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Summary

Combustion turbine generating capacity isinversely related to inlet air temperature. Conversely, peak
generating demands, driven by space cooling needs, are positively related to ambient air temperature.
Thus, generating capacity islow when the demand for electricity is the highest. Inlet air cooling offers an
effective method of increasing the generating capacity of combustion turbines.

Previoudy, the Pacific Northwest National Laboratory investigated several aternative inlet air cooling
systems over a broad range of application conditions (Brown, Katipamula, and Konynenbelt 1996). The
results of this study showed that inlet air cooling was more cost-effective than building additional
uncooled combustion turbine power plants for all of the application conditions investigated. This
included both aeroderivative and “industrial-frame” turbines in simple- and combined-cycle
configurations. Cost-effectiveness was shown even for relatively mild climates such as found in San
Francisco.

A computer model called CTCOOL was developed to assist with the investigation described above.
CTCOOL is a collection of C++ Classes developed under Microsoft Visual C++ 5.0°. The model
consists of severa input dialogs and analysis modules. 1n general, the model is capable of assessing the
economic feasihility of cooling the inlet air to combustion turbines for site-specific conditions by
simulating the performance of the turbine, sizing necessary equipment, estimating the cost of the
equipment, and calculating the monetary value of incremental power production and the net present value
of the capital investment.

This report describes CTCOOL and presents instructions for its use. For further information and/or to
receive a copy of the CTCOOL software, please contact Srinivas Katipamula by email at

Srinivas.Katipamula@pnl.gov or by phone at (509) 372-4592.







Contents

SUMMIMIBIY ..ottt et e et e s e e sae e e e e saE e e e am s e e sane e e ea R e e e ame e e eame e e am R e e e me e e sane e e amne e eneeesane e e anneennneeaa i
O 1 1 0o (¥ ot o o E PR T RSP SURPRPOPRRPRN 1
2. Inlet Air COOlING OVEIVIBIW .......ooiiiieeiiie ettt ee et e et e e st e et e e ste e e sneeeenneeesnreeesnseeenneeeans 3
3. MOUE OVEIVIEIW ...ttt h et e b e s e e e b e e ane e nan e e n e e sneennneenees 7
3L MOOE] SETUCKUIE........ceeeeee ettt b e et et e b e sse e e an e e n e e nnnenaneeneennes 7
G AV oo [ =T =1 o[ 111 =TS 7
IR I Y oo [ I 11 = £ PRSPPSO 8
R €1 1] o [ = (= o [P RRT R ORPUPRPR 9
4.1. Hardware and Software REQUITEIMENTS ........ooiiiiiiiee et e et st e sneeeeneeas 9
4.2, INSLAllAtioN INSIFUCTIONS. .......ceiiieiiiii ettt ne e san e n e e neenaneea 9
4.3, SEAING CTCOOL . ....c..eiiiuiiiiietieeiee ettt ettt s e s e e e e m e e s ae e e ate e abe e sae e e neeaneesnnesneenneesnneans 9
L 10| Aol = PP 11
5.1. Project INfOrmation DIBlOg ... ..coioueieiieieiiee ettt ettt sae e e e e eae e e snte e e nneeeennes 11
5.2. ISO R&EtiNgS INPUL DIBIOG........eeeeeeiieeiiei ettt ne e nnne e 12
5.3. Heat Rate Performance Coefficients INput DIialog ........coceeeiieriieeeiiee e 13
5.4. Power Performance CoefficientS INput DIalog.........ccveeiieeeioiereiiee et 14
5.5. Air Flow Rate Performance Coefficients Input Dialog..........cceeiiereiieeiiiienee e 15
5.6. Exhaust Flow Rate Performance Coefficients INput DIalog .......ccceeeieeeeiiiiiie e 16
5.7. Gas Turbine Operating Schedules INPUE DIlOg.......c.eeiviiiieiiciee e 17
5.8. Inlet Air Cooling Configuration INPUL Didlog........ccooeeeiieeeiei e 18
5.9. Cooling Operating Schedule INPUL DIAlOg ........cooceriiieeeiee e 18
5.10. Evaporative Cooling INPUE DIalOg........couer it 19
5.11. Refrigerative Cooling INPUL DI@lOg .......c.eeeiuiiiiieeiiee et 20
5.12. Aqua-Ammonia Chiller Performance Data Input Dialog..........ccceeieieiiiieiieeee e 21
5.13. Complex-Compound Chiller Performance Data Input Dialog ........ccccevieieieriiieeeiee e 22
5.14. Lithium Bromide Chiller Performance Data Input Dialog.........ccceeieeeiiiiiiiieeiee e 23
5.15. Vapor Compression Chiller Performance Data Input Dialog..........cccoevieieiieeiee e 24
5.16. Refrigerative Cooling Sizing INPUES DialOg........c.eeiueeiiiiiieiiciee e 25
5.17. Thermal Storage Configuration INPUE DIGlOg.........cceeiviriieiieiee e 25
5.18. Evaporative Cooling Cost INPUES DIAlOQ ......c..veeivieiieiiiiieesieese et 26
5.19. Refrigerative Cooling Cost INPUE DIalOg ......veveiieeeiee e 27
5.20. NPV INPUE DIBIOQ ...t ceeieieeeiiee ettt ettt et e e et e e e smee e s e e e s ae e e smseeeneeeenneeesnseeeneeeennes 28
o302 I L g o LW S0 10 7= Y/ I = [ S 29
5.22. Gas Turbine Performance Analysis OULPUL Dialog .......cueeeiieriiiieeiie e 29
5.23. Cooling Equipment Sizing OULPUL DIAl0Q ........ooveeriieiieiieesieese e 30
5.24. Cooling Equipment COStS OULPUL DidlOg.......ceeoveeeieeeiiee et 30
5.25. NPV Calculations RESUIES DIdlOg.......ceeiuueeiiiieiie ettt e e 32
6. SAMPIE CBE. ... ettt bRt nan e ne e s 33
6.1. Annual, Peak and Minimum Values for Selected Performance Parameters...........eeevveeeeveeevnneennns 40
6.2. Cooling EQUIPMENt SIZING OULPUL.........coouieiieiiieiiesiee sttt n e nnne e 41
6.3. Cooling EquIpmMent COSt ESLIMALES........ccuee et e e e e e smee e e nneeeenes 42
6.4. Net Present Valug OULPULS. ... ..ooiiiieiee ettt e st e s e e ete e e smeeeeneeeemaeeesmneeenneeeennes 43
A = (= = 0o ST URR PR TRPOPPON 45
APPENdIX A IMOUE] SEIUCLUIE.......eeieieeee ettt ettt e e aee e e et e e smteeesneeesnneeesmneeenneeeaas Al
Appendix B Custom Weather File FOrmat ... B.1
ApPPendiXx C COMPONENT SIZING ...veerieiereirieieeee ettt e s e s e e sne e sneeaneesneesnneenneenaes C1
(O3 R @14 1111 g 1 0o TP PR RPN Ci



(O (0] 8= TR r oo [PPSO OPR RPN C2

C.3 Inlet Air CoOlING COIl SIZING .....ccveieiiiieieie et C2
C.4 Chilled Water Circulation SySteM SZING ........cccooieiieiieiieesie e C2
C.5 Ammonia Circulation SYStEM SZING ......ceecueeieerieeiie e esee s se e neesnee e ens C3
C.6 108 GENENALON SZING.....eeteeiueeetieteestee et et e st s e e s e e n e e b e e sae e sne e seesseeeneeaneesanesneenneennneans C4
C.7 Chilled Water GENEIALON .........ueeieeieeerieeeteesee ettt et ss e e sne e se e e s s e sseesanesneesneennneens c4
C.8 CO0liNG TOWEN SIZING ....cueeiueerteeieerieeete e se et sse e e e s e e sse e s e e sseesseeeneeaneesanesneenneennneans C4
C.9 Chiller ParaSitiC ENEIQY.......ccuoueeiieieiieeeeiee et e seeeseeeesteeesseeeesseeesseeesneeeesseeesneeesnseeenneeesns C5
C.10 Heat Recovery Steam Generators (HRSG) .........oeiveiiiriiieiie et C5
C.11 Power Reduction Due to SIeam EXIraCtioN..........ccveiviiiierieiie e C.6
AppendiX D Performance ANIYSIS. .........ei ittt e se e st e e ste e e nneeesaeeesneeeenneeeea D.1
D.1 POWES PIANES. .....coieeiiiete ettt b e e b e s e en e e nneennnennneeneas D.1
D2 O 41 11 T TSRS T RSP PPP PRSI D.4
IR IR (0] T TP D.7
D.4 FIUIA CIFCUIALION ...ttt nn e nnneeneas D.8
D.5 EVAPOratiVe COOIING .....eiieieeiiiieiiee ettt et e st e ste e e sate e e et e e smte e e snteeeneeesmneeesnseeeneeesnnes D.8
D.6 AuXiliary System COOlING .....ccueieiieeeiiee et eee et et e et e e et e e e snteeeneeesneeeeneeeenneeeennes D.8
D.7 Turbine Inlet and EXit EXCESS PreSsUre DIOP ..coo.eeeeeiee e eeeee e e e D.9
D.8 Combined-Cycle Steam Extraction Power Output REJUCLION ..........cccecveeieeiiiriieieeiee e D.9
APPENAIX B COSE ANAIYSIS. ...ttt ettt e ettt e st e e st e e e see e smae e e smeeeeneeesnneeesneeeenneeeans E.l
E.1 Chiller Capital COSES......cciiieiieieiieeeiiee et eee e se et e e ste e snee e e et e e sbe e e sneeeeeneeesnneeesnseeeanneeennes E.l
E.2 Storage Capital COSES.......c.eeiririieiieiiee ettt nn e nnneeneas E.2
E.3 Inlet Air Coil Capital COSES.....ccoiuieeiie et e e snee e e nneeeennes E.2
E.4 Fluid Circulation Capital COSES.......coouieiiieiie et e e snee e e saeee e E.2
E.5 Miscellaneous Equipment Capital COSES. ........coiiieriiiie e E.3
E.6 Annual MainteNaNCE COSES .......coviiieerieeiieeiee sttt sn e neas E.4

vi



Figures

Figure 2.1 Typical Inlet Air Cooling Impacts on Combustion Turbine Performance...........ccccocoeeiienennen. 4
Figure 2.2 Generic Inlet Air COOlING SYSIEM.........eii it e e e e sneeeeneeas 4
FIQUre 5.1 CTCOOL MaIN SCIEEN ......eoiuiiiitieriie ettt ettt s e sb e sae e e s e s ne e nan e e neesneennneenees 11
Figure 5.2 Project INfOrmation DI@lOg........c.ooueeiieieiieeiiee et eee et et e st e e e e ene e e smeeeenneeeennes 12
Figure 5.3 1SO RatingS INPUL DIGIOQ........ueieiieeeiee ettt et st e st e e enee e emeeeenneeeennes 13
Figure 5.4 Heat Rate Performance Coefficients INpUt Didlog ........cooceeeioereiiereiiee e 14
Figure 5.5 Power Performance Coefficients INpUL DIalog.......coevvererieeeiiiecee e 15
Figure 5.6 Air Flow Rate Performance Coefficients Input Dialog..........ccveieeeeiieeiiieeiee e 16
Figure 5.7 Exhaust Flow Performance Coefficients Input Dialog .......ocooeeeiiereiieeiieeeiee e 17
Figure 5.8 Gas Turbine Operating Schedules INpUt DIalog ..........cocveeiieiieriieiee e 18
Figure 5.9 Inlet Air Cooling Configuration INPUt DialOg ........ceeivereiiieiiieiee e e 18
Figure 5.10 Cooling Operating Schedule INPUt DIalog .........cceeiiereiieeeiee e 19
Figure 5.11 Evaporative Cooling INPUES DI@lOg..........eieiieeeiie e e 20
Figure 5.12 Refrigerative Cooling Configuration DIialog .........c..ceeereeeeiiieiee e 21
Figure 5.13 Aqua-Ammonia Chiller Performance Data Input Dialog.......ccoocereieeriiiieiee e 22
Figure 5.14 Complex-Compound Chiller Performance Data Input Dialog ........ccceeveeeeiieeeieeeieeenieeene 23
Figure 5.15 Lithium Bromide Performance Data Input Dialog..........ccceeeereiiereniee e 24
Figure 5.16 Vapor Compression Chiller Performance Data Input Dialog..........ccceevceveieereiieesier e 24
Figure 5.17 Refrigerative Cooling Sizing INPUES DialOg .........ccoviriiiiieiiieieesee e 25
Figure 5.18 Thermal Storage Configuration DIi@lOg..........ceeoeieiereiiee e 26
Figure 5.19 Evaporative Cooling COSt INPULS........cooiiiiiiie e eiee e e et e e sneeeenees 26
Figure 5.20 Refrigerative Cooling Cost INPUL DIi@log ........ceeoeeeiieriiieeeiee e e 27
Figure 5.21 NPV INPUES DIAIOQ. ... ...eeeeeeeiiieeeee ettt et te e e nteeste e e sneeeeneeesmeeeenneeeennes 28
Figure 5.22 EChO Of INPUES DIBI0OQ «...uveieiiieeiee ettt ettt e e e e e e e emeeeeeneeeenees 29
Figure 5.23 Gas Turbine Performance Analysis Output Dialog ...........cccceeieeiieiiiieiiesec e 30
Figure 5.24 Cooling Equipment Sizing CalCUIAIONS ..........cooieiiiriieiie e 31
Figure 5.25 Cooling Equipment COSt ESHIMEALES ..........oiiiiieeiee et 31
Figure 5.26 NPV CalCulatioNS RESUILS .......ccooueiiiiiie ettt eeeneeeenees 32
Figure 6.1 Project INfOrMELION ........oooi ittt e et e e st e e st e e ene e e emteeeeneeeennes 33
Figure 6.2 1SO Rating for the Industrial Frame Gas TUrbINE ...........coooviiiiiiieiicieeeeee e 34
Figure 6.3 Heat Rate Performance COEffICIENTS..........oiiiriieiieiieee et 34
Figure 6.4 Power Performance COEffICIENTS ........c.eii it 35
Figure 6.5 Air Flow Rate Performance COeffiCIENTS ..........oiiiiir i 35
Figure 6.6 Inlet Air Cooling CoNfigQUIaLION ...........cooiciieiiieeiee e s eeenes 36
Figure 6.7 Refrigerative Cooling CONfigUIatioN ..............ceeeiiie e 36
Figure 6.8 Vapor Compression Performance Data...........c.ceeieiriiereiiee e 37
Figure 6.9 Refrigerative Cooling SIZING INPULS .......c.coiiiiiieiie e 37
Figure 6.10 Thermal Storage CONfIQUIBLION ..........ccoviiiiriieiie et 38
Figure 6.11 Refrigerative COOlING COSS .....ooiiiiiiie it e et e e sneeeene e e smteeenneeeennes 39
FIQUIE 6.12 NPV TNPULS ... .ottt ettt e et e et e e et e e s te e e sneeeeseeesmteeeanseeenneeesmseeennseesnnes 40
Figure A.1 Schematic of the CTCOOL MOdel SLIUCLUIE .........cceeiiiriiieiieiieeeesee e A2

Vil



Table B1 - Format for the CustomWeather Fle..........ooooooiiii,
Table B2 — Sample Weather Data for HOUSION...........c.oiiiiiiiiieieeeeee s
Table C1 - ?Tinand U Values Used for Sizing Generator Cooling COoil.........cooceveiereieeiieieiee e

viii



1. Introduction

Combustion turbine inlet air cooling (CTIAC) should be considered by the power generating industry
when seeking attractive options for increasing peak generating capacity. Inlet air cooling increases the
power production capacity and decreases the heat rate of a combustion turbine during hot weather, when
the demand for electricity is generally the greatest. Off-peak ice generation and storage using electrically-
driven chillers has proven to be cost-effective under peak shaving conditions where there isalarge
difference between the value of peak and off-peak power.

