addressed. Second, one shouid reinvestigafe t;he
economiés of electrolytic hydrogen as a peak power shaving technplogy, this time for
large coal-fired baseload plants. It may be advisable to build high efficiency baseload
systems to cover peak demand while using the excess off-peak en_érgy to produce
hydrogen.

5.4 A PRELIMINARY COMPARISON OF ADVANCED ALKALINE (AAWE) AND
SOLID POLYMER (SPE) ELECTROLYSIS: 1 MW SYSTEM

It is possible at this time to do a preliminary comparison of these two leading
water electrolysis technologies. The MAWES program was used to predict the prices
for advanced alkaline technology as it has been demonstrated to date and for a future
goal technology. Data for the SPE case is taken from the latest General Electric Reports
(Ref. 12 and 13). There, too, there are two cascs, these being demonétrated and goal
technologies. The same economic conditions should apply to each system and these are

listed in Table 5-1.
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Table 5-1. Economic Input Variables for SPE/AAWE Comparison*

Plant size
Power cost
Rate of inflation
Cost of dapital
Percent debt financed
Book life
Moduie life .
Oxygen credit

" Duty factor
Investment tax credit |
Capital recovery factor (calc.)

Fixed charge rate (calc.)

k SPE - Solid Polymer Electrolysis

1 MW (thermal equivalent output)
3.0 ¢/KW
0%

10%

100%

6 years

6 years
None

90%

None

23%

23-3/4%

AAWE - AdVa.nced Alkaline Water Electrolysis



The demonstrated technology for alkaline water electrolysis consists of the
best technology demonstrated to date using the ARIES test system. This is the C-AN
cathode coupled with nickel screen anodes and asbestos separators. The SPE tech-
nology consists of thé best reported performance of the 2-1/2 ftz G.E. technology.
Table 5-2.is 2 comparison of the economic output values. The‘advanced alkaline data
was obtained from the model for alkaline water electrolysis systems (MAWES), the
SPE data from the G.E. reports. Zero inflation, although impossible, was used to
equate the G.E. values of 1975 or 1980 constant doll_ars. In several places the
reported SPE numbers are subject to variable interpretation but based on our under-
standing of the reports and limited bconversations with BNL personnel, the comparison
is valid. It is very interesting to note the closeness of the total system capital price.
This is somewhat surprising in view of the report fact that the SPE design calls for
titanium plumbing whereas the alkaline system is stainless steel. It is also intriguing
to see a lower module cost predicted for the SPE technology than for the existing technology.
This probably indicates either underestimation on the part of the SPE designers or
overestimation on ours, or both. No furthef breakdown of t.he capital price is known
for the SPE system bﬁt it would bé enlightening to see how these separate items con-
tribute to the overall price. One last factor that is extremely different is the yearly
operating cost of the two systems. Although the use of the lower operating cost would
be more advantageous, the higher value would appear to be more realistic considering
that it involves burdened labor, cooling water, feed water and maintenance spares.

Examination of goals of both parties was made and the data are presented in
Table 5-3. The goal technology for advanced alkaline water electrolysis incorporates

the following features: (1) C-AN cathode, (2) a high temperature separator with half the
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Table 5-2, Existing Technology - 1 MW Electrolyzer

(As Demonstrated in Applied Research Testing)

- SPE AAWE
Gas output Kg/yr) 2.00 x 10° 2.02 x 10°
Peak output (walls) 1.00 x 10° 1.01 x 10°
Ourrcnt density (A/Mfz) 10,760 6,000
Operating temperature (°C) 88 125
Cell area o o2y 0.23 0. 90
Number of cells ~300 130 (
Cell voltage 1.85 1.68
Overall efficiency %) 72 (?) 81
Module cost $) 100,000 140,000
Cell cost ($/M2) . 588 489
Total capital price $) 460, 000* 468, 000
Total ycarly cost ($/yr) 466,000 454,500
Yearly power cost $/yr) 328,600 293,700
Yearly operating cost ($/yr) 28,000 - 49,800
Yearly capitul cost ($/yr) 109,200 111,000
Non-module plant cost $) ? 101,000
Components cost $) ? 240, 900
Gross profit on components ($) ? | 180, 700
Building and facilities cost @) ? 33,600
Gross profit on B & F $) ? ]
Installation and standard cost $) ? _‘ 6, 700
Gross profit onI &S (6] ? 5,000
Design and engineering cost $) ? 801,200
D & E per system Nty 0(?) 801
Levelized cost of hydrogen $/Kg) 2.33 2.25
($/MBTU) 17.35 16.75
($/GJ) 16. 46 15.90

* MInstalled cost" @ $460/KW (Ref. 13).



Table 5-3. Goal Technology - 1 MW Electrolyzer

Gas output

Peak output

Current density

‘Operating temperature

Cell area

- Number of cells

Cell voltage

Overall efficiency

Module cost

Cell cost

Total capital price

Total yearly cost
Yearly power cost -

‘ Yearly operating cost

Yearly capital cost

Non-module plant cost

Total component cost
Gross profit on components

Building and facilities cost
Gross profitonB & T

Installation and startup cost
Gross profitonI & S

Design and engineering cost
D & E per system

Levelized cost of hydrogen

Kg/yr)
(MW)
oa/haz)
(°C)
o)

V)
%)
®)
$/M)
$)
3)
®
$)
$)
®)
@)
$)
$)
&)
$)
$)
@)
$)
$/Kg)

" ($/MBTU)

($/GS)

* "Installed cost" @ $400/KW (Ref. 13).

SPE

2.00 x 10°

1.00.
10, 760
150 (?)
0.23
271
1.60
87.5
65,000
194
400, 000*
388, 700
270, 308
23,379
95, 000

NN Y N Y R

1.944
14.51
13.76

2.09 x 10°

1.04
10,000
125

0.5

146
1.55
87.4
66, 700
459
329, 400

. 406,650

282,300
46,200
78,200
94,600
162, 200
121, 700
33,150
0

6,611
4,958

793,300

793

1,947
14.53
13.78
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resistance of the preseht chrysotile asbest;os, (3)A a lower overpotential apode, 4)
single seal, single frame cell construction, and (5) a less costly end plate design.
These advances are quite possible based on results reported by others working with
this technology. The G. E., SPE announced goal technology remains as the 1975 data
(Ref. 12, 13). The similarity in final prices was completely unexpected and many of
the points raised concerning Table 5-2 above are visible here again.

All things considered, there is one inescapable conclusion. That is that advanced
alkaline water electrolysis is a viable alternative to. solid polymer electrolysis. Those
who are fainiliar with both technologies and more importantly who are able to estimate
the probability of success in achieving the goals in each cannot but help but conclude .
lthat alkaline water electrolysis should be an equal contender for the future markei in 

water electrolysis technology.
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APPENDIX C

DATA DECK STRUCTURE
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C-3

NOTES

1. X = Alphamimeric
D = Digit

2. L0 flag (card 2y allows for extended output
If last digit = 1 then extended output for all cases
If last digit = 0 then extended output for optimum case
If 4th digit = 0 then compact output format
If 4th digit = 1 then open output format .

3. #'of parameters (card 4) should correspond to number of parameter cards
(cards 5-8) ' '

4. # of active loops (card 10) should correspond to number of loop cards + 2
(cards 11-16) ' '

5. In parameter cards (card 5), 1st digit field is parameter #, alpha field is

: parameter name, 2nd digit field is value

6. Inlst loop card (card 11), 1st digit field is parameter #, alpha field is
parameter name, 2nd digit field is minimum value, 3rd digit field is maximum
value

7. In 2nd loop card (card 12), 1st digit field is number of values to be tried, mia

and max included, 2nd digit field is loop output flag., If "0", then skip 1.0 at
this level, if 1", then print optimum result at this level
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14

37
38
39

40,

41
4z
43
44
45
46
47
4«
43
59
51
50
53
54
55

1 CUTPUTG50AL TECH.sEYPLLIFL
PERAMETERS

RN
1/0 FLA
B o0F INPUT
PARAM #0000 1
LARAY g H000¢
Famhw M rgooy
AR AS B (1000¢G
PARAY t001Q
PLoAM & GOC11
FARAM $oo1z
PARAM Ngo13
DRRAr n0Ec14
DARAN U t0015
PARAY #- CO01le
FRR AR G017
PARAM 3 00018
FARAM & 30019
FARAY & 50203
FPARAY 8 Go20s
PrAAM 4 tg207
PARAM & 00e6e
PARAM # fO218
PARAM & 00219
PARAM # 00199
PARAM 1 0293
PARAM op21e
PLRAM # ng217
PARAM £ ¢g2¢1
PARAM & 30046
PARLM H 3067
PARAM # $o6sSe
PARAM % 00111
PARAM # . 00129
FARA™ B £004s
PARAM o N0167
FARAH 4 0146
PARAN & T01MY
CARAM ¥ D01€2
FARAY 3 ~R16R
PARAM ¢ 00169
PARAM # 00176
_PARAY # 00224
PARAM & t0zes
CPTIMIZT YeRaTe
¥ OF CTYIVE LCOPS
PARAM c002s

1M 60003
PARAM & poons

IM 000Gk
CPARAM ceegs

1N 20011l
BARAM 000G3

Ik feace

£ D

INPUT DECK

gecewn
CLIFE
LG
SLOW
ELOL
TLow
CHEDR
SHED
vCo
TEED
EHIGH
SHEICH
EHIGH
THIGH
ANSCCS
LEHCCTS
ceccrs
CLPRCGS
EPMSCES
EFMFGLDS
FRFECEL
StLPCEL
FMSPPCOS
FyPRCOS
ASSKI
RINDIAM
CUTLTI AN
CiMF
RESD
DNEFACT
TRAQ
FCOS
rIRF
£Sse
“HSR
oceLs
CLFACT
ZRVY
AMLFL
APLFS
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STEPS
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STEPS

FTMOD
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C-4

Geazs
oCa1e
v10%
0040
+1,12000E+00¢
+6,0

+1.,292

+5.073
+2,E723GE~Q0B
+50.4

+1.2¢1

+0.C65
1974000 =009
"’75.0

414,207

+«0.0%6
+1.23400C0=-005
+121.0

8% .C0

2000

+21e8

"]oCO

246

1000

+1e0

+1.,0

+0.C0

+C.CC

+17o:’7"

+0.G8

+3.03

+30.0

+C .38

*1"‘}0000

+16a40

+0.03

+0.,0

+0ef)

CoST OF MONEY

+0e0

+0.1C
+0.90 -
*6.0
+5,0
+L.0

CLRyDELTSCCOEPTHED

00064
Se

00000 CUTPUT
0.5 '
000G CUTPUT
50060 T0
Coec1 QUTPUT
7540

COCO01 NUTFUT
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To

TO
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"MAWES" LISTING



24

29

OO0 M

PROGRAM MAWES (INPUT4OLTFUT,DE3UG=0UTPUT:

MODEL FCR THE DESIGN AND ECCAOMIC ANALYSIS CF ALXALINE WATER FLECTROLYQIS ]
SYSTEMS, WRITTEM 12/19/7S RY Y. R.YAFFE, CGLED IN FORTRAN EXTEMNDED VERSION®
VERSTOM "4y CDC-CYBTR 764 MNS/ZT 1 OP.SYS. )

COMMENT CARCS HAVE "C» IN COLUMN 1, DEBUR CARDS HAVE "C%" JN CCLUMNS 182

COMMON/ELK1/PARAM(300) /7BLNZ/ESTOUT(200)
COMMON/ELKI/PNAYEC200) qENAME(200) 9 TITLEL(R) «TITLE2(E) .
COMMON/BLKS/PMEM(15431)/BLKS/IFLAGC(32) /EBLKS/ESTREM(S500)
COMMON/RLKT/NLODPWCLOOP(1S222eMLAO0P(1543)

1co FORMAT(3I0Xe1501X)

1111 FORMAT(10XeTS015XeE134%41X0

102 FORMAT(CIOX 9I1591CXeE13.5412X 0012494121}
133 FCRMAT(IUX «ISa1EY ¢ [541X)

194 FORUAT(H(AIC))

f

(52}

(& )

-10% FORMATCEDY)

EECIN MATN PROGRAMI READ RUN NUMBEFGREAD EXTINBED 1/0 FLAG
READ 100 4HPUN '
RTZAD 100, 1CFLAG
READ 164t TITLEICI)aI=18)
READ LODsNPAR

READ MUMZFR OF IMPUT PARAMFTERS, TREN READ PARANETERS . |

IF (MPAELER.O) 60 TO 2a
DG 1 1=14NPAR
READ 1014124PARAMCLZ) . .
READ 104a (TTTLE2I1)yI=1.8) o ¥
CALL HEADING(NRUN)
READ NUMBER OF LOOPS USED
FEAD 1004NLGOP '
IF (NLOCPWFGaD) S47
DO 3 1=14NLGOP
READ YARIABLE NUMRERGEINIMUM VALUE ¢MAXIMUM VEALWE.# OF STEPS.CUTFUT FLAG
READ 1024MLOOP(I41)40LOCP (o1 oDLN0OPCI42)
SEAD 1U03eMLOOP(I42)4HMLOCPCIa3)
RELD 188
60 TG 21%
IF NO CPTIMIZATION LZOFSyTHEN.CALL "ESTIM® ANC GO TO OUTPUT
. CrLL ESTIM ' .
READ 104
G0 TO 1# .
BEGIN OPTIMIZATION LOOPS HERE Ce



41
42
43
a4
. 495
b6
n7
(B

he

51 -

FaA
L4 2ai

L6

68
69
T2
71
72
73
- T4
75
76

74

gr

215

2015

2315

2415

2014

2312

2412

PMEM(1541)=1,0€10

DO 2015. 1=2430 - o

PMEM(15412=0,.0 : !
M1S=MLOOP(1542) -

‘0O 2215 N15=14%15

IF (MLOOP({1542).E0.1) 431J.<~ 5
PARAM(MLCGP(1541))= DLOOP(IE.ID

GO TO 214

PARAMIIALOOP (1541 )= DLOOP(159134(N15 1)+
2(RLO0P(1542)=DLCOP(1541))/7(MLIOP(1542)=1)
PHEN (144102140510

DC 2014 T=z2,3¢

PREN(1441)=0.0

M16ZMLOOP 11442)

DO 2214 Nl4=z=1eM14

IF (MLOOP(1442).E041) 231442414
PARAMELONP(1441))=0LOCP(1441)

G0 TO 213

PARAM(ALOOP(1491))=0LO0P(14y1) +(N14=2)2
Z(OLOOP( 1442 =DLOOP(1441))/(MLEOPC1G42) 1)
PYEM(13541)27.C510

DO 2613 122430

PYEMN(1341)=040

M13=MLEOOP¢1342)

CO 2213 N13=1,M13

17 (HLOCP(1342).E%.1) 231342213
PARAM(HLOOPC1I341))=NLOOP(1341)

cC T0 z12

PARAMIMLOOP (1341))=DLO0OP (134284 (N13=1)s
?(JLuop(13,2>-1Lﬁ”P(13.1))/(nm009(13‘2)-1)
PYEM(1241)=1.0E10

0O 2012 1=2430

PVMEM(1241)=04.0

7122ML00S(1242)

D0 2212 N12=1,%12

IF (MLOCP(12423.ECa1) 231242612
PARAM(MLOOP {1241))=DLOCP(1241)

6o TO 211

PARAM (MLOCF(12+1))2DLCOP(1241)4(N12=1)+
2(NLO0P(1242)-DLO0P(1241))/7(MLOOF(1242)~1)

T
Tyt

c-



130
101
102
103
104
1¢5
106
1c7
108
109
110
111
112
113
114
115
116
117
118
119

120

2011

2311

2411

210

2010

2410

- 209

2009

2309

2409

2008

2308

2402

PMEM(1141321.0€10 .
DO 2011 1=3,30 -
PREM(1141)20.0 i
YI1THLOOP (11420 .