Previoudy, the Pacific Northwest National Laborantory1 conducted an assessment of CTIAC options for
the U.S. Department of Energy's Office of Utility Technologies as part of its Thermal Energy Storage
Program. The principal objectives of this study were as follows:

1) Identify the preferred CTIAC technology as a function of application conditions from currently
available cooling technology

2) ldentify application conditions where currently available cooling technology is not cost-effective, i.e.,
where congtruction of additional power plant capacity without CTIAC would be preferred

3) Determine the potential attractiveness of an advanced ammoniated salt solid/vapor absorption cooling
system

4) Determine the potential attractiveness of cooling combustion turbine inlet air to 0 °F (in addition to
cooling inlet air to atemperature around 40 to 45 °F, which is considered standard practice for CTIAC.).

To address the objectives described above, a screening study was designed to evaluate the principal
cooling system technology options over a broad range of application conditions. Application variables
included power plant type, power plant operating schedule, cooling system operating schedule, design
inlet air temperature, and climate. Cooling system technology options included evaporative or
refrigerative cooling, refrigerative chiller type, the inclusion (or exclusion) of storage, and the type of
storage (storage media type, daily or weekly cycle, and load-leveling or load-shifting design).

The results of this study were previously published in Brown, Katipamula, and Konynenbelt (1996). The
document that follows provides descriptive information and instructions for using the model developed by
PNNL (CTCOOL) to evaluate the CTIAC options.

The following section provides an overview of inlet air cooling for those less familiar with the concept.
The subsequent two sections introduce CTCOOL and provide instructions for getting the software set up
and running on your computer. Detailed descriptions of the input screens and output options are provided
next. Thefinal chapter presents a sample case. Additional description of the model structure, underlying
equations, and weather file formatting requirements are presented in the appendices.

! Operated for the U.S. Department of Energy by Battelle Memorial Institute under Contract DE-ACO06-76RLO 1830
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2. Inlet Air Cooling Overview

Combustion turbines are constant volume machines, i.e., air intake is limited to afixed volume of air
regardless of ambient air conditions. As air temperature rises, its density falls. Thus, although the
volumetric flow rate remains constant, the mass flow rate is reduced as air temperature rises. Power
output is also reduced as air temperature rises because power output is proportional to mass flow rate.
The conversion efficiency of the gas turbine also falls as air temperature rises because more power is
required to compress the warmer air.

The impact of compressor inlet air temperature on mass flow rate, power output, and conversion
efficiency is shown in Figure 2.1 for atypical "industrid" type turbine. Per custom, conversion efficiency
is reported as a heat rate, which is the amount of fuel energy consumed per kWh of electricity produced.
Thus, arisein the heat rate is consistent with adrop in conversion efficiency. In general, the relationships
are linear with temperature, or nearly so.

The performance curves show the dramatic affect of temperature on turbine performance, and the
opportunity to improve performance viainlet air cooling. Cooling the inlet air improves both the power
output and the hesat rate, but the impact on power output is greater. Furthermore, the positive impacts on
power output and heat rate increase with higher ambient temperatures, when utilities typically experience
the highest demand for power. Therefore, incremental power production is greatest at the time it is most
valued. Usually, the primary objective of gas turbineinlet air cooling is to increase peak power output.
The heat rate improvement is a significant, but secondary benefit.

The relative importance of the two impacts depends mostly on the value of incremental kW and kWh
production, the number of operating hours per year, and ambient air temperatures during the operating
period. A greater number of annual operating hours will increase the importance of the heat rate impact,
while fewer hours will emphasize the increase in power output. Applications with a higher ratio of
average to peak ambient operating temperature will also increase the importance of the heat rate impact,
all else equal.

In theory, power output could be further increased by cooling below the temperature range indicated in
Figure 2.1. In practice, al turbines are designed around a maximum thrust level that sets a useful limit on
the inlet air temperature. In particular, the maximum power output of "aeroderivative" type turbines often
occurs around the freezing point and may actually decline below this temperature.

A block diagram of a generic combustion turbine inlet air cooling system, with and without storage, is
shown in Figure 2.2. The basic building blocks are the chiller, its cooling tower, the air coil, and
interconnecting piping. Cold fluid from the chiller is pumped through the air coil, where the coolant is
heated and returned to the chiller, while the inlet air is cooled prior to entering the compressor. The
cooling tower provides cooling water to the chiller condenser. Alternatively, an evaporative condenser
might be used with some types of chillers. Including storage and its associated piping loop increases the
number of system components, but allows the chiller and cooling tower components to be down-sized,
assuming that cooling is not conducted 24 hours per day. Storage also significantly reduces on-peak
parasitic power consumption for electricaly-driven chiller systems.
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The fundamental benefits of inlet air cooling were described above. The most obvious cost is the up-front
investment and periodic maintenance of the inlet air cooling system hardware. The energy used to drive
the chiller may also result in a significant expense, although the cost will vary significantly depending on
whether the chiller isthermally or electrically-driven and whether the energy source is thermal or electric.
Inclusion of an air cooling coil within the inlet duct to the compressor will incur an additional pressure
loss, with negative consequences to power output and heat rate, but the impacts will generally be less than
0.5%.

The previous two paragraphs described the use of refrigerative systems for cooling turbine inlet air. A
commonly employed alternative, besides not cooling theinlet air at all, isto use evaporative cooling.
Direct contact evaporative cooling, accomplished by passing the inlet air through a wetted media, can be
particularly effective in drier climates. Any consideration of refrigerative inlet air cooling should also
consider evaporative cooling as an option. Note that evaporative and refrigerative approaches should be
considered independently. Evaporative cooling followed by refrigerative cooling would not reduce the
refrigerative cooling load. It would only subgtitute latent load for sensible load.
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3. Modd Overview

The combustion turbine inlet air cooling performance evaluation model is a collection of C++ Classes
developed under Microsoft Visual C++ 5.0°.

3.1. Moddl Structure

The model consists of severa input dialogs and severa analysis modules. The key analysis modules
determine annual gas turbine performance, size cooling/storage equipment, estimate the cost of
cooling/storage equipment, and calculate the net present value of a given configuration. Several TM Y?
weather files are provided with the software tool.

3.2. Model Capabilities

In general, the model is capable of assessing the economic feasibility of cooling the inlet air to
combustion turbines for site-specific conditions by simulating the performance of the turbine with inlet air
cooling, sizing necessary components, calculating the cost of the components, and calculating the
monetary value of the incremental power and the net present value (NPV) of the investment. Sample
output from the model is presented in Section 6.

The model is capable of evaluating the performance of cooling the inlet air to turbinesin simple-cycle
(industrial frame and aeroderivative type) or combined-cycle plant configurations. The air to the turbine
can either be cooled refrigeratively or evaporatively. Thermal energy storage is an option for
refrigeratively cooled systems. The model alows either daily or weekly ice or water storage with load-
shifting or load-leveling storage designs. At the present time, the model can only handle three different
inlet air temperatures: 1) 52 °F, 2) 42 °F and 3) 0 °F. For O °F cooling, the model cools the air in two
stages with two different chillers: 1) from the ambient condition to 42 °F and 2) from 42 °Fto 0 °F. The
chillers can either be electrically-driven or thermally-activated; for thermally-activated chillers, the
turbine exhaust gas (smple-cycle) or steam from the combined-cycle plant is used.

The performance analysis includes calculation of the power output and fuel consumption of the
combustion turbine, with and without inlet air cooling, and calculation of the parasitic power
consumption of inlet air cooling system components. The latter includes compressor power for vapor
compression chillers, steam and pump power for absorption chillers, pump power for the various fluid
circulation systems, and fan power for the cooling tower.

The model is aso capable of computing annua performance data with the ability to aggregate
performance calculated for each operating hour of the year, based on hourly weather data. The
performance analysis is based on user-specified information that is described later in the report.

% The Typical Meteorological Year (TMY) isa"typical" year of weather prepared from a large data base of the
SOLMET dataand is available for 239 stationsin the U.S. The data include one complete year of hourly values
(8760 values) for each of the following parameters:. direct (beam) solar radiation, total horizontal solar radiation,
dry-bulb (temperature), wet-bulb (temperature), dew-point (humidity), wind speed and cloud cover. These dataare
provided in asingle filein ASCII format. The SOLMET (SOLar and METeorological) hourly database was first
prepared for 26 citiesthat had measured hourly solar radiation data. Then it was extended to 222 additional locations
by using modelsto generate synthetic solar radiation measures for these locations.



3.3. Model Limitations
Although the model is a powerful analysis toal, it has the following limitations:

1) Theinlet air temperature isfixed to three values (52 °F, 42 °F and O °F).

2) The storage mediais limited to ice or water (the choice between ice and water isimplicit, i.e., if the
air is cooled to 42 °F, ice storage is assumed; and for 52 °F, water storage is assumed).

3) Ingeneral, cooling in multiple stagesis not possible. Currently, the model coolsthe air in asingle
stage when the air is cooled to 42 °F or 52 °F, and in two stages when the air is cooled to O °F.

4) The component sizing basisis limited to meeting 100% of the peak design conditions.



4. Getting Started

4.1. Hardware and Software Requirements
The CTCOOL computer program was written for use on personal computers with an Intel 80486° or

higher processor running Windows 95° or Windows NT 4.0° or higher operating system. It also requires
aVGA or better graphics monitor with at least 800 x 600 resolution.

4.2. Ingtallation Instructions

Installation consists of simply creating a unique directory, preferably named "CTCOOL," and then
copying al the files from the distribution diskettes into the newly created directory. The distribution
diskettes contain one executable file (ctcool.exe); the rest of the files are either typical meteorological
year (TMY) westher files (with extension *.wth) for various cities in the United States or the example
input files (with extensions *.ctc).

4.3. Starting CTCOOL

Once the executable file and the weather files are al copied into a user-created directory, the program can
be executed by double clicking the "ctcool.exe" file.
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5. Input Screens

The inputs required to carry out the performance analysis using CTCOOL are entered using the various
menus shown in Figure 5.1. Although the menu-driven format allows the user to move easily throughout
the program, most of the menu items are only activated by a previous menu selection. Therefore, the first
level menu items on the main input screen are arranged in the order each should be defined. For example,
the user must complete the inputs under the menu item “ Project” before entering the inputs under the
other menu items. However, the inputs can be changed at any time before or after an analysisis
completed.

In addition to other commands, the command to open an existing input file or to save an input file can be

found under the “File” menu item. A brief description of each menu item is provided in the sections that
follow.

p} CTCool - Houston.IndustrialFrame.NoStorage

File Edit ‘iew Project GasTurbine InletAirCooling Costlnput  Analysis  Window Help
O||E| &2 S|2|

.| Houston.IndustrialFrame. DailyStorage

W' Houston.IndustrialFrame_ NoStorage

Rieady [

Figure5.1 CTCOOL Main Screen

5.1. Project Information Dialog

The “ Project Information” dialog (Figure 5.2) is the only item under the “ Project” menu heading. This
dialog alowsfile “labeling” with general project information and selection of the weather file. The
general project information has no affect on the analysis; it only serves as an identifier. However, the
selection of the weather fileis critical to the analysis. Several weather files are provided with the
software; these files have been derived from the TMY wesather tapes. The dialog provides the user the
ability to select a custom weather file by checking the “ User Defined” button. After the “ User Defined”
button is checked, the “ Get File Name” button becomes active and the user can provide the path and the

11



file name by double clicking on the button. The format of the wesather file is described in Appendix B. It
isthe user’sresponshbility to make sure the data are consistent and are in the order specified in Appendix
B. The changes made to the inputs will only be recorded if the user clicks on the* OK” button. By
clicking on the “ Cancdl” button, the user can choose not to record the changes made. The functionality of
the* OK” and* Cancd” buttonsis identical on all input screens.

Project Information

Froject Mame: IBattEllE

Address: |F'.III Box 999, K516

Citw/State: [Richland, Wi Zip: |39352

Project Descripion: |E canamics of increazing peak power by cooling
inlet air - Induztial Frame gas turbine with no
starage

Lnalyst: ISrinivas k.atiparula

—Weather Data

[ User Defined [Het Filelame | I

Altitude [ﬂi]’ED YWieather File Haouszton, bty

Cancel | ] I

Figure 5.2 Project Information Dialog

5.2. 1SO Ratings Input Dialog

After the project information is entered and a weather file is selected, the user must specify the type of gas
turbine that is being considered for the analysis. The “1SO Ratings’ input dialog (Figure 5.3) is part of
the* Gas Turbineg’” menu item. CTCOOL supports three different types of gas turbine configurations, as
shown in Figure 5.3. After the gas turbine type is selected, the heat rate, power output, and inlet air mass
flow rate at 1SO conditions (59 °F dry-bulb temperature, 60% relative humidity, and sea level elevation)
for the selected turbine have to be entered. The last two entries (GT Power, and ST Power) in the ISO
ratings input dialog are only needed for a comhined-cycle industrial frame gas turbine; therefore, if that
option is not checked, the input boxes corresponding to those entries are grayed out. All of the input
dialogs have a* Default” button. By clicking on the “ Default” button the default set of values will be
filled in for every required input. These inputs are based on an evaluation of inlet air cooling technology
conducted by PNNL and may not be valid for al situations. On this input dialog, in addition to the

“ Default SO Ratings’ button, there is also a button for “ Default Performance Curves.” |If the user
chooses to use the default SO rating, the user may also choose to default the performance curves for
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power, heat rate, and mass flow rate (and exhaust flow rate for combined-cycle). The input for these
curvesis described later in this section.

IS0 Ratings <]

—Gas Turbine Power [bi]: |'| an

i Simple Cycle Industrial Frame o oEm
" Simple Cycle Aeroderivative SRR : i

i~ Combined Cycle Industrial Frame Maszz Flow Rate [Ibzthr): |2.34235&+EIIJE
' GT Pawer Mw] [0
Drefault S0 FHating ST Power (M) I,—

Drefault Performance Curves Cancel | aF. |

Figure 5.3 SO Ratings Input Dialog

5.3. Heat Rate Performance Coefficients I nput Dialog

Anaysis of inlet air cooling systems requires knowledge of the power plant's performance (heat rate,
power output, and mass flow rate) as a function of various operating conditions (atitude, dry-bulb
temperature, humidity, turbine inlet pressure drop, and turbine exit pressure drop). The impact of
operating conditions on power output and hesat rate directly affect inlet air cooling economics, of course,
and understanding the impact on mass flow rate is crucial to sizing cooling system components.

The model uses up to five adjustment factors (F1 for altitude, F2 for dry-bulb temperature, F3 for
humidity, F4 for excessinlet pressure drop, and F5 for excess exhaust pressure drop) to estimate the heat
rate for non-1SO conditions (see Figure 5.4). The adjustment factors are assumed to vary linearly with the
change in the independent variable (altitude, dry-bulb temperature, absolute humidity, excessinlet
pressure drop and excess exhaust pressure drop). Therefore, the ope and intercept of each of the five
adjustments have to be entered. The combustion turbine manufacturer generally provides performance
data for non-1SO conditions. For the dry-bulb temperature, the user has the flexihility to segment the
linear relationship into one or more regions (up to three). For example, two regions are used in Figure 5.4
to define the impact of dry-bulb temperature on heat rate.

The* Heat Rate Performance Coefficients’ input dialog is part of the “ Gas Turbine” menu item. The
default input values can be assigned by clicking on the * Default” button or by clicking * Default
Performance Curves’ from the “1SO Ratings” input dialog (Figure 5.3). There are different sets of
default values depending on the choice of the gas turbine type. The inputs are used to estimate the
adjustment factors for each hour. The adjustment factors are multiplied by the 1 SO performance datato
calculate performance at non-1SO conditions.
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Figure 5.4 Heat Rate Performance Coefficients Input Dialog

5.4. Power Performance Coefficients Input Dialog

Like the approach just described for modeling the heat rate, the model uses up to five adjustment factors
(F1 for atitude, F2 for dry-bulb temperature, F3 for humidity, F4 for excessinlet pressure drop, and F5
for excess exhaust pressure drop) to estimate the power at non-1SO conditions (see Figure 5.5). The
adjustment factors are assumed to vary linearly with the change in the independent variable (altitude, dry-
bulb temperature, absolute humidity, excess inlet pressure drop and excess exhaust pressure drop).
Therefore, the dope and intercept of each of the five adjustments have to be entered. The combustion
turbine manufacturer generally provides performance data for non-1SO conditions. For the dry-bulb
temperature, the user has the flexibility to segment the linear relationship into one or more regions (up to
three).

The " Power Performance Coefficients’ input dialog is part of the “ Gas Turbine’” menu item. The default
input values can be assigned by clicking on the “ Default” button or by clicking “ Default Performance
Curves’ fromthe “1SO Ratings’ input dialog (Figure 5.3). There are different sets of default values
depending on the choice of the gas turbine type. The inputs are used to estimate the adjustment factors
for each hour. The adjustment factors are multiplied by the 1SO performance data to calculate
performance at non-1SO conditions.
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Figure 5.5 Power Performance Coefficients Input Dialog

5.5. Air Flow Rate Performance Coefficients Input Dialog

Asfor heat rate and power, the model uses up to five adjustment factors (F1 for atitude, F2 for dry-bulb
temperature, F3 for humidity, F4 for excess inlet pressure drop, and F5 for excess exhaust pressure drop)
to estimate the air flow rate at non-1SO conditions (see Figure 5.6). The adjustment factors are assumed
to vary linearly with the change in the independent variable (altitude, dry-bulb temperature, absolute
humidity, excess inlet pressure drop and excess exhaust pressure drop). Therefore, the dope and intercept
of each of the five adjustments have to be entered. The combustion turbine manufacturer generaly
provides performance data for non-1SO conditions. For the dry-bulb temperature, the user has the
flexibility to segment the linear relationship into one or more regions (up to three).

The* Air How Performance Coefficients’ input dialog is part of the “ Gas Turbine” menu item. The
default input values can be assigned by clicking on the * Default” button or by clicking * Default
Performance Curves’ from the “1SO Ratings” input dialog (Figure 5.3). Theinputs are used to estimate
the adjustment factors for each hour. The adjustment factors are multiplied by the 1SO performance data
to calculate performance at non-1SO conditions.
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Figure 5.6 Air Flow Rate Performance Coefficients Input Dialog

5.6. Exhaust Flow Rate Performance Coefficients I nput Dialog

The inputs for the exhaust flow rate performance coefficient are only needed if a combined-cycle
industrial frame gas turbine is selected from the “1SO Ratings’ input dialog (Figure 5.3). Again, the
model uses up to five adjustment factors (F1 for altitude, F2 for dry-bulb temperature, F3 for humidity,
F4 for excessinlet pressure drop, and F5 for excess exhaust pressure drop; see Figure 5.7) to estimate the
exhaust flow rate at non-1SO conditions. The adjustment factors are assumed to vary linearly with the
change in the independent variable (altitude, dry-bulb temperature, absolute humidity, excessinlet
pressure drop and excess exhaust pressure drop). Therefore, the dope and intercept of each of the five
adjustments have to be entered. The combined-cycle plant equipment manufacturers generally provide
performance data for non-1SO conditions. For the dry-bulb temperature, the user has the flexihility to
segment the linear relationship into one or more regions (up to three).

The* Exhaust How Performance Coefficients’ input dialog is part of the “ Gas Turbing” menu item. The
default input values can be assigned by clicking on the * Default” button or by clicking * Default
Performance Curves’ from the “1SO Ratings’ Input Dialog (Figure 5.3). The inputs are used to estimate
the adjustment factors for each hour. The adjustment factors are multiplied by the I SO performance data
to calculate performance at non-1SO conditions.
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Figure 5.7 Exhaust Flow Performance Coefficients Input Dialog

5.7. Gas Turbine Operating Schedules I nput Dialog

The operating schedule for the gas turbine can be input using the dialog box shown in Figure 5.8. The

“ Gas Turbine Operating Schedules’ input dialog is part of the * Gas Turbing” menu item. The user has
the flexibility to specify when the gas turbine is started and stopped by the day-of-week and the month-of-
year. For the inputs provided in Figure 5.8, the gas turbine will operate between 1400 hours and 1800
hours (4 hours of operation) every day except Saturday and Sunday for the month of April. Similar inputs
can be provided for the other months. To simplify inputs, additional buttons are provided at the bottom of
the dialog. For example, the user can enter the schedule for 1 month and then copy the same schedule to
the other 11 months just by clicking on the “ Copy” button (any previous values associated with the other
months will be overwritten with the values of the current month). Also, by smply clicking the “ Clear”
button, the schedule for any month can be cleared. Unlike the * Copy” button, the “ Clear” button only
clears the current selection (month).
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Figure 5.8 Gas Turbine Operating Schedules Input Dialog

5.8. Inlet Air Cooling Configuration Input Dialog

CTCOOL supports two different types of cooling options, as shown in Figure 5.9. The *Inlet Air Cooling
Configuration” input dialog is the first item under the menu item “Inlet Air Cooling.” By checking the
“No Inlet Air Cooling” option, the annual performance of the gas turbine without cooling the inlet air can
be analyzed. Theinlet air temperature is a function of wet-bulb temperature for the evaporative cooling
option, and for the refrigerative option, it is a user-defined input (described later in this section).

Inlet Air Cooling Configuration

~Type of Cooling
= Mo Inlet Air Coaoling & Evaporative Cooling {~ Refrigerative Cooling

Cancel l OF. I

Figure 5.9 Inlet Air Cooling Configuration Input Dialog

5.9. Cooling Operating Schedule Input Dialog

The operating schedule for the cooling system can be input using the dialog shown in Figure 5.10. The
“ Cooling Operating Schedules’ input dialog is part of the “ Inlet Air Cooling” menu item and is only
accessible if either of the inlet air cooling options is checked in the previous input dialog (Figure 5.9).
The cooling schedule is independent of the gas turbine schedule. However, if the selected cooling period
is greater than the gas turbine operation, the inlet air will only be cooled during gas turbine operation.
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The functionality of thisinput dialog is similar to the explanation provided for the gas turbine schedule
(see Section 5.7)

Cooling Operating Schedules m

Jan |Feb |Mar At IMay |.Jun |Ju| |Aug |Sep |O|:t |NDV |Dec |
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C13 14 &5 6 17 18 £19 .20 o2 22 o2 24

~End Hour
Ll {1 {1 4 ® R o 8 9 @i W @i

I3 CHE S CHE OB O HF R ORI R2 S RE R TR

—‘Weekly Schedule
W Mondsy W Tuesday W Wednesday W Thursday W Friday [ Saturday T Sunday

Figure 5.10 Cooling Operating Schedule Input Dialog

5.10. Evaporative Cooling I nput Dialog

The input dialog shown in Figure 5.11 is part of the “Inlet Air Cooling” menu item. The “ Evaporator
Cooling Configuration” input dialog is only accessible if the evaporative cooling option is selected in the
“Inlet Air Cooling Configuration” input dialog (Figure 5.9). Only four inputs are required to simulate the
performance impacts with evaporative cooling. Although the water consumption for cooling air
evaporatively is separately calculated, a user-specified input is used to calculate the additional water that
is consumed to accommodate blowdown requirements. The evaporator effectivenessis used to calculate
the temperature of theinlet air at the exit of the evaporator. The user may also specify the parasitic power
requirement of pumps, fans, etc., as a percent of the 1ISO power. Adding an evaporative cooling device
increases the inlet air pressure drop, resulting in decreased power output and increased heat rate, all else
equal. The user-specified additional pressure drop associated with the presence of the evaporator in the
inlet air stream (inches of water) is used to adjust the SO performance.
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Figure 5.11 Evaporative Cooling Inputs Dialog

5.11. Refrigerative Cooling Input Dialog

The input dialog shown in Figure 5.12 is part of the “Inlet Air Cooling” menu item. The* Refrigerative
Cooling Configuration” input dialog is only accessible if the refrigerative cooling option is selected in the
“Inlet Air Cooling Configuration” input dialog (Figure 5.9). The user may select one of the three fixed
inlet air temperatures: 0 °F, 42 °F or 52 °F. When inlet air is cooled to O °F, the second stage chiller
selection and chiller configuration buttons are activated. For O °F inlet air cooling, the air is cooled in two
stages, first to 42 °F and then from 42 °F to 0 °F. The model will not alow alithium bromide chiller to
be used with O °F or 42 °F inlet air temperatures. However, the user should use caution in selecting a
chiller configuration that will meet the inlet air temperature requirement.

Adding arefrigerative cooling device increases the inlet air pressure drop, resulting in decreased power
output and increased heat rate, all else equal. The user-specified additional pressure drop associated with
the presence of the refrigerative cooling coilsin the inlet air stream (inches of water) is used to adjust the
I SO performance. Thereis also an additional exhaust side pressure drop when a heat recovery steam
generator (HRSG) is added to a smple-cycle turbine to provide steam for a thermally-activated chiller.
The pressure drop should be specified in terms of inches of water. 1f an HRSG is not used, the value
should be set to zero. The generator cooling factor is used to alow for additional cooling capacity to cool
the generator. Supplemental generator cooling will likely be required for its capacity to match the
increased capacity of the turbine on a hot summer day.

This dialog aso provides the user the choice of selecting the chiller type and chiller performance
characteristics. Thetool supports five different types of chillers: 1) single-stage lithium bromide, 2)
double-stage lithium bromide, 3) agua-ammonia, 4) vapor compression, and 5) complex-compound. For
information on complex-compound chillers, refer to Brown, Katipamula, and Konynenbelt (1996). After
the chiller type is selected, clicking the “ Chiller Configuration” button will raise the chiller input
characteristics dialog.

20
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Figure 5.12 Refrigerative Cooling Configuration Dialog

5.12. Aqua-Ammonia Chiller Performance Data I nput Dialog

The* Aquas:Ammonia Performance Data’ input dialog is accessed by selecting an agua-ammonia chiller
for cooling and clicking the “ Chiller Configuration” button from the “ Refrigerative Cooling
Configuration” input dialog.

Chiller performance is characterized by its coefficient-of-performance (COP), "relative capacity,” heat
rejection rate, and, for absorption-type chillers, the steam conditions and parasitic electric power
consumption.

The COP is the amount of cooling obtained per unit of input energy, with the input and output measured
in the same units. COP is assumed to vary as a function of wet-bulb temperature, as shown in Figure
5.13. The COP equations assume the condenser temperature is 15 °F higher than the wet-bulb
temperature. In genera, the wet-bulb temperature is limited to a minimum of 25 °F for modeling chiller
COP, except for lithium bromide chillers, which have higher limits.
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Figure 5.13 Aqua-Ammonia Chiller Performance Data Input Dialog

Like the COP, the cooling capacity of a chiller is afunction of the condenser temperature, and is
expressed here as a function of the wet-bulb temperature. The chiller cost equations presented later are
based on chiller capacity at "rated” temperature conditions. Capacity is typically less at temperature
conditions corresponding to the peak-cooling load. The "relative" capacity equation is applied to adjust
the peak chiller capacity to the rated chiller capacity.

All energy absorbed by a chiller at the evaporator and input to the chiller in the form of steam or
electricity must ultimately be rejected at a cooling tower. The heat rejection rate should be specified per
ton of cooling. The parasitic power input generally applies to the thermally-activated chillers only.