DO 2211 N1lz1.M11

IF (MLOOF(11925«ER.1) 231342411
PARAM(MLOOP(11413)520L0IP(141)

60 Ta 21¢ :
PARAM(MLCOP(11e1):20LCP (" 141)4(NLL=1)¢

C2(0LD0P(11+42)=0LGOP(1141)) . (RLIOP(1142)-1)

PMEM(10e41)=1,0E10"

00 2010 1=24+30

PHEM(1041)=040

Y10=MLOOP (1042

00 2210 N1G=14M10

I (MILOOP(10¢2)eE%e1) 2310642410
PARAM(MLOOP(10.1)3=DLOJP(1041)

6N 10 289

PARAMIMLOOPCIC«1)I=DLOJP (1041 1+(N10=1)*

2(DLCOPCI092)=DLECF U109 1))A(MLOOP(1042)~1)
-PMEM(0941)=1.0F20

DO 2009 1=2430

PHEF (094112040 .

MO9=MLOCP (0 S,42)

D0 2209 MOS=)4MDY _ :

I (MLOOP(09+2)eECe1) 230592409
PARAM(MLOOP¢094121=DLOIPLLT1)

60 1o 208 _ ,
PARA4(MLCOP(0941)1=LLCIP(CIy11+(NOT=1)+

2(OLCOP(N942Y~DLIOF (09 1)) A(MLOOP(0S,y2)~1)

PYEM(DL41)=1.0ERD

00 2008 [=2430

PMEMINELT)=0.0 . ) -
YO0B=FLOOP (0842

0N 2208 NO#z=14M3C

1F (KLOCP(CBe2F,EG,1) 230602488
PARAMCMLOOP(0E L) ¥=DLOOP(O3,1

6N 10 207
PARAY(MLCOP (08 L) 2=DLOUP (OB 1+ (NQ8~1)»

2COLCOP(OR2)~DLNOF(GH ) ) /IMLOOP (08,2232

#-aT



121

129

146
147

148

146

150

151
152
163
154
155
156
157
1728
159
160

2007

2307

2407

PMEMCO74+1)=1.CEL10

DO 2007 I=2.3C"

PMEM(0T741)=0,0 . !
HOT=MLOGOPLCT42) ’
00 2297 NO7=1.MC7

IF (MLOOPU(C742)oECQ41) 2307426407
PARAM(MLOOP (07 41))=0LO0OP (0T 1)

GO YO0 2¢C .
PARAM(MLOOP(D741))=DLGOPC0T 1) +(N0T7=1)+
2(NLN0OP(0T7421-DLOOP(NI741))/(MLOOP(DT+2)~1)

PNEM(0641)=1.0E10

00 2406 1=243D

PMEM(DA91)=0.2

MOEL=MLOCF(0he2)

DN 2266 NOE=1,M06 )

IF (MLOOF(C6+2)eECe1) 27064206
PARAM(MLCOP(0591))2DLOCP(0641)

GG TO 20°% : .

PARAN (MLOOPC0%291))=0LO0OP(C6+124(NOB=1)"
Z(CLOOP(CE2)=DLOOF(0691))/(MLOOP(0BY2)~1)
PMEM(NS41)=143E10 )

0O 200% 1=2¢3D ) ) :

PHEN(0541)=0.D

MOS=MLOOP(0S542)

0N 22095 MOS=14M05

IF- (MLCIP(05+42)aE0e1) 230542405
PARAM(MLOOP(0US41))=DLOOP(0S,1)

GO T0 2.4

PARAMIMLOOP(0541))=DLOCP(0S41)+(NOS=1)»
2(DLOOCP(05,+,2)~DLOOP(0S41))/{MLDOP(0S542)~1)
PMEM(0443)7140E10 .

CO 2004 122430 . !

PHEM(0441)=040

MO4=MLOCP(0442)

CO 22034 NO4z14M04

IF (MLNOP(0442).EQ41) 230442304
PARAM(CIALDCP(0441))=DL00P(0441)

GH TO 203 . S
. PARAM(MLOOP(0441))=DLOOPC0442)+(N0G=1)+
2(NLO0P(0442)~DLOOF(0441))/(¥LOOP(D4e2)~1)

o-C



151
162
163
164
165
166
167
148
149
170

172
173
174

175

176
177

178

179

120

181
182
183
16¢
185
186
187
188
165
130
1%

192
193
194
195

196

197
198

199

260

203

2003

2303

2403

202

2002

2301

2401

C CALL MAIN CALCULATICN SER. "ESTIM"™ TO GENERATE DESTGN DATA. QYSTEM COSTS.,

PMEM(0341)=3.0E10 .
NC 2003 12430

PMEM(O0Z4])=0a0

¥M03z=MLCOP(03+2)

CO 2202 ND3=14MO0Z

IF (MLCOP(G3¢2) 4EG,1) 2303426403
PARAMIMLOOP(0241))= DLJOP00391)

G0 TO 202 -
PAPAM(MLOOP(OS@I))—DLJOP(OSql) +(NO3-1)+
2(DLOGP(0242)Y-CLOCPLO3»1)1/(MLOOP(0342)~1"

PREN(D241)=1.0510

DO 2602 1=2430

PMEM(0241)=0.0

MO2:zMLOGP(0242)

LN 2292 NE2=14402

IF (MLOCP(02423.E5.1) 23C242402
PARAM(MLOOP(G251))=DL00PC0241)

G0 TO 201 .

PARAMIMLOOP(02,1))=DLOCP (024124 (H02-1)x
/(WLGﬂP(C2'2)-D'00F(02-1))'(MLOOP(OZ.?)-I)
PMEMIN141)21.0F10

DO 2001 1=2430

PHENM(D0141)=040

MGI=MLOGPLO142)

DG 22701 NO1=14401

TF (MLOCP(01+2)eEGel) 230142401

PARAM (MLOOP(U141))=0LCOP(AL,1)

GO TO 200
PARAM(HLOOP(0141))=0LGOP(6141)4C¢ND1=1)+
2(DLCOP(0142)-NEOOP(C1412),CKLNOP(0142)-1)

C AND RESULTING GAS PRICES,

200 .
C SAVE RESULTS

10

CALL ESTIN

DO 8 I=1.NLOOP

IF (ESTOUT(1)GELPMEMCTIS1D) GO TO 8
00 10 li=3416

PMEM(TeI2) = ESTOLT(IR)

DO 2 I1=1,4NLOOF
PMEM(I916+11)=FARLAM(MLOOPCL141))

IF BETTER THAN PREEVIOUS RESULTS AT EACH LEVEL

7-d



201 8  COMTINUE

202 1F (ESTOUT(1).GE.ESTMEM(1))GO TO 13 .
203 i DO 11 1=1.200

204 11 ESTHMEM(I:= £STCUT(T)

2065 : DO 12 1=:,4300

216 12 - ESTHEM(I-200)= PARAM(I)

297 13 IFCCIOFLAGLEG 0).0R.(10‘LLG EQ.IO)) 6o Te 14
298 . CaLL LIMOUT) :
209 14 ESTOUT(11=1,0F10

210 D0 15 122,280

211 15 FSTCUTCT1=0.0

212 IF (MLOOP(1+3).ER.0)220142501
213 2501 v=1 )

214 B CALL LIMDUT2(K)

218 2201 PMEM(1410=1.0C10

216 ©OIF (MLOOP(243).EQ.0)220242502
217 2502 K=2

218 . CALL LIMIUT2(X)

219 2202 FPMEA(2+11=1.0E10 :

220 IF (ML002(243)4F040)220342503
221 2563 K=3

222 ‘ CALL LIMJUT2(K)

223 2203 PMEM(341)=1.0510

224 IF (MLOCP(443)eFGe0)220442500
225 2504 K=4

226 © CALL LIMDIUT2(X)

22 2204 PMENM(441)=1,0E10

228 IF (MLOOP(S43).EQ,0)220542505
229 2505 K=5 _

230 CALL LIMOUT2(¢K)

231 2205 PMEMIS+1)=1.0E10

232 If (MLOOP(E+2)ECN)220692506
233 2506 K=6

234 CALL LIMOUT2(K)

215 © 220& PMEM(641)=1,0C10

236 IF (ALOOP (T13).E0e0)220742507
237 2507 xk=7

238 CALL LTIMOUTR2K)

235 2207 PUYEM(T41)=1.0€10 :

240 : JF(MLOCP(B+314E0a0)220842%08

LT



241

2211

2512

2212

K=8
CALL LIMOUT2(K)

 PMEM(B,1)=21.0E10 .
"IF (MLOOP(943)«FGe0)220942%09

K=9
CAaLt LIMOUT2(X)
PHEM(941)=1.0210

©IF (MLOOP(10+3).ER.0)X221C42510

K=10
CALL.LIMOUT2(<)
PMEM(10+1)=1.DE10C

IF (MLOOP(1143)eEGa0)221142511

¥z11

CALL LIMOUT2(X)
PMEM(1141)=1.0E10

IF (MLOOP(1243).EGe0)221242512

k=10 :

CALL LIMGUT2(¢X)
PAEM(1261)=14IF1D

If (MLOODP(13¢43).EN.0)221342513
k=13

caLL LIMOUT2¢)
PMEM(1341)=140E10

1€ (MLOOP(1443)eEGa0)221%425514
K=14 ‘

CALL LTNMOUT2(K)
FRHEME1441)=1.0€E10 .

IF (MLOOP(1543)4ER.0)221542515
K=15 '

CALL LIMOUT2(K)
PYEM(1541)=1.0E1D

00 18 11,200
ESTOUTCI)=ESTHEM(])

0O 19 1=1,4,390 ’
PARAMCII=FESTMEMCT+2CD)

CALL EXCUT!1 (IOFLEGeNRUN?

STOP

END

g-a
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33

31

32

33

34
35

37
33
RE]
40

[ea)

C THE

b ]
ETHCTHK o THELOW 4 7HSLOW s 7HRLOW o THTLOW 3 THENED o
RTHSMED o THRMED  4THTMED 4 THEHIGH ¢ 7THSHIGH. o THRFIGH
©7THTHIGH oTHCCOMP 4 THELCON 4 7HFLDELC ¢ THAMPRES o THAMDELP
STHAMDELT o 7HPCNTRL o THEMPTY s THEMPTY o THEMPTY (THEMPTY
STHAMSTY G TREPSTY oTHAMXCEL 47HAMASP - ¢THEPDLF 4 THEPMGD o
ETHEPNODT o THEPREO G TREPNU 3 TEEMPTY o THEMPTY o 7FSLTHK
PTHSLLD o 7THSLLOT 2 THSLMDIS o THEMPTY _¢THEMBTY GT7FEMPTY
STHTANO  «7HTRMOD «7THTRMODT & 7HTRCTE o THTRYLD 4 THTPYLDT
STHTRSF 4 THTRRHO ¢THTRNU 4 7HEMPTY ~yTHCFRHO o THCFMTS.
STHCFMTST o THCFAAN - o THENPTY 4 THAINMAN oTHOUTMAN o THAINDIAM,

STHOUTDIAMGTHAINFL 4 THOUTPL 4 7HAINPDR o THOUTPOR 4 THATNIL o
FTHOUTEL o THEMPTY G 7THEMPTY G THEMPTY o THEMPTY GTRFFPTY
STHEMPTY o THSCFMNR 4 THSCFMXR ¢ 7THSCFX o THSCFC *© #7THTHTAL
STHTHTA2 S THEPIX  oTHEPOX G THEPIC  <THEPOC 4 THAFF R
g THE TD sTHEMPTY g THEMPTY  THEMPTY GTHEMPTY THEVPTY

CLTHCWT 2 THCWMF . W THFWT s THDPOL 7/

DATA (PARAM(I)4I= 141001/ S
860000 - +25. 160 920e  © 40.067 +6000.
$8.620-3 +1.2872 40,151 144265-5 45044 11.068
20.233 +3.00E-5 476, 91.039 WN.179 +3.6CF-5
121, v2.413E6 40425 90,08 s8.619E5 40.