5.13. Complex-Compound Chiller Performance Data I nput Dialog

The * Complex-Compound Chiller Performance Data” input dialog (Figure 5.14) is accessed by selecting
a complex-compound chiller for cooling and clicking the “ Chiller Configuration” button from the
“ Refrigerative Cooling Configuration” dialog (Figure 5.12).

The input requirements are similar to that of the agua-ammonia chiller, with a second entry for heat
rejection. The “storage” version of the complex-compound chiller is actualy an integrated chiller-storage
device that is sized based on ton-hours rather than tons. The first heat rejection rate is used to size heat
rejection equipment, while the second heat rejection rate (the one associated with the storage option) is
used to calculate the annual cooling load. Both the COP and the relative capacity are assumed to vary
linearly as a function of the wet-bulb temperature.
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Figure 5.14 Complex-Compound Chiller Performance Data Input Dialog

5.14. Lithium Bromide Chiller Performance Data I nput Dialog

The* Lithium Bromide Chiller Performance Data’ input dialog (Figure 5.15) is accessed by selecting a
single- or double-stage lithium bromide chiller for cooling and clicking the “ Chiller Configuration”
button from the “ Refrigerative Cooling Configuration” dialog (Figure 5.12). The model will not allow
the selection of lithium bromide chillers, if the inlet air is cooled below 52 °F.

The input requirements are similar to those for the other thermally-activated chillers, with an additional
specification for limiting the wet-bulb temperature because the cooling water for lithium bromide chillers
must generally be no lower than 75 °F. The relative capacity is assumed to vary linearly as a function of
the difference between the wet-bulb temperature and the limiting wet-bulb temperature. The following
equation formats are used to compute the COP:

COP = Intercept + Slope * (Wet-Bulb — Limiting Wet-Bulb)*Exponent

where“ Exponent” is 1.5 for single-stage lithium bromide chillers and 1.2 for double-stage
lithium bromide chillers.
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Figure5.15 Lithium Bromide Performance Data I nput Dialog

5.15. Vapor Compression Chiller Performance Data Input Dialog

The“ Vapor Compression Performance Data’ input dialog (Figure 5.16) is accessed by selecting a vapor
compression chiller for cooling and clicking the * Chiller Configuration” button from the “ Refrigerative
Cooling Configuration” dialog (Figure 5.12). The relative capacity is assumed to vary linearly asa
function of the wet-bulb temperature, while the COP is assumed to vary exponentially as a function of
wet-bulb temperature.
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Figure 5.16 Vapor Compression Chiller Performance Data Input Dialog
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5.16. Refrigerative Cooling Sizing I nputs Dialog

The " Refrigerative Cooling Sizing Inputs’ dialog (Figure 5.17) is accessed from the “ Inlet Air Cooling”
menu item. This option is only available if the refrigerative cooling option is selected in the “ Inlet Air
Cooling Configuration” input dialog (Figure 5.9). The inputs related to second stage cooling can only be
entered if theinlet air is cooled to O °F (Figure 5.9).

The CTCOOL analysis involves sizing various fluid circulation loops and systems depending on the type
of chiller and storage selected. Loopsthat are sized include the ammonia loop connecting the chiller
evaporator and other chiller components (except for lithium bromide chillers), the chilled water loop
connecting lithium bromide chillers and storage with the inlet air cooling coils, the cooling water loop
connecting the chiller with the cooling tower, the steam loop connecting the steam source with
absorption-type chillers, and storage water loops connecting relatively warm storage water with
evaporators in the ice generator or water chiller. The reader is referred to Brown, Katipamula, and
Konynenbelt (1996) for further discussion of these inputs.
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Figure 5.17 Refrigerative Cooling Sizing Inputs Dialog

5.17. Thermal Storage Configuration Input Dialog

The* Thermal Storage Configuration” input dialog (Figure 5.18) is accessed from the * Inlet Air Cooling”
menu item. This option is only available if the refrigerative cooling option is selected in the “Inlet Air
Cooling Configuration” input dialog (Figure 5.9). CTCOOL alows for daily or weekly storage with
load-shifting or load-leveling options. 1n addition to selecting the type of storage and type of strategy, the
storage and defrost efficiency have to be entered. The latter factor accounts for defrosting energy added
to the storage tank that must be removed in subsequent ice-making cycles. The second stage efficiency
inputs can only be entered if the inlet air is cooled to O °F (Figure 5.9).
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Figure 5.18 Thermal Storage Configuration Dialog

5.18. Evaporative Cooling Cost | nputs Dialog

The* Evaporative Cooling Cost Inputs’ dialog (Figure 5.19) is accessed from the “ Cost Input” menu item.
This option is only available if the evaporative cooling option is selected in the “Inlet Air Cooling
Configuration” input dialog (Figure 5.9). For evaporative cooling, only three inputs are required. The
cost of the evaporative coil is estimated as a function of the SO power. The operation and maintenance
cost, “O & M Cod”, is estimated as a percent of the total evaporator cost. Finaly, there is the unit cost
($/gal) associated with the water consumed in the process.
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Figure 5.19 Evaporative Cooling Cost I nputs
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5.19. Refrigerative Cooling Cost I nput Dialog

The “ Refrigerative Cooling Costs’ input dialog (Figure 5.20) is accessed from the “ Cogt Input” menu
item. Thisoption isonly available if the refrigerative cooling option is selected in the “ Inlet Air Cooling
Configuration” input dialog (Figure 5.9).

All default costs are in terms of mid-1994 dollars and are intended to include all costs associated with
eguipment and material purchase and installation. All components except the complex compound chiller
are mature, commercialy available products. Complex compound chiller costs were estimated based on a
mature production scenario, i.e., the first unit would probably be more expensive.

i Hefnigerative Cooling Costs

i~ Heat Recovery Steam Generator Cost—

| Cost |Exponent - &ir Cooling Coil Cost |
j—‘ ]— ; ]D.2
Heat Exchanager [$/Btulh/sf) 1060 [§j0 8 First Stage [$/4] — Chiller Cost—

Steam Flow Cast [8/b/s] |55 Fist Stage DM Cost il o) |2 First Stage ($tor) |

Exhaust Flow [§Ab/s) 112 |12 g [
J— | o E
0&M Cost (% initial cost) 3 Cost] O&Cost (% initial cost)

a0

' [DsM Cost | 1 ' [0&M Cost
Exporent Cost [% initial)

| 32 iniial) E=ponent

Cost

lce Generator [$/ton] ]580 12 System Controls Cost [§ fixed] 250000 !B
Chilsd Water Generator (§20n) |20 ; Plari Electric (8 fixed) | 100000 [2

e Stoimgs [torh] ]153.5 11 5 ]n.?5 Circulation Pumps and Pipes {3—
\waler Siorage (Ssionty. 12724 |15 [F]o75 First Stage Ammoria Circulalion Cost [$4b/15000) |54000 |3 |06
Cosling Tower (§/nBrusigz) 175200 |2 D878 | i Stane snmorie Ciealation ost 15000 |2 E B
Generator Heat Exchanger[$/:f] 1855 11 10'511 Steam Circulation Costs [$4gpm/10000] |32DDDD 13 ID'E
Transformes Cost (B0 Pesk) 720 |2 f0.4359 ChileeWater Cirulation Costs (3/gem/10000) 122000 2 o8
Evaporator Caoling Coil Cost (/4w 150] 0l \Water Circulalian Costs [$/gpmy1000) 250000 |3 05
Storags Costs (§/gpm/10000) |170000 |3 05

Cancel QK

Figure 5.20 Refrigerative Cooling Cost Input Dialog
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5.20. NPV Input Dialog

The* NPV Inputs’ dialog (Figure 5.21) is accessed from the “ Cost Input” menu item. This option is only
available if the evaporative or refrigerative cooling option is selected in the “Inlet Air Cooling
Configuration” input dialog (Figure 5.9). The inputs shown in Figure 5.21 are needed to perform an
economic analysis for a given set of inlet air cooling system options.

CTCOOL performs an economic analysis by comparing the benefit of incremental power and energy
production with the cost of owning and operating the inlet air cooling system. With costs and benefits
denominated in dollars, economic feasibility is determined by calculating the net present value (NPV) of
the investment. The preferred cooling systems are those with the highest NPV s for a given set of
application conditions. Refrigerative and evaporative cooling systems are compared against reference
plants that are uncooled. Refrigerative cooling systems may also be compared against reference plants
that are already evaporatively cooled. In either case, the annual kWh output and fuel input for the
reference plant must be entered in thisinput dialog along with the values of incremental kW and kwh
production and the cost of fuel. The model calculates the incremental on-peak generating capacity, so the
reference on-peak generating capacity does not need to be entered.

The mode assumes that all incremental kWh production occurs during the on-peak period; i.e., the inlet
air is only cooled during the on-peak period. Therefore, if the model is set up to cool inlet air around the
clock, the valuation of incremental kWh production and NPV calculations will be incorrect. The value of
off-peak kWh must be specified for cooling systems with storage, where part of the parasitic power
consumption occurs during the off-peak period.

The multipliers are the present value factors for incremental electricity production, O&M costs, fuel costs,
and initial construction costs. For example, incremental electricity production valued at $1 per year has a

present value of $10.39 based on the multiplier (present value factor) shown in Figure 5.21. The
multipliers must be determined externally to CTCOOL.

NPY Inputs |
Fieference Plant Net Kiwh  |5.14167e+008 ki Aiwh Multiplier | 10.331

Reference Plant Fuel Consumption [mBtu) 14-5539?‘3"']['5 DM Multipher 119391

On Peak kw Cost (k) [62 OFf Peak kKwh Multipier  |10.391

O Peak kiwh Cast ($/kwh] 0038 Fuel Multiplier 114326

Of Peak kw'h Cost [$2wh] 1'1'324 Capital Cost Multipher  |1.0097

Fuel Cost ($/mBtu]  [2.25

Drefault Cancel I

Figure5.21 NPV InputsDialog

LERES
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5.21. Input Summary Dialog

The*Inputs’ didlog (Figure 5.22) is accessed from the “ View” menu. This dialog prepares a summary of
the file inputs. The tabulated inputs may aso be printed to afile by clicking on the “ Output to File’
button.

Inputs

Project Information

Project Hame Case Study Power Plant Upgrade
Addre=ss F.0 Box 999, KG-lg
Analy=t Srinivas Katipamula
City Richland
Project Description
Zip Code 99352
Altitude =11
THY Weather File Houston
Plant Type Simnple Cycle Industrial Frame
IS0 Heat Rate (Btu-skUh) 11700
IS0 Power (HW) 100
IS0 Mass Flow Rate (lb=-h) 2342350

Perfornance Curves Heat Rate

Altitude Adjustment - Slope 0.00000e+000

Altitude Adjustment - Intercept 1.00000e+000

Firzt Range Temperature Adjustment — Slope 9 E0000e-001

Firzt Range Temperaturs Adjustment - Intercept g.33300e-004

Temperature Below Which the First Range Applies 60

Second Range Tenperature Adjustment — Slope 1.00000e+000

Second Fange Temperature Adjustment - Intercept 1 66600e-003

Temperature Below Which the Second Range Applies 150

Third Range Temperature Adjustment — Slope 1.00000e+000

Third Range Temperature Adjustment Intercept 0.00000e+000
Temperature Below Which the Third Range Applies:1G0.0 Exhaust Pressure Drop Adjus

Exhaust Pressure Drop Adjustment - Intercept 1.66600=-003

Himada b Adaatmant - Cltn 1 ANAAN=Lnnn

DumuHDHbI

Figure 5.22 Echo of Inputs Dialog

5.22. Gas Turbine Performance Analysis Output Dialog

The* GT Anaysis Results’ dialog (Figure 5.23) is accessed from the “ Analysis” menu. After al the
inputs are selected/entered, the annual performance of the gas turbine may be smulated. First, the
weather data must be read by clicking the button “ Get Weather Data” in Figure 5.23. After the weather
data are processed, the button “ Run GT Analysis’ may be clicked to simulate the gas turbine
performance. This button will be disabled until the weather data file is processed. After the analysisis
completed, the results are tabulated in the output box, as shown in Figure 5.23. The tabulated results may
also be printed to afile by clicking on the “ Output to File” button.
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GT Analysiz Results E

Weather File Mame

Get 'Weather Dataj MNumber of Recards: !35"53

Output for Eesults with the Weather File

Humber of Operating Hours
Humber of Active Cooling Hours
Annual Energy Output (MUh)
Average Power (HW)
Annual Fuel (mmBtu)
Average Heat Rate (kBtu-kWh)
Feference Power (kWh) at Max. Enthalpv
Ba=ze Power (kWh) at Max. Enthalpy
Peak Power Conditions and Value
Minimum Power Conditicons and Value
Pealk Heat Rate Conditions and Value
Hinimum Heat Rate Conditicon=s and Walue
Feak Ailr Flow Rate Conditions and Value
Minimim Air Flow Rate Conditions and Walue
ATR COOLING LOAD CUTPUT
Pealk Hourly l=st Stage Cooling Load (mmBtu~<h)
Annual l=st Stage Cooling Load (mmBEtuh)
Average Hourly l=st Stage Cooling Load (mmBtush)

FPeak Hourly lst Stage Chiller Power {(mmBtu~<h)
Peal Hourly lst Stage Chiller Power (kWh-h)
Annual lst Stage Chiller Energy Consumption (mmBtu)
Annual lst Stage Chiller Energy Consumption (LkWh)
Cutput for Results with the Weather File

24000

524,000

53807.742

102.687

625350.125

11.622

7 22 16 203 87.598

1 15 91 102 686

1 16 91 102 686

1 15 91 102.686

1 16 91 11621.979

1 15 91 11621.979

1 16 91 2374070250
115 91 2374070.250

R S N N

7 22 16 203 52487780.00
19170813952, 000
36585524 000

CHILLER PEAE EHERGY HON-STORAGE CASE {(adjusted for Genrator Cooling Factor)

7 22 16 203 85.314

7 22 16 203 24996.785
30683 .914

8990306 . 000

Humber of Operating Hours 524 000
Humber of Active Cooling Hours 524,000
Annual Energy Output (MUh) L3807 . 742
Average Power (HW) 102.687
~ Loading \Weather Data ...
(LTI T T T T T T T T T T T TR Ouputofie| O

Figure 5.23 Gas Turbine Performance Analysis Output Dialog

5.23. Cooling Equipment Sizing Output Dialog
The “Cooling Equipment Sizing” results dialog (Figure 5.24) may be accessed from the “ Analysis’ menu

only after the gas turbine annual performance is simulated. The tabulated results may aso be printed to a
file by clicking on the “ Output to File” button.

5.24. Cooling Equipment Costs Output Dialog

The* Cooling Equipment Costs’ output dialog (Figure 5.25) may be accessed from the * Analysis” menu
only after simulating the gas turbine annual performance and sizing the cooling equipment. The tabulated
results may also be printed to afile by clicking on the * Output to File” button.
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Cooling Equipment Sizing

Weather File Name

F:

Nuwberofﬂecmdsi

CHITLER SIZIHG OUTPUT {adju=sted by gencoolfac)

Hon-Storage l=t Stage Chiller Size (mmBtu)
Cooling Coil T4 (BtusF-h)}
Generator Cooling Heat Emxchanger Area (=f)
Chilled water circulation loop =ize [42-52 F] {(gpm)
Chilled water generator loop =ize [42-52 F] (gpm)
Peal Pump Power (kW)
Annual Punping Energy Consunption (kWh)
Generator Cooling Loop Peall Pump Ppwer (kW)
Generator Cooling Loop Annual Pumping Energy (kWh)
l=t Stage Cooling Tower

Pezl: Heat REejection (Btu-h)
Water Pipe Sizing {(gpm)
Fe=al Water Pumping Power (kW)
Annual Water Pumping Energy {(klh}
Chiller Parasitic Power (kW)
Annual Chiller Parasitic Energy (kWh)
Peal Fan Power (kW)
Annual Fan Energy (kWh)
Annual Water Cons=umption {(gals)
l=t Stage HRSG Sizing

Final ezhaust temperature of GT (F)
Air Side Exhaust Pressure Drop in HRSG (in of h20)
HESG T4 (Btu-sh-f)

L B T

HRPS St+to=mmwm R1arr

Output to File

7 22 16 203 55112168.00
2869150 . 250

333255

8740.971

437 048

262.229

95777 . 453

13.111

4788 .8968

134106272 . 000
26799 814
535,996
195769.078
62.460
22813 . 268

167 633
61226 . 785
6094697 .500

857 . 961
2.029

124993 734
aaand 74

Figure 5.24 Cooling Equipment Sizing Calculations

Cooling Equipment Costs

Cost Information

Type: Double Stage Lithium Bromide — 1=t Stage Chiller
Co=t ($-ton):
{az % of initial cost):
Co=t ($):
D&M Costs (§5):

Q&M cost

Stage air cooling coil

Co=t ($-[Btu h-£f]):

fas % of initial cost):
Co=t (%):

D&M costs ()

Q&M cost

1=t Stage generator cooling coil
Cost ($-£+72)70.511:
&M cost (as % of initial cost):
Co=t (%)
D&M costs ()
lst Ammonia circulation cost
Cost (1lb-h~15,000)370.6:
D&M cost (a= ¥ of initial cost):
Co=t (%)
D&M costs (5):
Cost (%) [generator loop]:
D&M costs ($) [generator loop]:
1=t Stean-Condensate cost

Cost (gpm~10,.000370.6:
&M cost (as= ¥ of initial cost):
Cost (%)

Dumuuoﬁh]

650000
S.o00
3203049 750
160152 4584

0.200
2.000
573830.063
11476 .601

865 . 000
1.000
16832 756
168 328

54000.000
3.000
.noon
.noo
.noo
.noo

ocooo

320000.000
3.000
28677 260

Figure 5.25 Cooling Equipment Cost Estimates
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5.25. NPV Calculations Results Dialog

The “ NPV Calculations’ results dialog (Figure 5.26) may be accessed from the “ Analysis’ menu only
after smulating the gas turbine annual performance, sizing the cooling equipment, and estimating the
cooling equipment costs. The tabulated results may also be printed to afile by clicking on the “ Output to
File” button.

Output Erom HEV routine

t on-pesk power geoersted (kW) 18463.039

llat cn-pealk everogy generatad (kwh) 7322550.500

bat off-pesk ensrgy comsumed (kh) 1600610.875

Bet Euel (5) S5981.500

HEV (5] 84z235e1.000
Incremantal power cost (5K 182 .578
m-Peak kW portion of BEV (5] 120B6514.000

Cm-Peak k'wh portion of HFW [3) 2891367.500

QEf-Peak EWh portion of NEY [5) -324322.960

Oriputto Fika

Figure 5.26 NPV Calculations Results

32



6. Sample Case

A sample case, including both the inputs and outputs from the CTCOOL software, is presented in this
section.

The various inputs are shown in Figures 6.1 through 6.12. The gas turbine is assumed to operate on

weekdays between 2 p.m. and 6 p.m. (4 hours) for the months of April through September. The inlet air
cooling schedule is identical to that of the gas turbine operating schedule.

Project Information

Froject Mame:

Address: |F'.III Box 999, K516

City/State: [Richland, wa Zip: [39352

Project Description: |E conamics of cooling an Industrial Frame gaz
turbine 4 hours a day during peak peniod with ice
storage [load shifting].

Analyst: ISrinivas k.atipamula

—weather Drata
™ User Defined et Eiletame | |
Alktude [f) 577 Wieather File INashviIIe.tm}l _:j

Caticel i Ok,

Figure 6.1 Project Information
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IS0 Ratings

i~ Gaz Turbine 1 Power [Myw] 100

* Simple Cycle Industrial Frame Heat Flate (Brafkhy: 11700
£~ Simple Cycle Aeroderivative et '

" Combined Cycle Industrial Frame bazz Flow Rate [lbz/hel; |2 34235e+006

GT Power [Mw] |0
tafaiit 156 Eafing 1 STPower(Mwl [T

Default Perfarmance Curves ] Cancel J aEk.

Figure 6.2 I SO Rating for the Industrial Frame Gas Turbine

Heat Rate Performance Coefficients
|ntercepl Slope
Altitude: |1 i
Dy Bulb Temperature First 095 [0 nonez33 =0
Ciry Bulb Temperature Second Range: J'I 1'1']']1 BEE ] =R l'l a0
Dy Bulb Temperature Third Bange: ]1 1':' l =1500

Absalute Humidity; |1 |0

|nizremental Inlet Air Preszure Drop [in H20]; j'l 1EI.EIEI'I BEE

|ncremental Exhaust Prezsure Drop [in H20]; j'l iEI.EIEI'I BEE

Cancel (]

Figure 6.3 Heat Rate Performance Coefficients



Power Performance Coefficients

Altitde;

Dy Bulb Temperature First:
Dy Bulb Temperature Second Bange:

Dy Bulb Temperature Third B ange:;

Abzolute Hurmdity:
Incremental Inlet Air Pressure Drop [in H20):

Incremental Exhaust Prezsure Drop [in H20]:

Intercepl

Slope

{-3.18752-005

{1.23

{-0.003875

<= j'IEEI

{160

|-0.004333

|-0.001534

Drefault Cancel

Figure 6.4 Power Performance Coefficients

Air Flow Rate Performance Coefficients

Altitude;

[y Bulb Temperature First:
Dy Bulb Temperature Second Bange:

[y Bulb Temperature Third Bange:

Abzalute Humidiby;
Incremental [nlet Air Preszure Drop [in H20]:

|ncremental Exhaust Preszure Drop [in H20]:

[refault

Intercepl

Slope

|-3.1875e-005

1122

{-0.00217

<= j'IEEI

{150

|-0.002333

{0

Cancel

Figure 6.5 Air Flow Rate Performance Coefficients
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Inlet Air Cooling Configuration E

— Twpe of Cooling

‘ " Maolnlet & Cooling Evaporative Cooling % Refrigerative Cooling

Cancel | OF. I

Figure 6.6 Inlet Air Cooling Configuration

Refrigerative Cooling Configuration

—Inlet &ir Temperature——————————
COO[F) ™ 42(F) T B2(F) | E shaust-Side Prezzure Drop [in H20] ||:I

Air-Side Pressure Drop [in H20]: im Generatar Cooling Factor l1 03

= First Stage Cooling

Chiller Type: IVEIF"I'T Compression ;I Chiller Configuration

—Second Stage Cooling

Chiller Type: I LI = e O =L

Drefault | Caricel I Ok, i

Figure 6.7 Refrigerative Cooling Configuration
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Yapor Compreszion Performance Data

| COP = Intercept + explSlope * Outzide-Air Wet-Bulb Temperature [F]]

] Relative Capacity = Intercept + Slope * Outzide-Air Wet-Bulb Temperature [F]

—COP i Relative Capacity

Intercept:

Crefault Cancel I | ] |

Intercept; 11 g Heal Rejechion Rate [Biushton]: 11 4734
Slope i-EI.I:ﬂeM Slope: ]-EI.EIEH Farasitic Power [Kiw]: ]':'7

Figure 6.8 Vapor Compression Performance Data

Refrigerative Cooling Sizing Inputs

Chiller ‘water Temperatures — - Generator Cooling Heat Exchanger
Inlet F] |34 First Stage Log Mean Temp. Diff. [F] |39 First Stage Heat Exchanger

Dutlet [F] o e e ek

First Stage Latent Heat of Waporization [Btudlb) ]549 e sl ey e e

i1 Chiller \water Circulation Power Ky /gpm)

Gaz Turbine E shaust Temperature [F) ]TDEE_ Ammonia Circulation Power [k Ab/h)
Gas-Cp [Btulb-F) W Steam Piping Power [kKiwAb/h)

Mawimum Pressure Drop in HRSG (inaf H20) 110— Cocling Tawer Fan Pawer (K fmBtuh)
Conling ' ater Fiping Power (ki égpm) ]EI_U.2— “wiater Chiller Power [l fton]

Ice Gererator Power [k dtar] W Chilled ater Generator Sizing [gpm/ton]

lce Generator Sizing [gpm/ton) 13
Default Cancel

AR ERN

L& [Btu/F)

e-005

Ee-005

Figure 6.9 Refrigerative Cooling Sizing I nputs
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Thermal Storage Configuration

Figure 6.10 Thermal Storage Configuration



LL & i A AAAA
B N
B miinnw

H OLELE
BLLESLLLLL

i . .qwmm m-mw-
memu

Figure 6.11 Refrigerative Cooling Costs
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MPY Inputs |

Feference Plant Netkwh [614167e+008 | ju/kwh Muliplier ]10.391

Reference Flant Fuel Consurmption [mBtu) ﬁm Ot rultiplier W
O Pesk ki Cost (8/kw] |53 O Peak Kwh Muligher  [10.391

Un Peak kiwh Cost [$/K'wh] W Fuel Multiplier W

Off Peak kiwth Cost (82w 0024 Capital Cost Muliper  [1.0057

Fuel Cost ($/mBtu]  [2.25

Drefault I Cancel I

Figure 6.12 NPV Inputs

6.1. Annual, Peak and Minimum Values for Selected Performance Parameters

Annual gas turbine performance, along with the minimum and peak values for various performance
parameters, is listed below. Also shown below are the annual and peak-cooling loads. For the peak and
the minimum values, the first four figures represent the month, day of the month, hour of the day, and day
of the year, respectively, while the last figure represents the actual value of the variable.

GAS TURBI NE PERFORVANCE

Nunber of Qperating Hours 524

Nunber of Active Cooling Hours 524

Annual Energy Qutput (M) 54777. 2

Aver age Power (MN 104. 537

Annual Fuel (mmBtu) 631800. 5

Aver age Heat Rate (kBtu/ kW) 11.534

Ref erence Power (MAN at Max. Enthal py 8 20 15 232 85.7
Base Power (MA at Max. Enthal py 15 91 104.5
Peak Power Conditions and Val ue (MN 18 98 105.3
M ni mrum Power Conditions and Val ue (MAN 15 91 104.5

Peak Heat Rate Conditions and Val ue (kBtu/ kW) 16 91 11.534
M ni nrum Heat Rate Conditions and Val ue (kBtu/ kW) 18 98 11.515
Peak Air Flow Rate Conditions and Val ue (Ib/h) 18 98 2391207

M nimum Air Flow Rate Conditions and Value (Ib/h) 4 1 15 91 2381240

ADNDMDADN
WOR R ORE

Al R COOLI NG LOAD OUTPUT

Peak Hourly 1st Stage Cooling Load (nmBtu/h) 8 20 15 232 62. 650
Annual 1st Stage Cooling Load (mmBtu) 20155. 80

Average Hourly 1st Stage Cooling Load (nmBtu/h) 38. 465

Peak Daily 1st Stage Cooling Load (mBtu/day) 231. 407
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CH LLER PEAK ENERGY NON- STORAGE CASE (adjusted for Cenerator Cooling Factor)

Peak Hourly 1st Stage Chiller Power (mBtu/h) 8 20 15 232 14.5
Peak Hourly 1st Stage Chiller Power (kWh/ h) 8 20 15 232 4255
Annual 1st Stage Chiller Energy Consunption (mBtu) 4112

Annual 1st Stage Chiller Energy Consunption (kW) 1204913

6.2. Cooling Equipment Sizing Output
The sizing results for various components of the cooling plant are shown below.

Daily Load Shifting 1st Stage Chiller Size (mBtu/h) 14.437

1st Stage Daily Load Shifting Storage Size (mBtu) 245. 432
Cooling Coil UA (Btu/F-h) 2883862.5
Cenerator Cool i ng Heat Exchanger Area (sf) 397.8
Chilled water circulation |oop size [42/52 F] (gpm 10433
Chilled water generator |oop size [42/52 F] (gpm 522
Peak Punp Power (kW 313
Annual Punpi ng Energy Consunption (kWwh) 100698
Cenerator Cooling Loop Peak Punmp Power (kW 15.7
Cenerat or Cool i ng Loop Annual Punpi ng Energy (kW) 5035
Ammoni a 1 oop (chiller-to-storage)

Crculation | oop size (Ib/h) 26297
Peak punpi ng power (kW 0. 526
Annual punpi ng energy (kW) 916

1st Stage ice generator sizing

Crculation | oop size (gpm 3609
Peak punpi ng power (kW 36
Annual punpi ng energy (kW) 62874. 6
1st Stage Cooling Tower

Peak Heat Rejection (Btu/h) 17726422
Water Pipe Sizing (gpm 3542. 5
Peak Water Punping Power (kW 70.9
Annual Vater Punping Energy (kW) 123420
Chiller Parasitic Power (kW 0. 000
Annual Chiller Parasitic Energy (kW) 0. 000
Peak Fan Power (kW 22.2
Annual Fan Energy (kW) 38599. 8
Annual Water Consunption (gals) 3842335
Peak auxiliary power consunption (kW 328.7
O f-peak auxiliary power consunption (kW 1001.8
Peak auxiliary annual energy consunption (kW) 105733
O f-peak auxiliary annual energy consunption (kW) 1600611
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6.3. Cooling Equipment Cost Estimates
The cost estimates for various cooling components are shown below.