28.33 . +500. +0.0000000,0.000000040.0000000,0.6000000

BLOCK DATA : ' :
BASELINE CASE IN "BLOCK DATA™ REPRESENTS 80.0 KW(DC) CUAL
COMMON/EBLK1/PARAM(3CO0) i C -
COMMON/BLK2/ESTOUT(200)

COMMON/BLK3I/PNAME(I00) 4ENAMEC200)
COUNMON/BLKA/PMEM(15431)

COMMON/ELKS/ZIFLAG(32)

COMMON/GLKG/ESTHEM(SCO)
COMMON/SLKT/NLGOPWRLCUP(1S42)4MLOOP(15,43)

CATSE (£STOUTCI)31=14200)3/1.0F104199+0.0/

CATA ((PHEMCTaT1)el=1915)911214312/15+1,0E104450+0,0/
OATA (IFLAG(ID)eI=1432)/32+0/

DATA (LSTMEM(E)¢1=1+56G0)/1.0E104499+0.0/

DATA NLOCP/D/

DATA ((DPLOOP(I+411)91=1415)4125142)/304040/

DATA ((MLOOP (I 41 1)¢1=1415)412=143)/15+300415+141540/
DATA (PNAME(T) 1= 141000/

ARTHOTPUR o 7HPTAME  «7HPTYMOD o+ 7HPLIFE  +7HCAR s THCCD

TRRIG. SYSTEM

A
’
.
‘
1

1- 6

7- 12
13- 18
19- 24
25~ 30
31~ 3%
37- 42
43- 48
49- 54
55~ 60
61- 66
67~ 12
71- 78
79~ R4
85~ 90
91- 96
97-100
1- &

7= 12

1 -18
19 -24
25- 30



41
42
43
44
45
46
47
42
43

[3
>

51
52

E
M

54

54
57
58
59
60
61
62
63
54
65

67
68
€9
70
71
72
73
74
75
156
77
78
79
go

£1.
RJO.

-F10e34E6

8.
£0.33
&-1.02[5
004
f.0.2
§0.0000cC00
£1.6

20.4

235,

9l «150. ole- 97.62E~5 +200L.ES .

27950, v0.3 v0.000000040.C000000454F~4 [y
[X'R 2005 ¢0e0N00000+04C000GO0CCOR0000,
"9200.1S 90 21+A5E-5  ¢1.138E9 40,0 Iy
27950, 1043 v0.000000091.24E3 v16.8EE 'y
v0,03 . 20.00030C041. W' 1. : y0. 04 e
+0604 1004 904233 90,233 v0,
90.000006090.00000(040.000000040,0C0000C40. GOODOOU'
206 vlet - «1.536 46 72E~E <1405 [}
01.832 7 +14.39C-€¢ +1.832 . 914,35E-£ 0.5 .
2 0.00000R0+0.00000C04C.0000000+0.0000C004C.0000C00
oi.89 125 +2.25E3 /

DATA (PMAMF(1)+1=201,200)7

LTHPLMIN
RTHPKTH
ETHETAPYM
LTHOCHEF
ETHDFKTH
ETHRESINSK
2THHIOMR
ETHNOCYC
2 THRSDEN
27HPCS

LTHCSR

R THPCOS
FTHPTXIR
¢ THFUSPCOS
LT7HCASPLCOS

"2 THOIMANCL 4 THGPUR + 7THEPUR s 7THNONO W THOHND

s THPLK 2y THFPDPPL o+ 7THFSRC + THHXPOPPDy THETAPMOT
¢« THELFH WTHELFD ¢+ THRESH 2 THRESD o TRELPHT
«THTCGO s THTCOH ¢ THDYNO + THDYQH s THENMPTY
s THHCHEF 4 THETAWP o THETAWPM 4 THEMPTY G THEPPTY
W THEMINST ¢ THAMINSH ¢THCFXTH < 7HRESHEF ¢ 7HRESINST.
¢ THUHXA s THUHXC s THVCTIDFR 4 7THEMPTY < 7THEEVPTY

]
¢ THOHCYC  +7HRSMWR 4 7HDSVOID «7HDSCP W THRTCHG o
« THOLOR" sy THOWTHK  « 7ZHDUWDENS 4 7HDWCP s THPES .
sTHETACCRP s THRATCOMP o THCHMASR 4 THHMASR =~ ¢ THORFURG
s THRCR s THCSCOS ¢ THRCCOS 2w 7HDCOS ° o T7HAIMF .
¢ THPLER v THOUFACY o THTXR 2 THTLR s THTXCP .
v THACCTFLG s THCRVRZ 9 THZRVY « THPSVY s THCUWSPCOS

s THAMNTR® o THPGSYCCSe THALBRRT o THOHRATE «7HCARATE o
sTHOFERT2U L THAINYEN o THDNEK + THONEFACT o THGIM ARGC o

RTHATINSTK o THGMARG: «7THRELK Wy TEFCLK s THGMARGRBF ¢ THPLASCS Ty
LTHCFLPLMD « THIMOPCOST o« 7THFRPCEL <« 7THSLPCEL /7 -

DATA (PERAM(I)4¢1=1014200)/ .

£2 90018 MY Y 220, 90e8 0.8 .
£15. sCe4 . +0.1€5 11.22 20.19 v1.01€E-3 o
£0.8 53, t4l, 185 28,5 .+0.00000004
£57. 1114, 1046 v0.8 »7.00000004+0, OOO"DOOv
£15. +0. +0.01 10.26 ©4000. w0

§0.01 15€8. . 1568, 00.5: 20,00000004C. 00000009
20.002 "2, +0.98 +0.9995 82 2. ’
814400, 214400, 40,15 v0.15 21046, +200. .
€714,

95 +3.40E-3 27950, p500. sl ]

31- 6

T7- 42
43--48
49~ 54
55- 60

61- &6 -

67- 12
13- 78
79~ 84
85~ 90
81— 96
97~100

101-106
107-312
113-118
119-3124
125-320
131-136
137-342
143-14R
149-154
155-160
161-366
167-172
173-178
179-184
185-190
191-196
197-200

101-106
107-112
113-118
116~124
125-130
131-136
137-142
143-148
149-154

o/-@



112
113
114
115
116
117

118"

119
120

g0, . 20.5 ' 7. vde v0.0 00.2

A\
20430 ¢2.40 +0.08 1315 90.10 w610 "
80.025 12400 v0.85 v1etib - 404667 20400 .
£0.02 2140 20475 v10.0 0.0 v0.582E=4
£1.321€-3 42.0 - 20453 «14000, v1.0 20e0 v
£0.48 v14. ~ #0.01 12,404 +100.0 10.75 ’
£200. 1075 25 91000, v0. ’ 48822 ’
£200000e +2.0 - v2e 92e /7 - :
DATA (PNAMEC(I)«I=2014300)/ :
LTHSLMCOS o THSLPCQS s THANSCOS »THANCCOS ¢ THAMPRCOSs7HCASCOS o
F,7THCACCOS +7THCAPRCOS+THSEPSCOSsTHSEPPCOSsTHRPTHK o THEPDENS
LTHRPMSCOS »THEPPCOS o THFMTHK ¢ THFMSPCOS7THFMPCOS o THEPMSCOS,
R7THEPMFGCS«THTRMCOS «THTRPCOS ¢ THTRHCOS «THEMPTY ¢ THAMLFL o
ETHTNLLOY o THAMLEH ¢ TFTMLHIGH ¢ THAMCF « THCMCF sTECYCF .
S THHMCF s THELPEK] 4 7HELPRK2 47HGSBPKY ¢ THGSPPK2 oTHFILKY
RTHEILX2 . ¢ THHXK1 s THHY K2 s THPUMPK] ¢ THPUMPK2 4THRESKD
ZTHRFSX2 <7HRESK3 47HCONK1 1 7HCONK2 = 9 7THCONK3 ¢ THATINSK1
RTHCUFBKL o« THFUPRK] 4THCMIK1  ~7HPURGKD ¢7HORYK1 o 7HCRYK?2 o
ETHVENK] 2 7HSTRTK1 +7HCOMK1 +7HEOTK1 4 7HPSK1 s THUNASKY o
PTHASSYX] +THASSYKZ o THEMPTY THEMPTY GTHEMPTY JT7HENMPTY
STHEMPTY < THEMPTY  GTHEMPTY (pTHEMPTY G THEMPTY G THENMPTY
. RTHEMPTY  THEMPTY GTHEMPTY 2 THEMPTY G THEMPTY G THEMPTY
BTHEMPTY G THEMETY G 7THEMPTY 2 THEMPTY GTHEMPTY GTHENPTY
LTHEMPTY o THEMPTY GTHEMPTY o THEVPTY LTHEMPTY 4 THENPTY
]

ETHEVMPTY 4 7THEMPTY ¢ THENPTY 4 7THEMPTY s THEMPTY s THEMFPTY
ETHOMPTY G THEMPTY  GTHEMPTY o 7HDUMMY /

DATA (PARAM(I1)+1=201,4300)/ _
£11.50 2060 4696 . 4040 10425 1E9.E

)
£0.0 T 40.25 45400 20470 v4.572E-4 48900, .
£13.23 - 43.50 20.16E-2 +1.66F4 40440 16492 .
€650, 1626 01410 +900, 90.0000000410, "
250.0 +5a0 v12%.0 ‘tla sl vle e
£le 24.T6455 4045 153 90433 21.72%F5
£1.0 25.76752 +0.8 +384,8 ol a1312. [}
£0.5 v250. 95556, 13.63E5 20.8 +93.0 ’
£220. 9200, - 23400, 2130, 13.00E6 v0.7 [
£212, © 91742, +5.0E7 »y7000, 93¢356E-2 40405 y
?28.9 266740 90el500000,0.000000040.000000040.000C000

20.0000C00+0.00000G0+0.000000840.,0000000+0.C00000040,0000000+

. £0a00000004C.000000040.000000040.0000000+40.0000000+0.0000000¢

155-160
161-166
167-172
173-178
179-184
185-190
191-196
197-200

201-206
207-212
213-21%
219-224
22¢c-230
231-236
237-242
243-248
269-254
255-260
261-2¢6
267-272
273-278
2719284
285-290
291-296
297-~300

201-206
207-212
213-218
219-224
22£-2210
231-236
237-242
242-248
249-254
255-2¢0
261-266
267=-272

273-278

/-



121
122
123
124
125

1z

128
129
130
131
132
133
124
135
158
137
138
13

140
141
142
143
144

128
159
160

20.0000600¢s0.0G00C00+0+.000000C+0-000000040,0000000+0.C000000C

£0.000000040.000000040.000000040+000032040.0000000+P.00G0000D,

?20.0000000¢N.000CC00404000000040a0n00DC040.00000004040000000,

20.0000000+0.000000040.00000004C.00003007/
DATA (ENAME(I) 1=141000/

LTHALVGFRY.  THACPYR
R7THCAPPRIX 4 THAPCCS
2THTMODCOSe THSYSAREAS THTOTCEL o 7THSPGLPRX «THORISC

STHUCC
STHALAFCR
27HCELCUR
RTHETAP
RTHCFMAS
2THTIRDI AN
STHAFMFL
ETHCFMAX
CTHPIDA
f£7HPIPA
LTHWFLC3
2THCWFLHC
STHPLENA

CRTHSTKLEN

¢+ THCREB

W THBLTGFZL
+ THPMIN

W THPPYR

¢ THCF 0D

W THTR¥AS

s THAMVYFL

s THCFSIN
WTHFIODC

W THPIPC

s THRMELHY |
s THOCAR

s THPLENC

s THCRESCY

2 THETATOT o 7HCVOLT < THEBV
W THADCOS 9 THGASQUT o7HPLTICOS

s THALATC o+ 7HALAPC 4 THALAOC
s TEAINSTL o 7HCCAPCQS, THWOUT
¢THAMCEL 9 7HITAV yTHETRAI
s THETAN ¢ THVTH 1 7HANMODR
¢+ THCFHOD o 7HCFAR + THCFSAR
s THEPTHK o THEPAR s+ THEPVOL
s THYELIN 4 7THVELOUT 47HPDSTK
sy THSEFCOS +7HRPCOS ~ 9 THFMCOS
v 7THPNDA » THPGDC P THPHDA
y THRCCON 2 7HQRECOM o 7HOMFL
s THFUMFL 4 THPSPA W THPSPC
« THHCAR w THCUMFL 4 THFWPP
¢ THWMFLO2 ¢ THWMFLH2 2 THWNFLOL
¢ THGPIPECV, THAHXAR

DATA (ENAMECT) 41210142000/

£ THCEXAR
STHDTCHX
&THPAMFL
STHEHPTY
RIFWFFLHS
£ THDDH
RTHAUXPWR
LT7PHSTOR
LTHATDEPR
2THPDA

2 7THADHCOS

"o THCWFAHX

s THAVOL

¢ THFCVFL

s THOMFLH

W THYMFLCAY
s THDLO

3 THOCPUJR

s THEMPTY
2y THPLFT
«THACHCOS™
s THANCOST

2 THCHFCHX ¢ THRAHX s THGCHX
s 7THCVOL ¢ 7HPUAT s THPKOH

¢ 7HPAVFL  +«7HPCVFL & THGVOL

+ THER I [
WTHAMLIFE o
s THOFRTRAT,
s THALECC [
W THFFFI ’
¢ THETAP .
s THAVLEN
W THTRLEN ’
s THEFVAS .
s THPEMOD ]
s 7HOMOLCOS
s THEHNDC .
s TEENMFL ’

2 THORFLOC
«THGNODCV o
s THWMFLHT o

» THCT AKX
»THPMFL
VTHRMONCOS

s THREYFLG o 7THOMFLOBT o« THHMFLCUT s 7TFEFFLCS

¢ THRWMFLHG 4 THDISMO o« THDSMH

« THOLH s THCPO + 7HCPH

o THHCPWR ¢ 7THOCOMPS 4 THHCOYPS
s THEMPTY o THPCLF ¢ THGINLF |
W THCPFT ¢ THALAADRE o THALAIY

W THDPH

¢+ THOSTOR

¢ THSLTEPR
CTHALATTCA,

"
"
.
[}
«THLCC K}
’
’
’

s THAFUCOST o THAMATCC S THALBRCCSWTHACACOS »

W THCECOSY ¢7THCELCOST7THEPCOST

+ THTRCOST

L THMOLDCOS s 7THCFCOST 4 THSLCOST o+ 7THASSYCOSs 74AMPECOSy7THCAPECOSy
RTHOXPECOS+ THHYPEC QS g THANFLCCSy THCAFLCOSy THANKXCOS 9 THCAMXCOS
RTHANPHIDS 9 THCAPNCOC s THANRRSCOSy THCARSCOS 4 THPURGCCS ¢ THOXCNCOS
ZTHHYCNCOS + THOXDFC QRS o THHYDRCOS ¢ 7THAINSCOS 9 THCWPRCOS « THFUPECOS
BETHVENTCOS ¢ THSTRTCOSy THOXCMCOS o THHYCMCOS y THOXRTCOSw 7THHYFTCOS

7.THPSCOS

s THUNASCOS

+7THCNINCOS s THDNECOS /

219-284
285-290
291-296
297~-300

1~ 6

7- 12

13- 18
19- 24
25- 30
31~ 36
37- 42
43- 48
49- 54
55~ &0
61~ 66
67~ 72
73~ 18
79~ g4
85~ 990
91- 96
97~100

101-10¢
107-112
113-118
119~:24
125-:30
131-336
137-142
143-148
149-154
155~-1(0
161-166
167-172
173-178
17S-1£4
185-190
151-19%6
197-200

2/-C



. END
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o000 M Jo Do w000 o

'SUBRROUTINE HEACING(NRUR)
COMMON/BLX1/PARAMCR0C)
COMMON/ELKI/PNAMEC300) ENA
CLLL DATE(TODAY?:

PRINT 100 .

FORMAT(1H1/

10Xe48HX
10X 48KXX

104 s 4BHXXX

w

~

XX

XXX

10X 94 BRXXXXXXXY
10X 48FXX XX XX

10X e 4BEXX
10X 448HXX
10¥q88HXX
10¥ s 4BHXX

PRINT 1064NRUNsTODAY
FORMAT(IHO+10X s EOFRUN

X»
e

Y

X»

Xy
XXX
YX XX
*X XX
¥ X XX
AXXXEXXX
e XX
<X XX
X XX

XX XX
XX XX
XX X¥
XX X¥
XY ¥X XX
YEXXNNXX
XX XXX
XX XX
X X

XEXXYXXX

XX
XXXXXXXX

PRINT 1029 (TITLELIC )y 1=148)9(TITLE2(ITs1=148)
FORMAT(11X«8A10/8A.0)
PRINT 1034 (1 osPNAMEZI)oPARAMCI)1=14262)

FORMAT (60(2XsSII3,1HesATy1H=41PG114412%)/)

RETURN
END

Iz

MEC200) s TITLELCE) o TITLE2¢CR)

CAXXXXX XX/

XX /
XX /
XX /
XXXXXXXX/

v/

XX/
XXXXXXXX)

¥X/

NUMEZRsI13914H, EXECUTED ON +A10)

Sr-&



bt s
N = o

-
N

O N SN

cs
Cs
cs
cs

-C%

SUBROUTINE ESTIM

DERUG

CALLS

FukNcs

TRACE

STORES (DCPWR ¢yPPWR 4 EMCELCI oPMOD)

C SUBRCUTINE “ESTIM®" IS TRAFFIC CONTROL CENTER FOR DESIGN.R COST ESTIMATION

c

100
101

SEE REFERENCE TABLE FNR MNEMONIC DEFINITIONS AMND UNITS

COMMON/ELK1/DCPURsPT4PTHOD s X390 CARSCCDoXB(24) 9 AMSTYZEPSTY sAMXCEL
2X33(1S0) 9 AMLFLaTLCYy AMLFHTHICH )

COMNON/BLK2 /ALGPRY sACPWRWETATCToCV BBV BET+CAPCOSsAPCOS+AOCOSoAGQ,
SPLTCOSZoAMLF 9AMCOSZ9ySARGPCEL9Y15C15) 4CIoPMODGAMCELYETAVIETAIZETAR
ZETAP ¢ PPHRGETAMGVTHIAMODCG ¢ AMLENSY42(2) 4 CFHOD

COMMON/BLKSZIFLAG(32)

DIMENSIGN AMES(2244)

DATA ((AMES(Tad)ed=1e4)e1c14S)7/

110H1-ENDOTHER410HMIC AVERAG4JOME CELL VOLs10HTAGE
210H2-INLET MA,10HNIFOLDS OV4y10FERSIZED W 10H
31043~QUTLET My10HANIFOLDS CsICHVERSIZED 410H )
410H4-SUPMINLF10HUM FLOW IN410H ONE OR MD41CHRE CELLS
S10HS5-0OVERMAX T 41 0HMUM FLOW 1410HN ONE OR Me1O0MHORE CELLS
E10HE-REQ*D COy10HOLING WATEZZ0HR FLOW TOO410H LARGE
TIOHT-HEAT LNSe10ES AT CONDELG_OFNSER TNQ L410HARGE
F1OHE~HEAT .LOS+1PHS Y CONVESZOHCTION TOO +10HLARGE
S10HY-NET HEAT41CH LOSS TOO +.3RLARGE +10H

FORMAT(P9HONEXT CASE 1S OUT OF RAMGE ON)

FORYAT(1X44A10)

DO 200 1=1432

IFLAG(I) =0

CALL VOLTCLC s RETURNS(1000)

C1 =CAR«CCD

PPUR=DCPWR

PCEL=PPVR/(CY*CT)

PMON=PCEL/AMYCEL

PMOD=2INT(PMGD)+1.0

AYCEL=AINT(FCEL/PMOD) +1.0

A I T I I )

PCEL = AMCFL+PUuGC
PPWR = PCEL+» CI »CV
B8V = AMCEL=CV

88I = CI +PHOD

/-0



41
42

z
ol

44
45
48
47

4 8

49

50

Y
53

54 -

55
55
57
58
59
&0
61
62
63
64
65
66
67

692

79 .
71

202
205

1600

206

.

VTHZ1.,4813+1.638F-4+(PT~25,)
ETAV= VTH/CV

CALL ETAREC

I=IFIX{AMSTY)

IF(1.EQ.?) 60 TO 202
CALL CFRMO,RETURNS(1900)
G0 TO0 205

CALL RFR¥OZRETURNS(10D0) .
Catl ETACUR

ETAM= ETAL +ETAV
AMODRO=(1.0-ETEM)«CInBBY

" CALL MANANAL yFETURRS(1000)

CALL HHMPE GREJURNS(12001}
SARZT 2.+PMO0O«LALEN»CFHCD
CALL CONDTYT
CALL ETANET
CALL PLTCOST
CALL LIFE(TLOW, AMLFL. thn.AnLFHsPIMDD,ArLF)
CALL MODCOST ’
CALL CaPCOST
CALL OPCOST
CALL GASCOST
RELTURN
PRINT 1C0
D0 206 N=1,432
IF CLFLAG(N)EQ.0) GO TO 205
PRINT 101.AMES!N.l),Ahtstn.ZI.AMEs(N.sl.AMES(M 4y
CONTINUF
ALGPRX =1.0E£10
RETURN :
£AD

9/~ &



N RN . T T S

r

SUBROUTINZ EXOUTI(IOFLAG;NRUN)

COMMON/EL<1/PARAM(300)

COMMON/BLXK2/ESTOUT(Z00)
CO””ON/DLK\/PNAN[(KOO)thAME(200)vYITLEl(8)qTITLE°(9)
COMMON/RLKT/NLOOPCLOOP(1542)¢MLOOPL1543)

CFORMAT (2¥46A10/77A10) . : .

FORMAT (1841 OPTIMUM FOR RUN -+Ia46H WITH +12416H LOOP PARAMETERS)
FORYAT (20HO - IMPUYT PARAMETERS ) C

FORMAT (60(2X95(I341HeoATo1H=91FG114442X)7))

FORMAT (20H0 OUTPUT PARAMETERS )

FORMAT (15(3Xe1341He9sA791H=9iPC11e404H TO 91PGl1le4q4t IN .15.

2 19H STEPSy OPTIMUF AT 41PG11.447)) .

FORMAT (150C1H042¢1231He ATy lH-'IPGll 4.42Y)/))

PRIMT 101‘rQUN.NL00P

PRINT 10Co(TITLELICT)o1=148) 4t TITLE2¢T) 4 1=148)

PRINT 1059 (MLOOP(Te1) yFNAME(MLOOP(T91))+OLOOP(141)9DLO0OP(T42)y

[} MLOOP(142) ¢ FARAMCILCCP(I41)),41=1,NLOOP)

IF ((I0FLAG+EQs10)s0R (IOFLAG,ERL.11)) GO TO 1

PRINT 152 '

PRINT lﬂav(lgPNAﬂ[(I)qDARAW(iicl‘l' 62)

PRINT 1Ca

PRINT 103.(1.ENAME<1),E<Tou711).1 1+200)

G0 T0 2

PRIMT 102

PRINT Iqu(I;PNAME(I).PARAM(I).I 19262) a %
PRINT 10% )
PRINT 1054 C14ENAMECT) 4ESTOUTCI) 412 1.200),

RETURN

END

aza



DO PN L NN

Cs

SURROUTINE "ETACUR
DEBUG

COMMON/BLKLI/X0t2) 4PTMLCDGX29CARIXSyCTHKeXT(13)ELCONJELCELCsAMPRES,

2AVMDELP s AMDEL T2 25(38) ¢ AMNC245)

COMMON/BLK2/Y0(3) aCVeYa(2€)4CIoPMODyFMCELWETAVAETAT
DIMENSION ©UR1€2¢2)9R2(292)4REC242)¢ALOS(242)
L=INsOUTy KzHoeC

RHO(T 4CIZ1e/(17402-084358%T410,05+TaC+195,9+C=1¢,00+T#C»C
£=4164.5+C+C)

2=cv/Cl

00 1 K=T142

DO 1 L=1,s2

TMANZPTHMOD+(FLOAT (L) =1..5) *AMDELT

CMANZELCON +(1.5-FLOAT(K))I*ELDELC
R=RHOCTHMANGCHMANI#(1441.25+(L=1)#{3=K) .
RICLyKI=(R “LMNCL31)/(0.7TRS4= CTHK*AMN(L34))*+2)

R2(LyK)=(R " *CTHXI/(JTRSG+AMN(L.2)%x2)
R4tL oK) =(R C*AMNCLeS ) /(0THESG*AMNN(L2)*2)

CALL LOS(CIsAMEEL 37 9R1CLoK)I4R2(L oK) 4FA(LIK) 9ALCS(Ly¥X))

TOTLOS= AMNCle1)*UALDS(1gl)+ALOSC1 42 ) ¢ANNI241 3+ (ALOS(241)+ALOS(2y
22)) 4 S o ) .

ETAT= 1.0-TOTLOS/{CI*AVCEL*CV)

RETURY '

£ND -

-



N - BN 2 IS I R & VI

50

SUBROUTINE LOS(Ii'AN‘ZoRIQRZoRQ.ALOS)
DEBUG : .
AREA (*450)49(300e*)

STORFS (119ANeZ+R19R25RG3ALOSaTaF14D19ELeDsE).

REAL 11

DIMENSION AC200)4B(200)y 1(202)4P(201)
DOUBLE PRECISION AsBeI+PsDeEsD1sE19S19S2
N1=TF1X (AN)

N2zZN1+1 :
01=2/(R2+42.0%R1+2)
E1=R1/(R2+2,0¢R1+7) -

AC13=1.0 '

AC2)=0.0

B(1)=04.0

B(2)=1.0

0=-2/R1

£=(P1+R4+Z)/R1

ACEY=D

B(3)=E

S120.0

S2=1.0.