Vapor Conpression - 1st Stage Chiller

Cost ($/ton): 520

&M cost (as % of initial cost): 4

Cost ($): 624985

&M Costs ($): 24999

1st Stage air cooling coil

Cost ($/[Btu/h-f]): 0.2

&M cost (as % of initial cost): 2.0

Cost ($): 576773

O&M costs (9$): 11535

1st Stage generator cooling coil

Cost ($/ft"2)70.511: 865

&M cost (as % of initial cost): 1

Cost ($): 18426

O&M costs (9$): 184

1st Stage cooling tower circulation cost

Cost (gpm 10, 000) ~0. 6: 260000

&M cost (as % of initial cost): 3

Cost ($): 139494

O&M costs (9$): 4184

1st Stage cooling tower cost

Cost (mBt u/ h-192)~0. 876: 662000

&M cost (as % of initial cost): 2

Cost ($): 82126

O&M costs (9$): 1643

1st Stage Makeup Water Cost ($1/1000 gals)

Makeup Water Costs 3842

1st Stage |Ice Cenerator/Storage

CGenerator cost ($/ton): 590

Cenerator O&M cost as (% of initial cost): 2

I ce storage cost ($/ton-hrs)”0.75: 163. 6

Ice storage O&M cost (as % of initial cost): 1.5

CGenerator cost (9): 709827

CGenerator &M costs ($): 14197
I ce storage cost (9$): 279798

Ice storage O&M costs (9$): 4197

1st Chilled water circul ation cost

Cost (gpm 10, 000) ~0. 6: 290000

&M cost (as % of initial cost): 3

Cost ($): 297475

O&M costs (9$): 8924

Cost ($) [generator |oop]: 49298

&M costs ($) [generator |oop]: 14794
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1st stage storage water charging cost (ice |oop)

Cost (gpm 10, 000) ~0. 6: 100000
&M cost (as % of initial cost): 3

Cost ($): 54257
O&M costs (9): 1628
1st Ammonia circul ation cost (chiller-to-storage)

Cost (I b/ h/ 15, 000)"0. 6: 54000
&M cost (as % of initial cost): 3

Cost ($): 75628
O&M costs (9): 2269
System control cost

Fi xed Cost ($): 250000
&M cost (as % of initial cost): 6

O&M costs (9$): 15000
Pl ant el ectric cost

Fi xed Cost ($): 100000
&M cost (as % of initial cost): 2

&M costs ($): 2000
Peak transformer cost

Cost ($ kW~"0. 4359: 5553
&M cost (as % of initial cost): 2

Cost ($): 112868
O&M costs (9$): 2257
Total capital cost ($) 3370955
Total O&M cost (%) 98339

6.4. Net Present Value Outputs
The net present value (NPV) outputs are shown below.

Net on-peak power generated (kW 18463
Net on-peak energy generated (kW) 7322551
Net of f - peak energy consuned (kWh) 1600611
Net fuel (9) 55982
NPV (%) 8423581
I ncrenental power cost ($/ kW 182.6
On- Peak kW portion of NPV 12086514
On- Peak kWh portion of NPV 2891368
O f-peak kWh portion of NPV (%) - 324323
O8M portion of NPV (%) -1021845
Fuel portion of NPV (%) - 1804480
Capital portion of NPV ($) - 3403653
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Appendix A

Model Structure



Appendix A Model Structure

The two flow-charts show the logical flow of the model structure.

Select TMY
Weather or Select
Custom Weather
File

Select Type of
Gas Turbine and

enter ISO rating :
values

Enter Performance
Curves for Heat
Rate, Power, Air

Flow Rate
gorrllblged Enter Exhaust
'I¥C %, as Combined Flow Factor
urbine Cycle Performance
Curves

Simple
Cycle

Enter Gas Turbine
Operating
Schedule

Evaporative
Cooling

Enter Values for the
— Evaporative Cooling
Inputs

Evaporative
Cooling

Enter Values for the
Refrigerative Cooling Refrigerative
Inputs including Chiller Cooling

Refrigerative
Performance Curves
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Appendix B Custom Weather File Format

Severd weather files are provided with the software; these files have been derived from the TMY weather
tapes. However, the user can use a custom weather file for the analysis. The format of the weather file is
shown in Table B1, with sample data shown in Table B2. The file should be prepared in ASCI| “ space-
delimited” format.

TableB1 - Format for the Custom Weather File

Column Input

1 Month

2 Day of Month

3 Hour of Day

4 Day of Year

5 Day of Week (1=Sunday, 2=Monday, 3=Tuesday, 4=Wednesday, 5=Thursday,

6=Friday, 7=Saturday)

6 Dry-Bulb Temperature (°F)
7 Wet-Bulb Temperature (°F)
8 Dew-Point Temperature (°F)

Table B2 — Sample Weather Data for Houston

Day of Hour Day Day Dry- Wt - Dew

Mont h of of of Bulb | Bulb Poi nt
Mont h Day Year | Week | (°F) (°F) (°F)
1 1 1 1 5 52 51 50.1
1 1 2 1 5 52 51 50.1
1 1 3 1 5 52 51 50.1
1 1 4 1 5 52 51 50.1
1 1 5 1 5 52 50 48. 3
1 1 6 1 5 52 50 48. 3
1 1 7 1 5 52 51 50. 2
1 1 8 1 5 53 51 49.5
1 1 9 1 5 53 51 49.5
1 1 10 1 5 55 51 47.7
1 1 11 1 5 58 51 45
1 1 12 1 5 60 51 43.3
1 1 13 1 5 61 51 41.9
1 1 14 1 5 61 50 39.6
1 1 15 1 5 62 50 38.5
1 1 16 1 5 59 48 36.9
1 1 17 1 5 57 47 36.4
1 1 18 1 5 54 45 35.4
1 1 19 1 5 53 44 33.6
1 1 20 1 5 51 43 33.6
1 1 21 1 5 50 43 34.8
1 1 22 1 5 48 42 34.8
1 1 23 1 5 46 41 35.4
1 1 24 1 5 44 40 35.4

The project information dialog (Figure 5.2) provides the user the ability to select a custom weather file by
checking the “ User Defined” button. After the “ User Defined” button is checked, the “ Get File Name”
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button becomes active and the user can provide the path and the file name of the custom weather file by
double clicking on the button. It isthe user’sresponsibility to make sure the data are consistent and are
in the order specified (Table B1).
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Appendix C Component Sizing

The equations and assumptions used to size cooling system components are presented in this Appendix.

C.1 Chiller Sizing

For direct air cooling applications (without storage) the chiller is sized to meet the peak air cooling load
(pacl) and the cooling load required to cool the generator:

1* Stage Chiller Size (Btu/h) = 1% Stage pacl x gcf

where "gcf," the generator cooling factor, isthe amount of additional cooling needed for the generator (a
value of 1.05 is the default assumption). When the air is cooled to 0°F, two chillers are sized. The first
chiller meets the pesk cooling load required to cool air from the ambient condition to 42°F (1% stage).
The second chiller meets the peak cooling load to cool the air from 42°F to 0°F (2™ stage).

2™ Stage Chiller Size (Btu/h) = 2™ Stage pacl x gcf

When daily storage is used, the total load the chiller is required to provide is the sum of the peak daily air
cooling load (pdcl), the daily generator cooling load, and the load required to offset the storage and
defrogt (ice storage only) losses. For load-shifting storage, the chiller is sized to generate the total load
while operating only during the period when there is no inlet air cooling:

Chiller Size, Daily Load-Shifting (Btu/h) = (pdcl x gcf x seff x deff)/nop

where "seff" and "deff" are storage and defrost efficiencies, respectively, and "nop" is the number of

hours the chiller can operate when inlet air is not being cooled. For example, if the inlet air is cooled 4
hours per day with an electrically-driven chiller, "nop” is 20 hours. For thermally-activated chillers,
"nop" is the difference between the number of plant operating hours and the number of inlet air cooling
hours (because the thermal energy required to run the chiller is extracted from the power plant). For load-
leveling storage, the chiller is sized to provide the total daily load while operating 24 hours a day (for
electrically-driven chillers) or while the plant is operating (for thermally-activated chillers).

Chiller Size, Daily Load-Leveling (Btu/h) = (pdcl x gcf x seff x deff)/op

where "op" is either 24 or the number of plant operating hours. When weekly storage is used, the total
load the chiller is required to provide is the sum of the peak weekly air cooling load, the weekly generator
cooling load and load required to offset the storage and defrost (ice storage only) losses. For load-
shifting, the chiller is sized to generate the total load while operating only during the period when there is
no inlet air cooling. The same equations used to size chillers for daily load-shifting and load-leveling are
used for weekly load-shifting and load-leveling. The "nop" for weekly storage is either multiplied by 5 or
7, for thermally activated chillers, depending on whether the plant operates on weekends or not. For
electrically-driven chillers with the plant operating on weekends, the daily "nop" is multiplied by 7; when
the plant is not operating on weekends, the weekly "nop" is.

weekly nop = (daily nop x 5) + 48
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C.2 Storage Sizing
The storage size for daily load-shifting is:
Daily Storage Size, Load-Shifting (Btu) = (pdcl x gcf)/seff
The storage size for daily load-leveling is:
Daily Storage Size, Load-Leveling (Btu) = (pdcl x gcf)/seff - (chiller size x noc x deff)
where "noc" is the number of inlet cooling hours. The storage size for weekly load-shifting is:
Weekly Storage Size, Load-Shifting (Btu) = (pwcl x gcf)/seff - (chiller size x nop x 4 x deff)
where "pwcl" is the peak weekly cooling load. The storage size for weekly load-leveling is:

Weekly Storage Size, Load-Leveling (Btu) = (pwcl x gcf)/seff - (chiller size x (noc + 24 x 4) x deff)

C.3 Inlet Air Cooling Coil Sizing
Both the 1% and 2™ stage inlet air cooling coil UAs are sized as follows:
Coil UA Size (Btu/h-°F) = pacl/? T,

where"? T\ isthe log mean temperature difference. The heat exchangers required to cool the generator
are sized asfollows:

Generator Cooling Coil Size (sf) = pacl x (gcf - 1) /(? Tim X U)

The values used for "?T,," and "U" are shown in Table C.1.

Table C1- ?Tnand U Values Used for Sizing Generator Cooling Cail

Mode ?Tim U
Inlet air cooling to 42°F or 52°F 35 225
Inlet air cooling to 0°F

1% Stage | 10 | 225
2" Stage | 60 225

C.4 Chilled Water Circulation System Sizing
The chilled water (CW) circulation loop is sized as follows:

CW Circulation System Size (gpm) = pacl / (500.4 x (T, - Ty))
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For LiBr chillers or water storage cases, T, and T; are 56°F and 44°F, respectively; and for ice storage, T,
and T; are 46°F and 34°F, respectively. The circulation system needed to cool the generator is calculated
similarly:

CW Circulation System Size Generator Loop (gpm) = pacl x (gcf - 1) / (500.4 x (T, - Tj))
The peak pumping pump required to pump water is calculated as follows:

Peak Pumping Power (kW) = CW Circulation System Size x kW_gpm

where "kW_gpm" is the power (kW) required to pump 1 gallon of CW per minute. The same equation is
used for calculating the generator peak pumping power. Annual pumping energy for both the main CW
loop and the generator cooling loop is calculated as follows:

Annual CW Pumping Energy (kWh) = Peak Pumping Power x acl/pacl

where "acl" is the annual cooling load.

C.5 Ammonia Circulation System Sizing
The ammonia circulation loop is sized as follows:
Ammonia Circulation System Sizing (Ib/h) = pacl / Ammonia hfg
where "Ammonia hfg" is the latent heat of vaporization for ammonia. For ammonia chillers operating at
an evaporator temperature of 32°F, the hfg is 543 Btu/lb, and for chillers operating at 20°F and -20°F
evaporator temperatures, hfg values are 549 Btu/Ib and 583 Btu/Ib, respectively. Typically, the first 1%
stage chiller operates at 32°F or 20°F evaporator temperature, while the 2™ stage chiller operates at -20°F
evaporator temperature. When ice or water storage is used, an additional anmonia loop between the
chiller and storage tank is sized similarly:
Ammonia Chiller-to-Storage Sizing (Ib/h) = Storage Size / Ammonia hfg
The circulation loop needed to cool the generator is calculated as follows:
Ammonia Circulation Size for Generator Loop (Ib/h) = pacl x (gcf - 1) / Ammonia hfg
The peak pumping pump required to pump ammonia is calculated as follows:
Peak Pumping Power (kW) = Ammonia Circulation System Size x kW_Ibh
where "kW_Ibh" is the power (kW) required to pump 1 pound of ammonia per hour. The same equation
is used for calculating the generator peak pumping power. Annua pumping energy for the main

ammonia loop, chiller-to-storage loop, and the generator loop is calculated as follows:

Annual Ammonia Pumping Energy (kWh) = Peak Pumping Power x acl/pacl
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C.6 Ice Generator Sizing

The size of the ice generator is same as the chiller. The circulation loop for the ice generator is sized as
follows:

Ice Generator Circulation Loop Sizing (gpm) = Chiller Size x ice_gpmpt / 12000

where "ice_gpmpt" is the circulation loop flow rate in gallons per minute per ton of chilling capacity.
The peak pumping power is calculated as follows:

Peak Pumping Power for Ice Generator (kW) = Chiller Size x ikW_ton / 12000
where "ikW_ton" is the kW per ton of chilling capacity. Annual pumping power is calculated as follows:

Annual Pumping Energy (kWh) = Peak Pumping Power x acl x gcf / (seff x Chiller Size)

C.7 Chilled Water Generator

The size of the chilled water generator is same as the chiller. The circulation loop for the chilled water
generator is sized as follows:

CW Generator Circulation Loop Sizing (gpm) = Chiller Size / (12000 x h2o0_gpmpt)

where "h20_gpmpt" is the circulation loop flow rate in gallons per minute per ton of chilling capacity.
The peak pumping power is calculated as follows:

Peak Pumping Power for CW Generator (kW) = Chiller Size / (12000 x wkW_ton)
where "wkW_ton" isthe kW per ton of chiller capacity. Annual pumping power is calculated as follows:

Annual Pumping Power (kWh) = Peak Pumping Power x acl x gcf / (seff x Chiller Size)

C.8 Cooling Tower Sizing
The pesk heat rejection rate at the cooling tower for both 1% and 2™ stage is calculated as follows:
Peak Heat Rejection Rate (Btu/h) = Chiller Size x Chiller Heat Rejection Rate / 12000

where the chiller heat rejection rate varies by chiller technology. The water pipe sizing for the cooling
tower is:

Cooling Water Sizing (gpm) = Peak Heat Rejection Rate / (500.4 x ?Te)
where ? T, is assumed to be 10°F. The peak pumping power is calculated as follows:

Peak Pumping Power (kW) = Cooling Water Sizing x ckW_gpm
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where "ckW_gpm" is0.02. Annual pumping energy is calculated as follows:
Annual Pumping Energy (kWh) = Peak Pumping Power x acl x gcf / (seff x Chiller Size)
The peak fan power for the cooling tower is calculated as follows:
Peak Fan Power (kW) = Peak Heat Rejection Rate x kW_mmBtu/1E6
where "kW_mmBtu" is 1.25. The annual fan energy consumption is calculated as follows:

Annual Fan Energy (kWh) = (Peak Fan Power x acl x gcf)/(seff x Chiller Size)

C.9 Chiller Parasitic Energy
The LiBr chiller has additional parasitic consumption, which is calculated as follows:
Annual Parasitic (kwh) = (Chiller Size/ 12000 x kW_ton) x acl x gcf / Chiller Size

where "kW_ton" is 0.0136 kW/ton for a single stage LiBr chiller and 0.028 kW/ton for a double-stage
LiBr chiller.