£=(Z+2.0+R1+R2)/R1

DO 160 N= 34N1
ACH+1)=A(N)*E=A(N=114D

CBIN+1IZBIMIAE~B(N-1)

100

200

S1=S1+A(N)
S2z52+5 (N)
CONTINUE

S S1=S1+A(N2)

S2:82+8(N2)

F1=(D1+E12ACNL) - A(”Z))/(B(NZ’-EI'B(Nl))
TC1)=AN*I1/(N1=-S1-S2+F1) '
1¢2)=F1=1(1)

DO 200 J=3.M2
I(J)’A(J)'I(l)*ﬁ(d)*I(Z)'

CONTINUE

PL1I=T1(2)

1(N1+2)=0.0

D0 300 J=24N2

PLUI=1CI+1)-TCJ)

41— C
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42
43
aqy

300

CONTINUE
ALOS=(I(1)~11)+AN
RETURN

END
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SUBROUTINE VOLTCLC+RETURNS(N)
COMMON/SLK1/¥0eX1y T 9X3eXA9CCDeX63CVP(4,43)

" COMMON/ZLK2/YDC(3)YyCV/PLXS/IFLAG(32)

1=3

IF CTeLELCVP(&42))121
TI=Z(T=-CVPC441))/C(CVP(442)=-CVP(441))
Rz (CVF(32)=CVP(2431))+T1+4CVP(347)
S= (CVP(242)~CVPI241))*T1+CVP(241)
E= (CVP(142)=CVPL141))#T14CVP(141)
CV= £+ S*(ALOGLIC(CCD)I)+ R+CCD

IF (CVeGTele4B8) GO TO 1

IFLAG(1)=1

RETURN N

RETURN

END

/)2-C



[S 00 VRGN I

SUSROUTINE ETAREC
COMMON/BLK2/Y1(33)4ETAR

CETAR=0.95

RETURN
INE
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101

SUBROUTINE CFRMOs RETURNS(N)

DEBUG

COMMON/FLK1/X0sX1oPTMCLoX39yCAR9XSeCTHK, X7(12)'CCOMP’Y<0(2)qA”PRqu
2X23(8) 4 CPSTY X324 AMASPWEPOEF yEPMOCosEPMODT «EPRHOZEPNU$X3C(2) ¢ SLTHK y
3SLLNsSLLOTSSLMDISHSLDCDISeX46€2) 9 TRNOy TRMOC 3 TRMOCT o TRCTE o« TRUTS o
QTRUTST‘TRSF'TRRHOoTRNUoYS?oZFRHOoCFMTSQCFMTﬁToCFMANoX62'AMN(2'“)
COVMON/BLK2/Y0 (41 )4y AMLENGCFMAS CFVODsCFHODSCFANGCFSAR
COMNON/ELKS/ZIFLAG(32)

=SQRT(CAR/2414159)

ARCZ(R+AMNC]1 93)+AMN(1942)/2.0)41.5708

HOLE=ZAMNC1 1) #AFN(192)%2¢0¢(2.0*AN(141)~1,0)2SLMDIS

IF (HOLE.GT.ARC) IFLAG(2)=1

ARCZ(R+AMNI(293)+AFN(242)/2.0)21,5708

HOLEZAMNC29 1)+ AMN(292) 2240442, 02ANMNCl141)~1.0)2SLMDIS

IF (HOLE.GTLARC) IFLAG(3)=1

IF (IFLAG(P)+IFLAEG(3)eGTaN) RETURN N

TS=(CFMTS-(PTMQD=-25)«CFITST)

SAND= AMAXI((AMN(Iv?)OfMN(qu))9(AMN(2¢2)0APN(2v3)))

" AND =AMPRES+*(R+SAND)/TS

IF (ANMDJLELCFMAN) AND=CFMAN
CFANz SARD+AND

CFHGD= 2+ (CFAN+R)

CFVOD=CFHOD
CFSARZ.TRI42(CFHOD W22 =4 e 2R %22, # (AMN(191) *AMNC] ¢ 2)#22+4AMN(241)
$rANN(242)9#+2))
CFMASzCFSAR*(CTHK~-SLTHK)*2CFRHO
I=IFIX(ECSTY) .

IF (I«FfRe2) GO YO 102

CALL CEPS1

RETURN

CALL CEFSI

RETURN .

EnND
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SUBROUTINE CEPSI

DEBULS
COMMON/OPLKI/X04X14PTVNOD e X39CARGXS9CTHE «XT7012)4CCOMPyX20¢2)4AMPRESY
2X23U8) 4 EPSTY oX329AMASP sFPOEF sEPMONsEPMONT 9 EPRHOGEPNUS X39(2) 9 SLTHK,y
ISLLC+SLLDT«SLMDIS+SLOCODISaX48(€2) o TRHC+TPMOCTRMODT 4 TRCTE « TRUTS
4TRUTSToTRSF ¢ TRREC 9 TRNUGXST7¢CFREQ9CFMTS«CFMTSToCFMANGYE29ANNIZo )
COMMON/BLK2/ YO(32) ¢AMCELIYZII(8) 9 AMLENSCFMASWCFVODGCFHCDGCFAN,
2CFSARGTRLENyTEDIAMOTRMASCEPTHK sFPARCEFLNOL $EPMAS

SLP=(SLLDe (PTMOD=25,)«SLLOT)

E -S(EPMND+(PTMOC~2S5.)+EPNODT)

P= AMPRFS+CCOMP

TRIS=TRSFx (TRUTS+(PTHMOD~ 25.)*TRUTST)

AMZ1.0/EPMU

ROz SQRT(CAR/2.14159)

AC= CFKRND/2.

Fl= (12*Ah¢a.n)-n"nA0/(bP01 0)

F2= ¢4 ,0*RCHROFALDGUARG/AC)

F32 =(Te*AM+3)*RO*RO/(AV+1.0)
F=0el1875»AMFRIS*(Al*aM=14)*RO*ROX(FI+F24F3)Y/(E»AMNAM)
AL17=0e252(10~e25%(1,0~E=NM)2(1e=(RC/AQ)*24)=C(RO/ACYI*+»2 (1.0~
RA1o0+TPNUY«ALICI(RO/ZAD)))Y |

AL11=0.015625% (1044402 CIRD/A0)I#»42)=5,0%((RO/ADI**4)+ 4,0+ ((RDI/AQ)
Ran2) 2 (2,04 ((RI/LEDI»x2))+ALOGI(RO/ZAD) Y
G(SLP*»(A0**x4)/(2.0«E))*1ALLIT/ () a+EPNU)=- 2.-AL11)*12-'(1 0-EPNJx=2)
EPTHK=((F+C)/EPDEF)Y*», 223

AMLDZ (07854 «A0#22 ~CFSAR)*P +CFSAR»SLP-

TROIAM=SGRT( KMLD/ (TRMO*0,7854+«TRTS))

EPAR= 34141592 ((A0 ) +15+«TRDIAM)#22

EPVOL= FPAR*LPTHX

EPMAS= EPVOL+LPRHOQ

AMULEN= AMCEL*CTHX+2.0«EPT HK

TRLEN= AMLEN+B.C0+TRDIANM

TRNO=TRNO

TRREO=TRRHC

TRMAS= TRLEN*TRNO*TRRHO*0.7854+TRDI2M«w2

‘RETURN

END.
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25

29

‘101

SUBROUTINE RFRMOLRETURNS(N)
COMMON/BLKL/X09X14PTMO0DaX3eCARGXS9CTHK«XT€12) 4CCONPoX20(2) «AMPRES,
2X23(8)elPSTY X324 MASP «FPDEF4EPMODWEPMODT ¢CPRHOGEPNUGX3I0(2) 4 SLTHK,y
3SLLGsSLLDT+SLMDISeSLECCISeX45¢2) 9 TRNO TRMOD«TRMODTTTRCTL o TRUTS
4TRUTSTTRSF 3y TRREQ 4 TRNU XS T9CFRHOWCFMTISyCFMTSToCFMANIXAR2)AMN(245)

OMMON/BLK2/Y0(41) e AMLENGCFMASyCFVODsCFHODWCFANJCFSAR
COMMON/BLKS/IFLAG(32)

viL= SCRT(CLR/AMASP)

HIL=CARZJIL *

HOLE= AMNCG191)#AMN(192)+(2.4AMNC141)41, 0)*<LMDIS

IF(HOLE «3TLHILY IFLAG(2)=1

HOLES ANMU(Ze1)#aNMN(242)4(2.2AMN(241)4140)+SLMDIS

JF(HOLE3T.HIL) JTFLAG(3)=1 :
IFCIFLAGH2)+TFLAG(Z)YGT40) RETURN N

TS= CFYTS~(PTMQ[-254) «CFMTST

ANMD= SORT((CAR*AMPRFES)/(1433+T3))

J1F (LMD LLE«CFMAN) ARD= CFMAN

rovo- VIL+ 2.#AND+ EMN(142) ¢AMN(292)+4AMN(143)¢AMN(242)

CFHOD = HIL+2.*AND

CFRAN=Z (CFVOD-VIL)/2.0 .
CFSAR=CFVOD*CFHOD=-HILAVIL =1eST08*CANMNCLIy1)*AMN(]142) 2224 ANN{241) ¥
EAMN(242)+42) L
CFYAS=CFSAR* (CTHK- SLTHK)'CFFHO

I=1FIX{EPSTY) .

IF (I.EG.2) 60 TO 102

CALL REFSI :

RETURY

CALL REFSI

RETURN

END

sz-C



SURROUTINE REPSI

COMMON/BLK1/XGoX1ePTUONGXI9CARXSECTHK Y T7(12)4CCCHPoXZ0(2) 4 APPRES,

2X23(B) s CPSTY X324 AMASP sEPDEF 4EPUOCSEPMODT o EPRHOyEPNU9X25¢2) ¢ SLTHK o
3SLLD2SLLOT+SLUDTS «SLOZDISeX46(2) ¢ TREOy TRMOL 2 TRMOAT 4 TRETE « TRUTS o
6TRUTSToTRSFeTRRHO W TANI4XST4CERHOGCFMTSoCFMTST ¢CFMAN g XE2 9 AMNCZ o %)
COMMON/BLK2/ Y0(32) 9A4CELsYIICE) sAMLENGCFMASSCFVOD4ANLCF ANGCFSAR,
2TRLENSTROTAMyTRMAS (TP THK 4 EPARSEPVOLAEPYAS
SLP=(SLLD+(PTMEL=25,)*SLLDT)

E = EFMOD +(FTMOD~25.)*F240DT

TRTS= TRSF+(TEJTS+ (PTHOR=2%4)2TRUTST)

P= AMPRES+CCON®

8= P-SLP

A2T 0.5*SQRT(CAR)

AMLD=CFSAR*SLF +CAR#P

P1=0+£2+SLP+CFY00

T=. (e (A2%23/290)% (4 EACFYOD=A2)4(SLO2EFUOD**2/260) 2 (2axCFVOD#2)
] ~P1+(CFYOD+3)/3a:

EPTHKZARS (124 "/ (E+EPREF)Iw+a333/1.52

TROIANZSQRT(  AMLD/(TRHO*DeT7854+TRTSY]

EPARS 3.14159%1(A0/2) 4145 TROTAV) 4 %2

EPVOL= EPAR«EPTHK

EPMAS= FPVOL=EFRHO

AMLENZ AMCEL*CTHK+2.0%EPTHK

TRLENZ AMLEN+8.0+TRDIAM

TRMASZ TRLEMATENO*TRREO*0. 785#tTRDIAF'-<

RETURN

END
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SUGROUTINE MANANALvRETURNS(NO)
DEBUG

AREA (*#¢8)¢(2¢%)
TRACE '

caTos

EXTERNAL DEN +VIS,CP
COMMON/BLK1/X0(2) 9PTMODyX39CARGCCOWCTHKYXT(12)4CCOMPoELCONGELDELC Y
2AHPRE¢.AMDELP9AN0ELTQX25(38).AMN(2.=).X73(6)qSCFMNR.SCFVXR,SCFX'

3SCFCyTHTAL s THTA2WEFIXeEPICSCPOXyEPOCOAFF4ETD .
COVHON/ELK°/Y0(‘2)oA"CELoY33(7)'AVODCoY4](13).AHMFL,AVVFLvVI’V0'
2POSTK «PAMCDGCFMAY yCFMINGXB2(34) 4 ALEN

COMMCN/ELKSATFLAG(32) .

CIMENSION 05(3),5(?).G(~00).z(200)

J=1 -

N=IFIX(AMCEL)

RHOI= DEN(FTHONLELCON) i -

VIST= VIS(PTMODSELCON)/RHOT

CPI= CF(PTX0D4ELCON)

-AMMFL= AMODG/(AMDFLT*CPI)

AMUFL = AMMFL JRHOI . .

AYFL=AMVFL*AFF ' |

“ALEN=CTHK «AKCEL ' 1

VIS AVFL/(APMNC141)40,7854%AMN(142)%22)

G1sAVFL

GH(D)ZAVFL/AMCEL . : :
ASUBRZAMCEL > (CTHK*AMN(194) ZAMN(142))##2

ARATZC(ANNCLs1) #AMN(152)#%2)/ CAMN (241D #AMN(242) #22)

GX=GH(2)

S vl=vI

692040
VISH3/CAMNCIo1) 4047854 (CTHK*AMN(148))4+2)
PP-(63/°CFCD-'SCFX
RENO= V1 AAMN(142)/VIS]
F1=64./RENO :
IF (RENO0.GT+20004) FI=0.316/REND#425
REMO=RENO®APN(242) /7 AHN (142]
FOZ66 . /RENO
IF(RENQ.GT+2000.) FO=0.316/RENO**425
0O 2 1=1sN ,
PECFI/(2.9+AMNC1 91D 2AMNC155)) + FOMARAT**2/(2.04AMNC241) #AMN(242))

[7-C



n

690

720

760

2)2V1wsr2 -(THTAl-TFTAZ*ARAT"?)'Vl'(ASUEE/ALEN)'VS

Pz=(RHOTI#P)*CTHK
9=59+G3
6(1)=63
PO=P0O+P
IF (P0.LTe040) GO TO 2Z
GI= SCFC»(PO*+«11.0/SCFX))
V3= GS/(A“N(l.-)*O TBS4rx(CTHK#AMN(Ly4) 3 2¢2)

V1= 61=-63)/Gi)V1
G1l= GI-G}
RENO= V1 *EMN(I'ZJIVI'I

FIz664./REND

1F (RENO.GT.20804) F1=0. 316/FENO".25
RENGZRENO*AMN(292)/ANNI1 2]}

FNz64 . /REND

TF(RENO.GT420004) FO=0.316/RENO**,25
COMTINUE

£(2)= GS=AVFL

IF (ABS(E(2)).LT.C.1) GO TO 760

IF (J.GT.1)6C ~0 630

GEC1I=6R(2) .

68(2)=z68¢2)-E(2)/ANCEL

GG TO 720 ,
GB(3)=68(2)=E(2)+(68(2)=68(1))/LE(2I-EN1))
68(1)368(2)

68(2)=CR(3)

E(1zE2) |

7691z GB(1)

JzJde1

¢o 10 1

"PDSTK=PU ' .
POMOD=PDSTK+ (AVFL/EPTC)#+EP [X+ (AVFL/EPGC) #+EPOY

C CHECK FGR QUT OF BCUNDS OMN SIMGLE CELL FLOV

CFMAX=G6(1)

CFMIN=G(1)

DO # Tz=24H

CFMAX= AMAX1(CFMAX+3(CI))

CFMINMN= AMINIC(CFMINSG(I))
IF(CFMINJGE.(AVFL*SCFMNR/ANCEL)Y) GO TO €
IFLAG(4) =1 ;

g2-d



21

82 .

&3
ae

83

86

RETURN NO . .
IF(CFMAXSLES (AVFL
IFLAG(S)=1
RETURN NO

RETURN

£8D

*SCFMXR/AMCEL)Y) GO TO 6

fz-@



DO N

Cs
Cs

c

SUPROUTINE HF>Be RETURNS(N)

[ R=1¥1¢}

TRACE
. EXTERMNAL DEN HVIS,CP

REAL NUSsKAIR

COMION/BLK1/DCPWR ¢PTAMBPTMODeX30CAR XS (15)¢ELCOMNGELDELC o
TAMFRES ¢ AMDELP,
2AMDEL To Y255 )4 ANSTY s X 31(SR) gAFFeXCULE] qCHWT oCWMUF yFWTSCPTL 4PLMINS
IPLX «FPDOPPDFSEC o HYPLFFD oETAPHO T o PK o« TLFHGELFDyRFSHyREFSDWELPWYyETAPVM
QgTCCOQTCOHQDTOOQDTOH|X]BQQCHEFQHCHEFvETAUPvETAUcMQXIZZ(?)'FPKTH'

AMINSToAMINSK«CFKTHORESHEF o RESTINSTyRESINSKeUHXAQUHXCoVCIDFR X134

COMMON/EBLK2/Y0(29) ¢ EFFIoCTIoPMODQAMCE Lo Y3IZ4ETAT ¢ Y2ISU(E) o ANGDGyAMLEN,
2Y429CFVODSCFHOED W CFAMNGYUBLU) 4EPTHK 4EPAR¢YS2(T) 4PDMODYE0(6) 4DA4DBCy
30DA40DC oePHRA9=HDCoPIFAGPIPCsGBCONOWQCONHyOMFLeHMFL o WMFLO3 e WMFLHZ
4FWMEL o PPAGWPPCqCWOCsCUHCyDCAR gHCARGCUMFL ¢ WPP9QMODL ¢RLENAGRLENCS
CGWMFLO2 ¢ WMFLH2qWMFLOY o WMFLHI1 gALFNSsGRFSwGPIPEsHXAARGVHEXCARYCWFHXA o
GCUFHXCoGHXA¢G-YXCoCTAgDTCoAVOLCVOLsPWAT yPKOHGPMFL9PAMFL4PCMFLy .
TPAVFLWPCVFLsGLOL o

COMMON/RLKSZIFLAG(32)

VISAIR(T)=1eb=€x(=4,2268+4,04027*(T+273615)¢ 943420=5+(T4273,15)%%2)

HVAP(T ) =1 aE6x024460~9,19)0=4+T~G,60%0-6+T*s2)

VP(T9CI=133¢322+FEXP(149393+,98L3%C-836906*C*224+,06512*T-,006288+C+T
B+eC01653#T#C#x2].406E-42T242+2,207E~ S'C'T"ZO"I 819f~ 6'C"2'T'*2)

KATR(TI=Z4,1640-3 +7,267E-T7+(T4273)

CPUVIT)I=8137,0-372a343>(T+273)+,0748%(T+4273)#%2+-4,956F~ “'(T‘c?S)t-S

CAH(T)IZ6E441a3+63,1052(T4273) =, 168380 (T4+273)#424]1,521C-42(T+273)2#3

CPO(T)IZO50 68 ~el4S5)#(T4273)41 42950 ~Za(Te273)422-L 46E =T (V42731203

ALFACTYI=(~42999 + 1.714E- 5'(7*(73))"1E 4

CPWzZ618€,7
CALC MASE FLOWS

CONC= ELCON+Q.S5+ELUELC

CONA= ELCON-0.S*ELLELT

CFF = la~- AFF

RHOA= DJEN(PTHMAD 4COMA)

RHOC= DENIPTMCEDCONEC)

ECF1= CI+AMCEL»PMODN+ETAI

PAFL= A“ﬂDﬂﬂPVGJ/(AVDELT*GAFF*CP(PTAOD‘CONA)OCFF'CP(PTMOPQCONC)))

PAMFL = AFF«FMF.

PCMFL= CFF+PMFL

PCVFL= PCMFL/RHOC

ve-4



W

41
42

44

495

hh

43
49
50
51
52
53
54
55
56
57

53

60

61

"
63
64
65
66
67
68
69
73
71
72

T4

15

T6
17
78
73
80

PAVFLz PAMFL/RHOA RS

HMFLS EFFI+1.04470F~8

OMFLE EFFI+«8.29G96F=8

ELECTROLYTE PIPE SIZE SELECTYION

DA= VvA=IDA=N

DC= vC=00Z=7

JF (AFF.EQ.1e) GO TC 2

DC= C.01 ¢ DC
RE=PCMFL/(0.T8S4»DC+VIS(PTMODCONC))
VC=PCVFL/I0. 7854«DC'*2)

- F=6h4/KE

IF(RELGT«2000, ) F=0e31€/FE**,25
DPDOLC= F+RHOC*VC*x2/(2.+0C)

If (DPDLC.GT.DPOL) GO 70 1
0ODC=DC+CLPW .

DA=DA+0.01
RE=PAMFL/I0.78B54+CA*VIS(FTYODyCONAY)

"VAZPAVFL/ (0s7854%xCA222)

Fzbto/RE -
IF(PE.GTa20004) F=0o316/REx#,25
DPOLAS F*REOA®VAR*Z/(24%C4)

1F (DPDLA.GT.DPDL)Y GO TO 2
NDA=DA+CLPY

PRESSURE GROP/PUMP. SIZING

PPC=PIPC= RLENC=D

IF (AFF.EQ.1e) GO TO 4

RLENC=(FLMINe PLK*(DCPUR®» ,333))+(CFF)
FSPOC=(RHOC*FSFC*VCx*2)/2,

PHDC -(PLFNC*DPDLC)t(1-U*FPGPPD*HXPDPPD)OFSPDC + POMOD

ETAFDC=(1-0.8/(PCMFL*15.85 " )#+,25)+ETAPVM
PPC=PHDC*PCVFL/ETAFDC

PIPC=PPC/ETAPHOT :

IF (PIPC LT.100.) PIPC=100.

RLENASZCPLNINPLK* (DCPUR+#4333))+AFF
FSPDA=(RHNA+FSKCaVA+42)/2,

PHDA = (RLENA*DPDLA)*(1.0+FPDPFD*HXPDPPD)+FSPCA+ POMOD

© ETAHDA= (1=0 o8/ (PANFL*15.85) #+,25)+ETAPVM

PPA=PHDA+FAVFL/ETAHDA
PIPA= PPAFETAPMOT
IF (PIPA.LT.10C.) PIPA=100.

/et



81

Az

"84

85

&7
/3
a9
29
91
92
a3
o4
s
96
97
33
39
103
i
1462
103
104
108
1086
167
108
109
110
111
112
113
114
115
116
117

118
119.

i239

HYDROGEN CONDFENSER HEAT AND MASS BALANCE

T=TCOH

TCIH=PTMOD+ 0.5+ ANDELT

IF (TCIHLLTT) T=TCIR

PHzAMPRES+0 .5+ AMTELP

VPRW=VP(TCIHLONT)
WMFLHIS(18.0152+VPRUSHNFL)/(240159#¢PH=~VPRW+1,01325€5))
VPRWEZVP(T40.0)

WHFLH3=(18.01533+VFRUSHNFL)/(2.,0159%1PH- VPRH*I 01325£5))
WMFLH2=WMFLH1~WMFLH3

IF (WMFLH2.LT«0s0) KMFLH2=0,0
QCONRI(HMFLACFHU(T+TCIHI/2.)+WMFLHI=CPRVI(T+TCIH)/2.))+(TCIH=T)
8 ouerHz-HvrP((ToTCIH)/z y

CWHC=GCONH/ (DTCH*CPY )

HCERZQCONH/ (HOCHREF » ((VCTH=-T=CTOH) /ALOGCC(TCIH=-CUT- GTOH)/(T ~CWTI))

C OXYGEN CONDENSER HEAT ANC MASS EALANCE

- T=T7CH0

TC10=7CIH

IF (TCI0LToTH T=TCIC
POZAMPRES-D.5=AMDELP

VPRW=VP(TCIOLCONA) .

VYFLO1=(18.0153+VPRU+OMFL)/(31.9988% CPC-VPRY+L.01325E5))
VRRLZVP(T+0.00

WMFLO3=(18.0153+VPRW=OMFL)/ (31,9988 (PO=VPRUSL.01325F5))
WHMFLO2=WMFLOL1=-WMELO? ) ) ’ s
IF (WFFLO2.LTaGal) VﬂFLCZ 040 '

TAY =(T+TCICY/2. _
CCONO=(OHFL*=CP0LTAV) +UMFLOL*CPUHVITAV) )t(TCID-T)0HMFL02'HVAP(TAV)
CHDC=QCONO/(CTQO*CP -
CCAR=QCONG/CCEHEF A ((TCI0=-T-DTO0) /ALDGL (TCIH~ CuT DTOHI/Z(T=CHTID))

C CALUCULATE KET REMAINING HEAT LOAD, SETFLAG 7 IF WNEGATIVE

QREM=AMNCDQ+PMIN+PPC+2FA-QCONO- GCONH
IF(CREMGGTWB.) GO TC S

IFLAG(T)=1

RETURKN M

CWMFL =CuCC+CVHC

IFCCUMFLLTLCWHMFIGO TO 6

IFLAG(E) =1

RETURN N

C FEEOWATER REGUIREMENTS

T



121
122
123

124

125
126
127
128
12¢
130
131
132

133

154
135

136
137

138
13

140
141
142
143

T 144

149
146
147

‘148

149

. 150

131
152
153

154
155
156
157 .
158

159

160

C CONVECTIVE HEAT LOSS CSLCULATIDINS+RASRALEIGH #4NU=NUSSELT #4TF=FILM T,

C

10

!

c

12

FWMFL = HMFL+OMFL4YMFLO3+WUFLHS
WPP=AMPRES*FYMFL/ (997 #ETANF*ETAUPM)
IF (WPPeLT.1004) WlPP=100.

MODULE ENDPLATES
" TS=(PTANMB<PTMOD) /2.
ALC= AMSTY~CFVOOD/2.
TF=(TS+PTAME) /2.
RAZ - 9.8%(8LC+a2)+(TS=PTAM3)I/((TF¢273,1S)+VISAIRCTF)*ALFA(TF))
NUSZ 0.59«(RAx*.25)
IF(RALGTCICES) NUS=Calw(RA**,33)
- Hz= NUS*KAIRCTF)ZALC
TSNZ(PTMOD/((EPTHK/EPKTHY+(ANINST/ZAMINSK) )+ (PTAMB*H))
& 0 /€ le JU(FPTHK/EPKTH)+(AMINST/AMINSKII+( 1. *H))
IF « ABS(TS-TSN).LT.5) 50 TO B
TS= TSN .-
GO 10 7 -
QEP= 2, *EPAR*H#(TSH=PTAMB)
MODULE -SIDES - :
TS=(PTMOD+  PTAMBR) /2.
ALC=CFVOD .
IF(.MSTYZEQa24) ALC=ALEN +CFVOD/CALEN+CFVOD)
HZ 1432%(((TS=PTAPR)/ALC) *+,2%)
TSN=(PTHMGD*CFKTH/CFANSPTAMBH) /(CCFKTH/CFAN+H)
IF © { ARS(TSN~TS).LT.5) GO TO 10
TS= TSN .
GO T0 9 . )
OMODL=QFEP+ 3,1416+ALEN +ALC*H*(TSN-PTAMB)
GREM= GREM=-PMOD+GMONL
IF(GREMLGTL0) GO TO 11
IFLAG(8)=1
RETURN N
COMTINUE
RESERVNIRS
ANR= 14 2.+CFF
ALC= RESH
TS=(PTAMBx2+4PTMOD)/ 3,
TF=(TS+FTANR) /2,
PAZ  9e8x(ALC*+3)#(TS=PTANB)/((TF+273415)+VISAIR(TFI=ALFACTFY)
HZ1642% (L(TS=PTAME) JALC)*#,.25)
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TF(RAGT1ES) H= 1.32+0(TS~PTAKB) +*,333)

TSN=(PTMOD/t{1./RESHEF +(RESINST/RESINSK) I+ (PTAMRAH))

R /U 1le /40 (1o/RFSHEFI+(RESINST/RESINSK) ) #¢(

TFC  AESCTSH~-TS)oLT.S) 30 TO 13
TS= TSN i : . »

60 TO 12

GRES= ANR*LLZ#3.14*RESCeH«(TSN=-PTANB)

PIPING HEAT LCSSES

TS=PTMCO
TF=(PTAMB+PTHAQL) /2.
ALLC= ODA*AFFeODCHCFF

le *H))

RAZ 9.8*(ALC**3)'{TS-P’AMB)/((TF¢273.15)*VISAIR(T?)'ALFA(7F))

HZ 1432«¢(((T3=-PTAVME)/ALCY*»*425)
IF(RAGGTLIES) 221,25+ ((TS=PTAMB) *#o,333)
AREAS (RLENA+ODA+RLENC»0ODC)I*341416 °
GPIPE= Hs ARCA*(TS-FTAMR:

GREM= QREM-GPIPL-QRES

IF(QRE% 6T 0a) GO TO 17

IFLAG(9) =1

RETURN N

HEAT EXCHANGER

HXCAR=CWFHXC =0

IF (CFF.EQS.03 GO TO 14

QHXC=QREM=CFF

DTC=QHXC/ (PCHMFL*CP(PTMOLsELCON+ELDELC/24))
CWFHXC = GQHXC/Z(DTC*+CPuW)

HXCARz= QHXC/AUHXC* (PTNCGO-DYC/2.-CUT)H)
QHXA=QREM» LFF
DTA=QHXA/(PAYFL2CP(FTMONELCON-ELDELC/24))
CUFHXA =OHXA/(DTACEYW) . .
HYAARS GHXA/CUHXA* (PTHMOD-DTA/2.-C¥T))
CUMFL=CWMFL+ZUFRXA+CHF LT