C.10 Heat Recovery Steam Generators (HRSG)

The heat recovery steam generator for thermally-activated chillers with a simple-cycle power plant is
sized asfollows:

HRSG UA (Btu/h-°F) = Peak Chiller Energy Consumption/? T,
where"?T\" isthe log mean temperature difference:
?Tim= ((gt_fex - feed_t) - (gt_ex - feed_t))/(log((gt_fex - feed_t)/(gt_ex - feed t))
where "gt_ex" is the temperature of the exhaust gas leaving the gas turbine (1000°F) and "gt_fex" isthe
temperature of the exhaust gas leaving the HRSG. The exhaust gas leaving the HRSG is calculated as
follows:
gt_fex (°F) = gt_ex - Peak Chiller Energy Consumption/(mass x C, Gas)

where "mass’ is the mass flow rate of the exhaust gas and a value of 0.25 Btu/ °F-lb is assumed for the
exhaust gas C,. The required steam flow is calculated as follows:

Steam Flow (Ib/h) = Peak Chiller Energy Consumption/(Steam hfg)
A maximum pressure drop equivalent to 10 inches of water is assumed to occur in the HRSG, if al the
energy from the exhaust gasiis extracted to generate steam (i.e., if gt_fex = 300°F). However, only a

fraction of the exhaust flow energy is required in most cases to meet the peak energy requirements of the
thermally-activated chiller:
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Fraction of Energy Required = (gt_ex - gt_fex)/(gt_ex - 300)
The required exhaust airflow to meet the peak chiller energy consumption is calculated as follows:

Exhaust Flow Rate (Ib/h) = Chiller Energy Consumption/(Cp Gas x (gt_ex - gt_fex))

C.11 Power Reduction Dueto Steam Extraction
Power islost when athermally-activated chiller is used with a combined-cycle power plant because the
steam extracted from the combined-cycle to run the chiller would otherwise be used to generated
electricity. The foregone electricity production is calculated as follows:

Power Reduction (kW) = (-0.0079 + 0.0172 x loge (Steam Pressure, psia))
The amount of steam that has to be extracted is calculated as follows:

Steam Flow (Ib/h) = Peak Chiller Energy Consumption/(Steam hfg)
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Appendix D Performance Analysis

The performance analysis includes calculation of the power output and fuel consumption of the
combustion turbine, with and without inlet air cooling, plus the parasitic power consumption of inlet air
cooling system components. The latter includes compressor power for vapor compression chillers, steam
and pump power for absorption chillers, pump power for the various fluid circulation systems, and fan
power for the cooling tower.

Annual performance data are calculated by aggregating performance calculated for each operating hour of
the year, based on hourly weather data. Performance assumptions were developed based on a
combination of information collected from equipment vendors and published literature. Specific
assumptions are presented below for the power plants and cooling system components.

D.1 Power Plants

Three power plant types were evaluated in this study: 1) smple-cycle industrial turbine, 2) simple-cycle
aeroderivative turbine, and 3) combined-cycle (based on an industrial-type turbine). Analysis of inlet air
cooling systems requires knowledge of the power plant's (combustion turbine and steam turbine, for
combined-cycle plants) performance (power output, heat rate, and mass flow rate) as a function of various
operating conditions (atitude, dry-bulb temperature, humidity, turbine inlet pressure drop, and turbine
exit pressure drop). Theimpact of operating conditions on power output and hesat rate directly affect inlet
air cooling economics, of course, while understanding the impact on mass flow rate is crucia to sizing
cooling system components.

Power output, heat rate, and inlet air mass flow rate at 1SO conditions (59 °F dry-bulb temperature, 60%
relative humidity, and sealevel elevation), and the correction factors for calculating these performance
characteristics at non-1SO conditions are presented below for each power plant type. Up to five
adjustment factors (F1 for atitude, F2 for dry-bulb temperature, F3 for humidity, F4 for excessinlet
pressure drop, and F5 for excess exhaust pressure drop) are multiplied by the I SO performance to
calculate performance at non-1SO conditions.

Simple-Cycle Industrial Frame Combustion Turbine

SO Power Output = 100 MW
SO Heat Rate = 11,700 Btu/kWh based on HHV
ISO Inlet Air Mass Flow Rate = 2,342,346 Ib/h.

Power Adjustment Factors:

F1=1.0-3.1875 E-5* h; h = dltitude, feet

F2=123-3.875E-3* T; T =inlet air dry-bulb temperature, °F

F3=1.0

FA4=10-4333E-3* P; P, = excessinlet air pressure loss, inches H,O
F5=10- 1634 E-3* P, P. = excess exhaust air pressure loss, inches H,0.
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Heat Rate Adjustment Factors:

F1=1.0

F2=0.95+8.333E-4* T forT<=60°F, F2=1.0+ 1.666 E-3* (T - 60) for T > 60 °F
F3=1.0

F4=10+1.666 E-3* P,

F5=10+1.666 E-3* P,

Inlet Air Mass Flow Rate Adjustment Factors:

F1=1.0-3.1875E-5* h
F2=1128-217E-3* T
F3=1.0
F4=10-2333E-3* R
F5=1.0.

Simple-Cycle Aeroderivative Combustion Turbine

SO Power Output = 45 MW
SO Heat Rate = 10,000 Btu/kWh based on HHV
ISO Inlet Air Mass Flow Rate = 1,093,482 Ib/h.

Power Adjustment Factors:

F1=1.0-33125E-5* h

F2=1.125for T <=32°FF2=1.125-5.06 E-3* (T - 32) for T > 32 °F
F3=1.0

F4=10-36E3*PR

F5=10-14E3* P,

Heat Rate Adjustment Factors:

F1=1.0

F2=0.94+1.00E-3* Tfor T <=60°F, F2=1.0+ 1.666 E-3* (T - 60) for T > 60 °F
F3=1.0

FA=10+12E-3* PR

F5=10+1.1875E-3* P,

Inlet Air Mass Flow Rate Adjustment Factors:

F1=1.0-33125E-5* h

F2=1.15-1875E-3* Tfor T<=32°F F2=1.09-321E-3* (T -32) for 32°F<T <60 °F
F2=1.0-4.67E-3* (T - 60) for T >=60 °F

F3=1.0

F4=10-255E-3* PR,

F5=10-3125E-3* P,
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Combined-Cycle

SO Power Output = 225 MW

Combustion Turbine Portion = 155 MW

Steam Turbine Portion = 70 MW

SO Heat Rate = 7300 Btu/kWh based on HHV
ISO Inlet Air Mass Flow Rate = 3,365,475 Ib/h.

Power Adjustment Factors for Combustion Turbine Portion:

F1=1.0-333E5* h
F2=122-37E3*T
F3=1.0
F4=10-32E3*PR
F5=10-12E3*P.

Power Adjustment Factors for Steam Turbine Portion:
The power adjustment factors for the steam turbine require a more complicated format. In general, steam
turbine power is presumed to be proportional to steam production from the HRSG, with an adjustment for
the impact of ambient temperature on condenser temperature. The general form for steam turbine power
adjustment is as follows:
P/Pso = exhaust flow factor * exhaust temperature factor * condenser temperature factor.
Each of these three factors is defined below.

Exhaust Flow Factor = F1* F2* F3* F4* F5, where

F1=1.0-333E5* h

F2=112-215E-3* T

F3=1.0

F4=10-25E-3* PR,

F5=1.0.

Exhaust Temperature Factor = (Teqag - 550)/542, where

Texhat = 1054 + 0.517 T + P, + 0.8 P for T <= 60 °F or

Texhaus = 1085 + 0.850 (T - 60) + P, + 0.8 P. for T > 60 °F.

Condenser Temperature Factor =

1-1.9 E-4* (Tup- 54) for T, <= 54 °For
1-9.0 E-4* (Tup - 54) for T, > 54 °F, and
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Twp = ambient wet-bulb temperature, °F.

Heat Rate Adjustment Factors for Combustion Turbine Portion:

F1=1.0

F2=094+1.00E-3* TforT<=60°F, F2=10+15E-3* (T - 60) for T > 60 °F
F3=1.0

FA=10+17E-3* R

F5=10+145E3* P..

Heat Rate Adjustment Factors for Combined-Cycle:

Overall Heat Rate = CT Heat Rate * CT Power / CC Power

7300 = CT Heat Rate * 155/225; Reference CT Heat Rate = 10,597 Btuw/kWh
Adjusted CT Heat Rate = 10,597 * F1* F2* F3* F4* F5

Adjusted CC Power = Adj. CT Power + Adj. ST Power

Adjusted CC Heat Rate = Adj. CT HR * Adj. CT Power / Adj. CC Power.

Inlet Air Mass Flow Rate Adjustment Factors:

F1=1.0-3.33E5h
F2=112-215E-3T
F3=1.0
F4=10-25E-3P
F5=1.0.

D.2 Chillers

The cost and performance of the chiller are key to the cost effectiveness of inlet air cooling systems.
Chiller performance is characterized by its coefficient-of-performance (COP), "relative capacity,” heat
rejection rate, and, for absorption-type chillers, the steam conditions and additional electric power
consumption, if any. Performance assumptions for complex-compound, vapor-compression, agua
ammonia, and lithium bromide chillers are presented below.

The COP, of course, is the amount of cooling obtained per unit of input energy, with the input and output
measured in the same units. The COP varies considerably between chiller types and for the same chiller
type, depending on the evaporating and condensing temperature, with the difference between these two
temperatures defined as the "lift." 1n general, COP increases asthe lift is reduced. Absorption-type
chillers also come in single- and double-stage versions. Double-stage chillers use waste heat from the
higher temperature stage to drive the lower temperature stage. A higher COP results, but the double-stage
unit is more expensive. COP equations are presented here as a function of wet-bulb temperature for
explicit chiller types, number of stages, and evaporator temperatures. The COP equations assume the
condenser temperature is 15 °F higher than the wet-bulb temperature. 1n genera, the wet-bulb
temperature is limited to a minimum of 25 °F for COP modeling purposes, with more restrictive
assumptions listed below for lithium bromide chillers.
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Like the COP, the cooling capacity of a chiller is afunction of the condenser temperature, and is
expressed here as a function of the wet-bulb temperature. The chiller cost equations presented in Section
8 are based on chiller capacity at "rated" temperature conditions. Capacity is typically less at temperature
conditions corresponding to the peak cooling load. Thus, the "relative" capacity equation must be applied
to adjust the peak chiller capacity to the rated chiller capacity.

All energy absorbed by a chiller at the evaporator and input to the chiller in the form of steam or
electricity must ultimately be rejected at a cooling tower. Thus, heat rejection requirements are directly
related to chiller COP and vary considerably, especially when absorption systems are compared to vapor
compression systems.

Complex-Compound Chillers:

CC chiller 1 (CC-1); single stage, 20 °F evaporator:

COP=0.496- 7.0 E-4 * Twb

relative capacity = 1.652 - 0.0079 * Twb

steam temperature = 228 °F; pressure = 19 psia; hy = 960 Btu/lb
hest rejection rate = 39,335 Btu/hr per ton

parasitic power = 0.

CC chiller 2 (CC-2); single stage, 32 °F evaporator:

COP=0.496- 7.0 E-4* Twb

relative capacity = 1.415 - 0.0051 * Twb

steam temperature = 228 °F; pressure = 19 psia; hy = 960 Btu/lb
hest rejection rate = 39,211 Btu/hr per ton

parasitic power = 0.

CC chiller 3 (CC-3); double stage, 20 °F evaporator:

COP=0.867-25E-3* Twb

relative capacity = 1.566 - 0.0069 * Twb

steam temperature = 351 °F; pressure = 137 psia; hy = 870 Btu/lb
hest rejection rate = 29,991 Btu/hr per ton

parasitic power = 0.

CC chiller 4 (CC-4); double stage, 32 °F evaporator:

COP=0.850-1.85E-3* Twb

relative capacity = 1.334 - 0.0041 * Twb

steam temperature = 351 °F; pressure = 137 psia; hy = 870 Btu/lb
hest rejection rate = 29,094 Btu/hr per ton

parasitic power = 0.

CC chiller 5 (CC-5); single stage, -20 °F evaporator:
COP=0.42-6.75E-4* Twb

relative capacity = 1.231 - 0.003 * Twb
steam temperature = 293 °F; pressure = 60 psia; h = 915 Btu/lb
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hest rejection rate = 44,787 Btu/hr per ton
parasitic power = 0.

CC chiller 6 (CC-6); single-stage, storage type, -20 °F evaporator:

COP=0.52

relative capacity = 1

steam temperature = 213 °F; pressure = 15 psia; h = 969 Btu/lb
hest rejection rate = 21,624 Btu/hr per ton

for sizing heat rgjection equipment

hest rejection rate = 35,076 Btu/hr per ton

for calculating annual heat rejection load

parasitic power = 0.