IF (CWMFLWLTLCUMF) 6D TG 15

IFLAG(6) =1

RETURN N

CONTINUE o

ELECTROLYTE VOLUME RMASS

cvoL=¢

AVOL=aSaALEN®CARAVOICFR+eT7854%(4S+RESD*#2+RESH+TLFDx*Z2FLFH)

IF(CFFaGTa0) CVOLZAVOL+e7RS4+RLENC.DCw 22

A -
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AVOLZAVOL+.TBS54~RLENA#DA~#Z
GVOL=4432+RESD*x24RESH/AFF

PKOH= (AVOL *RHOA*COMA) + (CVOL*RHOC*CONC)
PWAT=(£VOL*RHOA~L14~CONA))+(CVOL*RHOC*(1-CONC))
RETURN ’

£ND
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SUBROUTINE COMDIT

DEBLG

TRACE

COMMON/ELK1/XOsPTAMS, X2(2[)QAMPRFS'AMDELP0X2“(89)'TCGC9TC0P‘

2X115¢21)4HIOMR¢OINMANCL S

30PURVHPUR 9 iONO 4 DHNO4DOCYC 4 BHCYCOSMHRLSVOIDDSCP4DTCHGy DSDEN,
40LDR yDY THX s DWDEA 4 DWCP 4 PRSsPOSsFTACOMP RATCOMP yGMASRyFMASR ¢ ORPURG
. COMMON/BLK2/Y0425) 4EFF14CToPHMODeAMCEL s YI3(3)4E AP Y3T(3G) 4 OMFL,
2HUFLAWMFLOI WM LHI9YBG(36) «6VOLY11T oY1 1R OMFLHGHNFLD

Z0MFLE A HMFLD yWHFLOS s WMFLHS 4 WHFLO4 ¢ WAFLH4DSMO4DSMH 4004 DDH40LO,
4DLH1CPOYOPH DPN3Y135640CPUZ sHCPUR 4 CCOMPS 4 HCOMPS L OSTCR 4 FSTOR
WHFLHZ=WAFLH3

WMFLO3=UMFLO3

PINHZAMPRES+,54AMDELP#1.03E5

PINCTAMFRES-,5+AMDELP#1,01ES

DENOZPINO/(260. *(273415+71C00))

DENHZPINH/ (4126 .4(273415+41C0F))

HYDROGEN. DRYER CALCULATICN-C(ZER DRYER)

CHAFLH=HICMR+HMF L

HEFLDZHMFL-0,12F0=0CMFLY

WHFLHS= (1 -HPURI #H®FLD

WMFLHY=WMFLH3=-LFFLHS

IF (NMFLH4 L TaC) WMFLF4=0

OSMHz UMFLHaxOHCYC/ (OSMUR2DEND)

Vb= DSHH/OSDEMN .

-GVOL=GVOL+425+«\D*DHNG

HMFLD= HMFLD - quplD*VD‘EENFIDHCYC-NMFLHQ‘DRPURF
ETAF=HMFLD/HMFL

COH= (ATAT(I002(2,9VD/13.34159+DLDORII+4.3333) /100,
CIF (DDH.GT«0) GC TO 13 '

NLH=0

GO TO 2 )

OLH=2«VD/(3.14: 59*EDH"2)
CMM= 3.1419%+0UDEN*OWTHK«ACLE«CDH+DDHen 3}
DPH=(DTCHG=TCOH)«(DUCF +DMN+DSCP*NSMH)/CEHCYC

OXYGEN ORYER CALCULATION

HEFLO= PMOD»(CIsANCEL -EFFI)«0IMANCL*1.0447E-8
OMFLD=0MFL~7.956*+HMFLC

WAFLOS=(1=-QPUR; *OMFLD

WMFLO4ZWMFLO3-YMFLGS
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IF (MMFLO4.LT.0) WMFLO4=0
DSHO= WMFLOL*DCCYC/(DSMUR#DONO)

" VD= DSMO/CSDEN

GVOLZGVOL+.25+VD*DOND :

OMFLD =CMFLD- CSVOID»VD+DENG/DOCYC =WMFLO4+DRPURG '
DIV (ATRTC100%(2e*VD/(2a16159+DLOR) I~ #o333))/100,
IF(GD0.6T.C GO TO 3%

DLO=D

G0 TO 4

DLO=22V0/(3,141592DD0#+2) ]

DHMS 3,14153*0WDEN*DWTHK#(DLO+*DD0O+DDO*#2)

DPO= (NTCHG-TCOO0)»a(DWCP+DNMN%+DSCP*xDSMO)/DOCYC

NET POWER S MATERTIAL FLGUIREMENTS

DPN= OFO*DONO+DFH«DHNO

.COMPRESSOR CALZULATYICN -ASSUME ADIABATIC PROCESS.K=1.36%
HYDROGEN
POUT=PHS+1.0315E5

RAT=POUT/PINH

HCPUR=D

HCOY2Sz4, .

IF(RAT.LELRATCOMP»»3.) HCOPPS=3,

IF{RAT.LERATCOMP#*22,) HCOMPS=2.

IF(RAT.LESRATCOMP ) HCOMPS=1.

IF(RAT.LE.1. ) HCOPPS=1.

IFCHCOMPSL.EG.0.) GO TO S
HCPWR=HCOMPS#HMFLD 241244+ (TCOH+273)» (RAT*#(,283/HCOMPS)~1)/ETACONMP

OXYGEN

POUT=PCS+1.015€ES
RAT=POUT/P1INO
QCPWR=DN.

0COMPS=4.

TF (RATLLE.RATCOMPs+3,) OCIMPS=3,
1€ (RAT.LELRATCOMF+52,) QCIMPS=2.
1F (RAT.LELRATCONMP ) 0CD¥PS=1.

- IF (RATLLE W] ) DCIMPS=0.

IF (OCOMPSW.EC.0 ) GO TO ¢

HSTOR = HMASR+4124=(PTAMB+273.)/(PHS+1.,015E5)
OSTCR= OMASR*260 *(PTAMB+273.)/(P0S+1.,015F5)

OCPUR=0COMFS+OMFLO*2€G*(TCO0¢2 73 ) #{RAT##(,283/0COMPS)=1.)/ETACOMP
STNRAGE ' ' .

Le-d
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RETURM
END

&
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SUBROUTINE ETANET
COMMON/BLK1/X0(25) yPCNTRL -
COMMON/BLK2/ Y0 ACPURSETATOTSCVoBBY yBRC Y6 (22) 4 HOUT Y29 LE) yETAR,

2Y36(36) «PIPASPIPCeYT4(14)9WPPy Y8°(33)9HI"FL01Y123(12)oDPl\‘vAUXpHRv
30CPWR4HCPWR4Y139(€30)

WOUT=HMFLD*1.418€8
AUXPWR=PIPC+PIPA+WPP+DPN+0CPWR+HCPUR+PCNTRL
ACPUR=SBC+»BRV/ETAR +AUXPWR
ETATOT=WOUT/ACFUR

" RETURN '

END

DD~ U D NN =

[ =
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FUNCTICN DEN(TLC)

C= “ASS FRACTION KOMs T= DEG. C +DEN= DINSITY KOHyKG/Mae3
DENZ10064=011792T=3,221F-3#T#+24C18e#C=12944+C#T+,014204C+Txnze
2224.*C'*?#.91.2*TrC"'2-2.357VE-2*C“2"T','2

RETJRM '

END

]
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FUNCTION CPtT4C)

T IN CELCIUSs C IN MASS FRACTION o CP IN JOULE/KG-C
T1=T+273.15

X22.1397-9.,68137E-3+T142.68%36E-52T1%22-2, 42139E 8'71'*3
Yz 24921E-2+84954E-1#C~1462+AL06G10(C40425)

CP=X+Y+4184

RETURN

END

N
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FUNCTION VIS(T.C) :

T IN CELCIUSe C IN MASSFRACTION, -VISCOSITY IN PASCAL-SFC.
X=1e/(T+273.15) .
VIBZ~5e3724€6604%C42.132¢C242412504¢X~4o036E4¢5+#X 22247 ,185ET7#X9»3
VIS=10.+#VIS . ’
RETURN

END

g
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SUBROUTINE LIFECT19AL1aT298L24T9AL)

C CALCULATE A LIFETIME AT T(C) GIVEN
TAZ14/(T1+4273415)
TB=1./(T24273.15)

TC=1./(T +273415)
ALA= ALRGCALYD)
ALR= ALOG(ALZ)

LIFE AT T1 & T2-

ALz ALA+CTC-TA)~(ALA-ALB)/(TA-TH)

ALz EXP(AL)
RETURN
END

ARRHEAHUS THEORY

i)
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SUPROUTINE OPCOST

C ESTIMATE 1ST YEAR OPERATING COSTeINCL. MATERIALSy LABORs CVERHEAD. GRA

Ccs DEBL ’

Cs STORES(CHYCOS+FUCOS+AKOHCOSWAPGCOSsANATCOSoALBRICOSACKCCS,y

C:  PAGACOS+AQCOSGARATE)D
COrNONI“LK]/YU(]EF)-DF07169(8)vCUSPCOS-FHSPCO\qAMNYPT'PFSVCOSv
2ALERRTyOHRATE«GARATE ¢ CPSPCOSsOPERTAY
COMMON/PLK2/YR 9y ACPURGIY2(ED ¢ACCOS9yYFePLTCOSZoYL1C(HS)FRMFLYR1(6),
2CHNFL9 Y38 (22) cPKOKYY111(5),6VO0LY117T (’F),ACHCQQoAFUCOSthATCOSo
;ALBRCOS'AGACOQ.AOFCOS

C MATERIALS COST

GARATE=CARATE

ACVWCOS=CUMFL*CWSPCOS*3.15576ETDF

AFWCOS=FUWMFL*FYSPCOS»3.155T6E70F

AKGHCOS=PKOH+ LMNTRT+CPSPCOS/0.45

APGCOS= (365.F0PERTAU) S5 +GYOL-PGEVCOS

ANATCOS= 0.001+PLTCNSZ +APGCOS +AFWCOS +AKOHCOS +ACWCCS
C LABGRy GCVERHEACY S8A

ALBRCOS=(0+425+ALOGI0CACPHR/14ES) ) *ALBRRT

AQOHCOS= OHRATZI2ALBRCOS

AGACNS= GERATI=(AQHCOS+ALFRCCS+AMATCOS)

ANCOS=ACHCOS+AGACOS+ALERZ CS*A%ATCCS

RETURN

END

e
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SUPROUTINE MODCOST
DEBUG

C CALCULATE THE ORIGIMAL MODULE COST FOR ROUND OR RECTANGULAR MODULE

BASED ON OVERALL SIZES |
COVMON/BLKIIX(3)oPLIFEvCARvXS(ZS)oAMSTY'EPSTY’X32(9)QQLTHK0X42(6)'
2TRNC9X49(125) 9 CRVRZ4ZRVY 94X176¢19) 4
IPLASCST+CELPMLOWAMOPCSToFRPCELSSLPCEL 4SLMCOS
4SLPCOSANSCCSyANCCOSsARPRCOS4CASCOSyCACCCSyCAPRCOSSEPSCOS,
SSEPPCOSWBPTHKEPLENSsBPMSCOSeEPPCCSyFMTHK 9 MSPCOSsFMPCOSEPMSCCS
EPMFGCS.T“’COSvTRPCOQqTRHCCSv¥°22(38)'ASSYK1qA§SYK?
O“MON/FLK?/YO(II)vAMLlFf'TMODCOQoYlS(IB)9PM00$AVCFL;Y‘3(9)vCF”ASv
PCFVOD+CFHOD o Y4S s CFSARYTRLENS TROIAM g TRMAS e YS09EPARGYSE24EPMASHYS(B) o
3SEPCOSTSOPCOSTSFMCNST 4 NMOCCOSIYES(S51) 4RMODCOSIY119(42)
GANCOSToCACOSTyCELCOSTGEPCOST 9 TRCOSToAMLOCST9CFCOSTASLCNST4ASSYCOS
CALCULATE CFLL FRAME COSTSe (MCLDCSY BASED ON HPSTD QUOTATIONS)
AMLUCST=100600+*ALNG(4,19+CFSAR+1.38) -
CFCOST=CFMAS+PLASCST+AMLDCSET/CELPMLD+AMOPCST+FRPCEL
CALCULATE CELL SEAL COST ’
SLCCGST=SLPCEL»(SLMCOS+«CFVOL+CFHOD+SLPCOS)
CALCULATE CELL INTERNAL PARTS COST. UF=STOCK AREA/PART AREA
UF=1.1
IF (AMSTY«EQela) UF31a4
ANCOST=ANSCOS*CAR+UF+ANCCOS*CAR+ANPRCOS
CACCST=CASCOS*CAR*UF+CACCNS+CAR+CAPRCOS
SEPCOST=SEPSCOS*CAR~UF+SFPPCOS
"BPCOST=tPTHK+CAR»UF *BPDERS~ HPM‘COS#BPPCOS
FACOST =24+ FUTHKA»CER2UF*FMSPCOS+2,+FMPCOS
SIUM OF CELL PARTS fOSTS
CFLCOST= CFCOST+SLOOST+ANCOST+CACOST+SEPCOST+EPCOST+FMCOST
CALCULATE EMDPLATE COST
EFPCOST=2.+EPMAS »EPIESCOSYEPMFGCS+EPAR

" CALCULATE TVIERQD COST

TRCOST=TRMAS*#TRMCOS+TRPCOS*+TRHCOS»TRDIAM

ORIGINAL MODULE COST (FARTS PLUS 4SSEMBLY)
ASSYCOS=EPAR*(AMCEL*ASSYK1*ASSYK2)
0MODCNS=CELCOST=AMCEL + TRICST+#TRNO + EPCOQT + ASSYCDS

ﬁtPLACFNC\T MODULE CGST CALCULATION

R=AMLIFE/ZRVY
IF (ReGEsl.) R=1.0
RMOCCCS = ASSY(CO0S+1.5 + AMCEL'CELCOST'(1{-CRVRZ*(1.-R))

Brasd
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ANCEMODS

.T~0DCaS
RETUJRN
END

C TOTAL LIFE MCDULEL COSTS

AINTYPLIFE/AMLIFE+0.5)-140
PMOC* (CMODCOS+ANORMOR#RM4OCCOS)

ot -
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SUBROUTINE PLTCOST

C CALCULATE INDIVIDUAL SUBSYSTEM COSTS AND SUM FOR TOTAL

Cs
s

~n

DEBUG

STORF S(PLTCOS)
COMEON/pLKl/DC°UP|XlQPTMODOXS(lg)9AhPRESv723(2)1PCNTPL0¥?6(63)9
2AFF XQU(E)’CUT|X97sFUTQDPﬂL1(100(2)QFPDPPDQXI039HXPDPFDQX10514)o
JRESHGRESD
GELPYeX112CE) o NCHEF s HCHEF o X120 (S) s AMINSToAMINSKeX1279X1269RESIMNET

© SRESTNSKyUHXASUHYCoX133CT7)9OCNQ9sDHNO9X142(11) 9PHSHPCSeNIRSLT2),

EAMCF o CMCF o CMCF o HMCF o ELPRKI yELPRK2¢GSPEK]1 v GSPEK2 4 FILKICFILK24HXK]y
THEXK? yPUMPK] s PUMPK2 s RESK] yRESK2 4 PESK39CONK1 ¢ CONK24CONKI oA INSKY o
BCWFPPK 1y FUPSKI ¢CNIK1oPURGK] ¢ORYKI eORYK24VENKT 9 STRTK14COMY 14E0TK1
cPSKquVASKl _ )
DHAON/ELK2/Y04ACPURGY2(R) ¢FLTCOSsY11(2) 9SARWY14C1T7)4PFOD,
1132(9) S AMLENSY429CFVODACFHCDs Y45 (6) 4EPLRYYS2(14)40A,0Co0DAGODCy
2YTD(2)9PIPASPIPCeY74¢11)40C ReHCARGYBT(3) ¢RLENAGRLENC,YS2(4) 4ALEN,
IYOT(2) s HXAARWHXCARSY101(13)¢PAVFLWPCVFLIY116(5) yOMFLNyHIFLD
GY12302) WM LOG 9 WMFLHA,

‘5Y1?7(2)QPOMQJHHQPLPQDLPQYlsa(S)QDQMN'Y137(2)QOCOMPSOFCO‘PSOOQTOR'

EHSTORGY143027) yANPFCOSsCAPECOS0YPRCOSyHYPRCOSyANFLENS 4CAFLCOS,
TLNHXCOSyCAHYXCOS s ANPMCOSsCAPKLOSeANRSCOSeCARSCOSSPURGCCSsOXCNCOS
BHYCANCOS, OXDRCOS,HYFRCOQ.AIK>CGS,ChPBCOS‘FUPPCOS.VV$TCPS.STRTFOS-
SOXCMCOSyHYCMCOS+OXETCOSaHYBTCOSyPSCOSsUNASCOSsCNINCES

ANPECOS= ELPEK1A(ODA**2) sRLENA#*+ELPBK2 »ANCF

CAPRCOSz ELPEK14(QDA**2)«RLENC++ELPBK2Z+*CMCF -

"QY¥PECAST GSPEK1+DCPUR**»GSPEXA2SCMCF

HYPFCOS= GSPRK1*DCPWR*«GSPRK2#HECF

ANFLCOS= FILK1«(PAVFL)*+FILK2*ANCF

CAFLCOS=E FILKI*(PCVFL) #*FILK2+CMCF

ANHXCOS= HYKI+HXAAR~#HYK2# AHCF

CAMXCOST HYK1*HXCAR#*+HXK2+CIFCF .

ANPHCOS= PUMPKI*ALCGIC(PIPA)I*AMCF*.5 '

CAP¥COS=0.

IF(PIPC.EQ.0) GO TU 1

CAPMCOST PUMPK1+ALOGLO(PIPC) «CHCF#a.S

ANRSCOSZ ROSKI«(RESH*RESO*+2)«+RESK2*AMCF##,5

CARSCOS= RESK3

IF(AFF.EQ.1) GO Ta 2

CARSCOS= RESK1#(RESH#RESD*22)+2RESK24CMCF## .5

- OXCNCOS= (CONK1sOCAR+CONK2+OMFLD) «*«CONK3I+OMCF

/4T
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69
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62
63
64
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3

HYCNCOS= (COMKI+HCAR+CONK2+HMFLD)Y «rCONK3IwHMCF

OXDRCOS= DRY<1+WMFLOG**IRYK240OMCF

HYDRCOS= CRY<1#MFLKE4~«IRYK2#HICF

OXCMCOS= COM<1=IMFLC*0CIMPS*OMCF

HYCHCOS= COMK1«HMFLO*HCOMPS#HMCF

OYBTCOS= BOTK1+GSTOR*OMCF

HYBTCOS= BOTK1+HSTOR+HMCF )

AINSCOSz AINSK1=z (2,14*RESHARESC#+4S#3,14+RESC++2)«RESINST/ZAFF

. +AINSK1sPMOD*AMINST2(AMLEN®2.2(CFHOD+CFVOD)+2.+FPAR)

CW>8C0S=CWPRE1

FWUPECDS= FYPEK]

CNINCOS= CNIK1

PURGCOS= PURCGK1

VERTCOS= VINEKY «SAR

STRTCOS=STRTKL=SAR

PSCOS = PS«1+DCPY : '

FLTCOS= ANPECDS+#CAPBCOS+0XPBCOS+HYP3COS+ANFLCOS4+CAFLCOS+ANHXCOS
+CHHXCNS+ANPMCOS+CAPMCOS+ANRICOS+CARSCOS+0XCNCOS+KYCNCOS

T +ATESCOS+CUWPRCOS+FUPLCOS+CMIHCUS+PURGCOS+0OXORCCS+HYDRCOS

+VENTCOS+STRTCOS+OXCMCOS+HYCHCCS+OXRTCOS+HYETCCS+PSCOS

UMNASCOS=PLTCOS~UNASK:

PLTICOS=PLTCOS+UNASCOS

RETURN .

ENC : )
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C ESTI

SUBROUTINE CAPCOST
MATE ORIGINAL CCST TO BE CAFITALIZED
CO“MOV/FLYI/XO(’)sPLF1¥4(170)'CQVZoESVZvX176(10)qAINVoDNEKq

CONEFACT +GMARGCsAINSTK ¢ GMARCL oBLK 9 FCLK9GMARGR

2

8

COMNMON/ELK2/YO03ACFLURaY2(4) »CAPCOSHY7(3)yPLTCOSZ2ANLF+TMODCCSySARY

qu(11)oPLFFLoAINSToCOVPcocoY?R(S)oPMODyAMCFL.YS%'IGF)o NECOS

STZE=ACPWR»*»*,25.

COMPCOS= PLTICCSZ*(1a+AINV)I+TMODCOS

ODNECOS=ONEK2SIZE

AINST=CAINSTK*SIZE)

BLFCL=CHBLK*SAR+FCLK=*S]2E)

CAPCOS= COMPCOS*(1¢+GMARGCI+AINST+(1,4GMARGI)+BLFCL=(¢1,+GMARGS)
+DNECOS/ONEFACT -

RETURN

END

fr-a



SLBROUTINE GASCOST

C COST CALCULATIONS BASED ON EPRI ~ PS-866=-SR

REAL K1:K2

COMMON/ELKI/X0(3)sPLFyCARSYS(155) ¢CSRePSRyCSCOSsPSCCSsDCOSsAINF,
2PCOS ¢sPCERGDF »TXRsTLR e TXCRePTXIRWACTTFLGICSVZeESVZ4PSY?2
COMMON/PLK2/ALGPRX¢ACPWRGETATOT4Y3(3)4CAPCOSAPCOSyACCOSWAGO)

T 2Y104AMLF 9 Y127 3) 9 SPCPRX4RDISCoDPR +UCCoCRFByALATCoALAPC,

3ALAOCHALACCoALAFCRaY25U6)4PMODSAMCELWY3I3(112)9PCLF,
4GINLF «SLDPRyATDPRPLFT4CRFTyALAADASALATToALAITCAWRDA
CR=1.~CSR~PSE

WCC=CSCOS+«CSR+PSCCS+PSR+DCOS»DR

RDISC=HCC

CRFE=ROTSC* (1o +RCISCI*aPLF/((1.+RCISCI»+PLF-1,)
RDOA=0.008775-1.05F~4+PLF

IF{RDA.LT.0.(D75) RDE=0.0075

C INCCME TAX CALCULATION

2

3

4

SLNPR=(1.-PSVZ/CAPCOS) /PLF

ALATT=(CRFB+RDA-SLOPR) #(1.=-DR*DCOS/HCEI»TXR/ (1 e=-TXR)

PLFT=AINT(PLF«TLR+0.5)

CRFT=PRDISC*(1,+RDISCI*+PLFT/((14+RDISCI*+PLFT-1,}

ATDPR=2e#CRFHx (PLFT-1./CRFTI/(PLFT*t1¢+PLFT)*JCC)

AITCN=CAPCOS+*TXCR

ALTC=25000.+(B.6+ (ATTCM-25300.))

IFCAITCMeLT«25000e) AITCSALTCH :

IF (ACTTFL5.EG.?.) GG TO 3 o o ' “

* ALAADA=(ATDPR=-SLOPR) *TYR/ (14~-TXR)

ALAITCAZAITC+CRFE/((1.+R0OISCI*CAPCOS)

G0 TO &
ALAADA=CATDPR~SLOPR)#*TYR2(14~TXR4DR=DCCS/WCCIS (1e=TXR)
ALAITCAS(AITC»CRFB/((1++RDISC)*CAFCASII*(1.~DP+DCOS/NCC)
CONTINUE ‘

C LEVELIZING FACTOKRE

ALAFCR=CRFE+RIA+ALAIT-ALATTCA-ALAADA+PTXIR

ALACC=ALAFCR*ZAPCOS -

K1=(1s+/,INFI/L21.+RDISE)

GINLF=CRFBAX1a(1,.,~K1#*PLF)/(1.-K1)

ALAOC=A0COS*GINLF
Z(14+~INFI*+(1.+4PCER)Z(144RDISC)

PCLF= CRFBeK2+(1.-KZ**PLF)}/(1.-K2)

C GAS QUTPUT & PRJCE CALC

2



41
42
43
44
45
46
47

48

APCOS=ACPWR+*8.760+NF+pPCCS
ALAPC=APCOS*PCLF
ALATC=ALACC+ALAPC+ALACC

 AGO=ACPWR+ETATOT*8760.+NF/39351.

ALGPRX=ALATC/AGO
SFGPR)"‘(I\LACC#(ALAPC/PCLF)*(ALAOC/\,INLF))/AG
RETURN ’

END
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SUBROUTINE L™MOUTL
CCMMON/ELKI/FARAM(300)

COMNON/PLK2/ESTOUT(200)

CCMMON/BLK3/FNAME(300) «ENAME(290)
CCMMON/FLK7/MLCOP «DLODPL1542) ¢ MLCOP (LS4 T)
FCRMAT (18H1 LOOP PARAMETERS)

FORMAT (60(3XeS5(13e1Hey A7'1H-q1PGll-9q’Y)/))
FORMAT (26HC OUTPUT PAR&MET[RS )

€ MLOCP(Xs1)=PARLY &

PRIKNT 191

B0 1 I=1415%

TF(MLCOF(I410,E063G2) GO TO 1

DO 1 I=1415

IF(MLOCP(I12.E0.300) GC YO 1

PRINT 1024 MLOOP(Io1)9PHAMECMLOOP(I21))sPARAMIMLDOP(I,1))
CONTINUE ' :

PRINT 103

PRINT 102g(Xq;NA#E(l),E‘TPUT(I)'I 14200

RETURN’

S END

e

<
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101

102

103

104

105

4

&

SUBROUTINE LIMOUT2(K)
COMMON/RPLK4/PMENF(15431)
COMMON/HLKI/PRANECS0Q) 4ENAMEC200)
COMIAON/ELKT/NLOGP+DLOGP(1542)+MLOOP(15,43)

=1F+K

PRINT 100.4KeMLOCP (K1) 4PNANE(MLOOP(Ks1)) ¢PMEMIKYY)

FOR“AT (12HO OPTIMUM FCR LEVELsI3s6H WITH

K1=K-1

PRINT 1n} .
(z6H  DOMAIN OF QPTIMIZATION?)
IF (Kle.fNs0) GO TO 3

FORMAT

FRINT

"D0 1 I=z14K1
102 .MLcoP(x.l),PNAP[(HLcoptx.l)).DLoopxlol).uLeoptr.z).

MILOOP (T 42) o PMEMIKy16+1)
FORMAT (3Xe1391HegAT91F=91PG114444H TO 91PG1l1le4edH IN

16H STEPS, OPTINMUM AT
COMTINUE
K1zK+1
IF (K1.LCel®) GG TO 4

Do 2 I= Klql“,

Jzlé+1

IF (MLOCP(l¢1).fQs300) GO TD 2

1PG11+4)

PRINT lDSgVLOOF(Iq))'PNAHE!MLOOP(1.1))'PMEM(KvJ)

FORMLT (‘X']SQIP‘.'AIOIH-vI’GII
CONTINUE .

PRINT 1C4

FOR“AT (18H OFTIMUM RESU_TS)

4)

PRINT 10Sy (T oEHAMECT) oFMEMAKGI)9IZ1018)

FORMAT
RETURN
END

(10(3X.5(13v1Hf'A791H=

v1PG114442X)/))

2 1301HeaATs1FE=41PG11,4)

215,

y

g/é -d