The storage version of the complex-compound chiller is actually an integrated chiller/storage
device that is sized based on ton-hours rather than tons.

Ammonia Vapor Compression Chillers:

VC chiller 1 (VC-1); 20 °F evaporator:

COP = 14.1277 exp(-0.0144 * Twh)
relative capacity = 1.08 - 0.001 * Twb
hest rejection rate = 14,734 Btu/hr per ton
parasitic power = 0.

VC chiller 2 (VC-2); 32 °F evaporator:

COP = 20.1417 exp(-0.0171 * Twh)
relative capacity = 1.265 - 0.0033 * Twb
hest rejection rate = 14,334 Btu/hr per ton
parasitic power = 0.

VC chiller 3 (VC-3); -20 °F evaporator:
COP = 5.863 exp(-0.0123 * Twhb)
relative capacity = 1.008 - 0.001 * Twb
hest rejection rate = 17,444 Btu/hr per ton
parasitic power = 0.

Aqua-Ammonia Chillers

AA chiller 1 (AA-1); 20 °F evaporator:

COP =0.820 - 0.00374 * Twb

relative capacity = 1.5625 - 0.0075 * Twb

steam temperature = 252 °F; pressure = 31 psia; hy = 944 Btu/lb
hest rejection rate = 34,263 Btu/hr per ton

parasitic power = 0.
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AA chiller 2 (AA-2); 32 °F evaporator:

COP = 0.857 - 0.00372 * Twb

relative capacity = 1.5625 - 0.0075 * Twb

steam temperature = 240 °F; pressure = 25 psia; hyy = 952 Btu/lb
hest rejection rate = 32,754 Btu/hr per ton

parasitic power = 0.

AA chiller 3 (AA-3); -20 °F evaporator:

COP = 0.8672 - 0.00635 * Twb

relative capacity = 1.5625 - 0.0075 * Twb

steam temperature = 315 °F; pressure = 83 psia; hyy = 899 Btu/lb
hest rejection rate = 42,691 Btu/hr per ton

parasitic power = 0.

Lithium Bromide Chillers

LiBr chiller 1 (LiBr-1); single-stage:

COP=0.671-9.7 E-4* (Twb - 65)*°

relative capacity = 1.22 - 0.024 * (Twb - 65)

steam temperature = 244 °F; pressure = 27 psia; hy = 950 Btu/lb
hest rejection rate = 29,200 Btu/hr per ton

parasitic power = 0.0136 kW/ton.

The minimum cooling water temperature alowable for single-stage LiBr chillersis 75 °F.
Therefore, Twb is limited to a minimum of 65 °F.

LIBr chiller 2 (LiBr-2); double-stage, 32 °F evaporator:

D.3 Stor age

COP = 1.237 - 4.258 E-3* (Twb - 68)**

relative capacity = 1.074 -0.0255 * (Twb - 68)

steam temperature = 347 °F; pressure = 130 psia; hy = 873 Btu/lb
hest rejection rate = 21,800 Btu/hr per ton

parasitic power = 0.028 kW/ton.

The minimum cooling water temperature alowable for double-stage LiBr chillersis
78°F. Therefore, Twb islimited to a minimum of 68 °F.

Storage is a significant component of a CTIAC system, but can be effectively modeled with afew simple
inputs. Thermal losses through the walls of the storage tank are typically no more than 1%, but other loss
mechanisms have a much greater impact. Water storage relies on the creation of athermocline to separate
the hot and cold portions of the water. The difference between hot and cold temperatures, hence hot and
cold bouyancies, is not much in this application of water/thermal storage. Therefore, losses across the
thermocline are relatively high. The combined water storage efficiency was assumed to be 85%. Ice
storage is really a mixture of water and ice. During discharge, warm return water is sprayed on top of the
ice to facilitate melting. Here, mixing is not only beneficial, but required. During the charging cycle,
however, periodic defrosting of the ice generator is required to release the ice from the evaporator
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surfaces. The defrost energy increases the refrigeration load and chiller capacity, but, unlike the water
storage losses or the 1% loss through the tank walls, it does not affect the capacity of the storage tank.
The defrost efficiency factor was presumed to be 85% (i.e., the chiller load and refrigeration capacity are
increased by a factor of 1/0.85 to account for the defrost energy, which must be removed). The defrost
efficiency is separate from the ice storage efficiency, which was presumed to be 99%.

D.4 Fluid Circulation

CTIAC systemsinclude severa fluid circulation loops, with the specific number and type depending on
the type of chiller and storage. Included here are the ammonia loop connecting the chiller evaporator and
other chiller components (except for LiBr chillers), the chilled water loop connecting LiBr chillers and
storage with the inlet air cooling coils, the cooling water loop connecting the chiller with the cooling
tower, the steam loop connecting the steam source with absorption-type chillers, and storage water loops
connecting relatively warm storage water with evaporatorsin the ice generator or water chiller. The
following pumping power rules-of-thumb were established from a collection of published data describing
CTIAC systems.

Ammonia Loop Power: 0.005 kW/ton or 2.0 E-5 kW/Ib per hr ammonia
Chilled Water Loop Power: 0.03 kW/gpm water

Cooling Water Loop Power: 0.02 kW/gpm water

Steam Loop Power: 0.03 kW/gpm or 6.0 E-5 kW/Ib per hr steam
Storage Charging Water Loop Power

Ice Generation: 0.03 kW/ton
Chilled Water Generation: 0.02 kW/ton

D.5 Evaporative Cooling

Evaporative cooling towers are used by every chiller to regject heat. In addition, evaporative inlet air
cooling is an aternative to refrigerative inlet air cooling. Water consumption for both types of
evaporatorsis calculated based on the thermodynamic requirement plus a 10% allowance for blowdown
and carryover. Theinlet air evaporator consumes 0.01 kW/gpm of water circulating through the cooler or
0.3 kW/gpm evaporating. The cooling tower fan consumes 1.25 kW/MMBtu per hour of heat rejected.

D.6 Auxiliary System Cooling

Cooling theinlet air of the turbine will increase its shaft power output, but care must be taken not to
exceed the operating capabilities of other power plant components, specifically the generator,
transformer, and lube oil system. Depending on the capahilities of these components, supplemental
cooling may be required. This study assumed that supplemental cooling equal to 5% of the inlet air
cooling load would be required. Chillers and storage components were oversized by this factor, and a
separate cooling loop and heat exchanger was provided to cool the auxiliary equipment.
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D.7 Turbine Inlet and Exit Excess Pressure Drop

Adding an inlet air cooling device increases the compressor pressure drop, resulting in decreased power
output and increased heat rate. Although these losses are relatively small compared to the improvement

in these same factors achieved from cooling the air, they are significant enough to warrant inclusion in the
analysis. A similar effect occursif a heat recovery steam generator is added to a smple-cycle turbine to
provide steam for an absorption-type chiller. The increase in exhaust pressure drop also reduces power
output and increases heat rate, but by arelatively small amount. The specific assumptions used for excess
inlet and exhaust pressure drop are shown below.

Inlet Air Cooling Coil Air-Side Pressure Drop:

Evaporative Cooling: 1.0 in. of water
Refrigerative Cooling to 42 °F: 0.5 in. of water
Refrigerative Cooling to 0 °F: 1.3 in. of water

HRSG Air-Side Pressure Drop:

Maximum pressure drop for full heat recovery = 10 in. water
Actual pressure drop = 10 in. * (1000 - T,)/(1000-300)
T, = calculated stack reject temperature, °F

D.8 Combined -Cycle Steam Extraction Power Output Reduction

Absorption-type chillers require a source of low pressure steam. For simple-cycle power plants, an
HRSG and related steam/condensate piping are added to provide the steam. In combined-cycle plants,
steam is presumed to be extracted from the lower pressure stages of the steam turbine. While no
additional fuel isrequired in either case (except for the effect of increasing the exhaust pressure when
adding an HRSG), extracting steam from combined-cycle plant's steam turbine does incur aloss of power
production that would otherwise have been produced. The loss increases as the extraction pressure
increases and was described by the following relationship:

kW/1b per hr steam =-0.0079 + 0.0172 In (P)
P = steam pressure, psia.
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Appendix E Cost Analysis

Initial capital cost and annual operating and maintenance cost estimating equations were developed for
each cooling system component. Cost data acquired from equipment vendors, published literature
describing inlet air cooling systems, and cost estimating reference books were the basis for developing the
equations. The equations are applied to equipment sizing results to produce system cost estimates
peculiar to each case evaluated.

All costs were estimated in mid-1994 dollars and are intended to include all costs associated with
equipment and material purchase and instalation. All components except for the complex-compound
chiller are mature, commercially available products. Complex-compound chiller costs were estimated
based on a mature production scenario, i.e., the first unit would probably be more expensive.

Note that no equations for estimating annual operating labor costs are presented. No incremental
operating labor is presumed to be required based on advice received from personnel at an operating inlet
air cooling system.

E.1 Chiller Capital Costs

A striking observation for chillersisthe extremely high cost of the agua-ammonia systems compared to
the other options. Otherwise, all chillersincrease in cost as the evaporator temperature is lowered, and
double-stage units cost more than single-stage units. Absorption chiller costs are less sensitive to
evaporator temperature than vapor compression chillers, resulting in a significant cost advantage for
complex-compound chillers at the lower evaporating temperature required for cooling inlet air to 0 °F.

LiBr Absorption Chillers:
44 °F water, single stage = $480/ton
44 °F water, double stage = $650/ton.

Complex-Compound Absorption Chillers:
-20 °F evaporator temperature, single stage = $490/ton
+20 °F evaporator temperature, single stage = $390/ton
+20 °F evaporator temperature, double stage = $550/ton
+32 °F evaporator temperature, single stage = $380/ton
+32 °F evaporator temperature, double stage = $530/ton
-20 °F evaporator temperature, single-stage storage = $310/ton-hr.

Note: The storage version of the complex-compound absorption chiller integrates the
chiller and storage into a single component. The cost for both is based on the required
storage size.

Aqua/Ammonia Absorption Chillers:
-20 °F evaporator temperature = $3000/ton
+20 °F evaporator temperature = $2800/ton
+32 °F evaporator temperature = $2700/ton.

Ammonia Vapor Compression Chillers:
-20 °F evaporator temperature = $780/ton
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+20 °F evaporator temperature = $520/ton
+32 °F evaporator temperature = $480/ton.

E.2 Storage Capital Costs

Except for the LiBr units, the chiller costs presented above do not include the cost of the evaporator.
Without storage, refrigerant (ammonia) evaporation for the other units occurs directly in the inlet air
cooling coils. Otherwise, refrigerant is evaporated in anice or chilled water generator, depending on the
storage type selected. Note that chilled water can be generated in a relatively simple and inexpensive,
shell-and-tube type heat exchanger while ice generation requires more complex and costly ice-harvesting
equipment. Water and ice storage tanks are essentially the same, but ice storage (actually an ice/water
mixture) is less costly per ton-hr because of its higher chill energy density.

Ice Generator = $590/ton
Chilled Water Generator = $50/ton
Ice Storage = $163.6 (ton-hr)°".

Water Storage = $572.4 (ton-hr)*"

E.3 Inlet Air Coil Capital Costs

The cooling coils include the cail, its enclosure, and foundation. For refrigerative cooling, the same cost
is assumed for either water or ammonia fluid circulating through the coils. The higher cost for the 0 °F
air cooling coils is based on having three 50% capacity banks (with two cooling and one defrosting at any
point in time) and the extra cost of dampers required to isolate each of the banks for defrosting.

Evaporative Cooling Coils = $3/kW of 1SO turbine capacity

Refrigerative Cooling Coils:
For 42 °F or 52 °F air = $0.20/UA; UA in Btu/hr-°F
For O °F air = $0.33/UA; UA in Btu/hr-°F.

E.4 Fluid Circulation Capital Costs

Individual estimates for pumps and piping were aggregated to develop the water circulation cost
equations shown below. Unit cost differences are directly related to the length of the piping run and
pumping head. An insulation premium was aso added for the steam/condensate pipe. Ammonia
circulation costs are much lower than water circulation because ammonia passes through a phase change,
s0 its mass flow rate is much lower for the same thermal duty. Note that ammonia circulation costs are

doubled for O °F inlet air temperature applications to alow for hot refrigerant bypass for defrosting.
Water Circulation:

steam/condensate = $320,000 * (gpnv10,000)°°
chilled water = $290,000 * (gpnv10,000)*°
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cooling water = $260,000 * (gprm/10,000)%°
storage charging water = $100,000 * (gpr/10,000)°°.

Ammonia Circulation:

For 42 °F or 52 °F air = $54,000 (Ib/hr/15,000)*°
For 0 °F air = $108,000 (Ib/hr/15,000)°°.

E.5 Miscellaneous Equipment Capital Costs

Capital cost estimating equations for other cooling system components are listed below. Heat recovery
steam generators are only used for smple-cycle power plants with absorption-type chillers.

Cooling Tower = $662,000 * (MMBtu/hr/192)°%"
System Controls = $250,000 (fixed for al systems)
Plant Electrical = $100,000 (fixed for all systems)
Transformer = $5,553 * (peak auxiliary kW)°+*
Hesat Recovery Steam Generator:

$10,980 * (UA)®® +

$9,658 * (SF) +

$918 * (EF)*** (1000 - TR)/300

UA = heat transfer surface conductance, Btu/s-°F

SF = steam flow, |b/s
EF = turbine exhaust flow, Ib/s

TR = exhaust gas reject temperature after HRSG, °F
Generator Cooling Loop Heat Exchanger = $865 (HTA)**"

HTA = heat exchanger heat transfer area, square feet.
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E.6 Annual Maintenance Costs

Annua maintenance costs were estimated as a percentage of initial capital cost for each inlet air cooling
component. In addition, make-up water, for water consumed at either an evaporative inlet air cooler or a
cooling tower, was estimated to cost $1/1000 gallons. Maintenance cost estimating percentages are listed
below.

Component Percentage
LiBr chiller 5.0
NH3/H,O chiller 4.0
Vapor compression chiller 40
Complex compound chiller 3.0
| ce generator 2.0
Chilled water generator 10
Ice storage 15
Weter storage 15
Direct contact evaporative 2.0

air cooler
Inlet air coil

42 °F and 52 °F air 20

0 °F air 3.0
Circulation (pumps and pipes) 3.0
Cooling tower 2.0
Controls 6.0
Plant electrical 20
Transformer 20
HRSG 3.0
Generator cooling heat exchanger 10
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