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1.1.INTRODUCTIONINTRODUCTION
�� IIn the long runn the long run,, iit will be expected thatt will be expected that tthe use of hydrogen he use of hydrogen 

will be inevitable in all will be inevitable in all fields fields of lifeof life..
��AAs early as possibles early as possible,, new researches on the most economical new researches on the most economical 

integration alternatives of the system using Hintegration alternatives of the system using H22 as the source of energy   as the source of energy   
in national economical sectors should be started in national economical sectors should be started 

��The high production cost is the main handicap of the use of  hydThe high production cost is the main handicap of the use of  hydrogen rogen 
in economical sector.in economical sector.

The main objective of this research is to determine the most ecoThe main objective of this research is to determine the most economical nomical 
application of the Happlication of the H2 2 fired energy conversion system in national economy.fired energy conversion system in national economy.

CostCost

RawRaw MaterialMaterial Natural Natural 
GasGas

HydroHydro--
carbonscarbons

PyrolPyrolysysis is 
of Biomassof Biomass

CoalCoal Biomass Biomass 
GasificationGasification

WaterWater

CCff

[$/kgH[$/kgH22]]
3.013.01 3.973.97 4.394.39 5.365.36 5.85.8 7.857.85

Table 1. Hydrogen Production Cost Depending On Hydrogen Row Material 



System Structure Determination Criteria:System Structure Determination Criteria:

HH22 fired ECS to  be used in econ. sectors should have; fired ECS to  be used in econ. sectors should have; 

-- High fuel exergy potential,High fuel exergy potential,

-- High exergy utilization efficiency,High exergy utilization efficiency,

-- Feature of heat and  electricity coFeature of heat and  electricity co--generation and  the  generation and  the  
simultaneous demand of these energies by the related simultaneous demand of these energies by the related 
sectors, sectors, 

-- High operational load factor and high load change  High operational load factor and high load change  
flexibility in operation,flexibility in operation,

-- Low investment cost and high reliability.Low investment cost and high reliability.



Fig.1: Fuel Exergy Ratio e/q f Anergy Ratio a/q f And Maximum Electricity Ratio (pel/q f )max . Versus 
Turbine Inlet Temperature
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2. DESIGN AND TECHNICAL ANALYSIS OF A 2. DESIGN AND TECHNICAL ANALYSIS OF A 
COCO--GENERATION SYSYTEMGENERATION SYSYTEM
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Fig. 2: System Structure and flow diagram of a hydro gen fired multi-purpose gas turbine co-generation 
system for district heating/cooling, warm water sup ply and steam supply for industry
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2.1. 2.1. Heat Load of Heat Load of aa Gas Turbine CoGas Turbine Co --generation Systemgeneration System

Fig. 3: Change of Outdoor Temperature (Tod), District Heating Load (Qh), Cooling Load (Qc), Indoor Comfort 

Temperature (∆Tid) in a year

Main heat load of a co-generation system consist of district heating/cooling



Total Total HeatHeat Load of Load of thethe CoCo--generationgeneration SystemSystem

Fig. 4: Heat Load Diagram of the Gas Turbine Co-gene ration System  Designed .



2.2  2.2  DesignDesign Data of Data of thethe CoCo--generationgeneration SystemSystem

Flat Flat Spec. Load kWt Qmax MWtQmin Ann. Uti. Ann. Load [kWh/a]
District Heating 500 10 5 0 3650 9.13E+06
District Warm Water 500 4 2 0 8760 1.75E+07
District Cooling 500 14 7 0 3650 2.56E+07
ACS Gen. Heat (COP=0.7) 500 20 10 0 3650 3.65E+07
Industrial Steam --- --- 10 5 8760 1.54E+07
Waste Heat Boiler 1 --- 12 --- 8760 1.05E+08
Domestic Dist. Heat Exc. 1 --- 12 2 8760 6.31E+07
Electric Load --- --- 7.15 --- 8760 6.26E+07

Table 2: Design Data for the Gas Turbine CGS at Full  Load Operation Conditions (F L = 1)



2.3 2.3 Design and Design and OptimizOptimiz ationation of the Gof the G TT Power CyclePower Cycle

-- Gas turbine inlet temperature Gas turbine inlet temperature TTtiti = 1200 C is selected = 1200 C is selected 
-- Comb. with 96% of excess air to obtain Comb. with 96% of excess air to obtain TTtiti = 1200 C = 1200 C 
-- Power cycle optimization gives opt. compression Power cycle optimization gives opt. compression 
ratio, Pratio, P 22/P/P11 = 1 for = 1 for TTtiti = 1200 C = 1200 C 

-- RResultsesults of of thethe power cycle analyses:power cycle analyses:

Compression ratio of compressor, p2/p1= 13 
Compressor outlet temperature, T2= 377 [˚C]
Specific compressor work, wc = 368 [kJ/kg]
Specific turbine work, w t = 700 [kJ/kg]
Turbine exhaust temperature, T4= 590 [˚C]
Brayton power cycle efficiency, ηBC = 0.4
Overall gas turbine efficiency, ηGT= 0.36
Specific electricity generation, Psel=29.8 [kWe/kg-pf ]
Electricity generation capacity, Pel = 7.152 MW
For the calculation of over all gas turbine efficie ncy, the following 
efficiencies are assumed:
ηcomb = 0.99,  ηmech= 0.99, ηG=0.97, ηtransf = 0.98, ηint- cons. = 0.96



2.4 2.4 DesignDesign DataData of of thethe Waste Heat Waste Heat BoilerBoiler (WHB)(WHB)
--HeatHeat capacitycapacity : 12 MWt : 12 MWt 
--WHB inlet WHB inlet tempraturetemprature : 590 : 590 ooCC
--SteamSteam capacitycapacity :  86 t/h:  86 t/h
--LiveLive steamsteam tempraturetemprature : 200 : 200 ooCC
--LiveLive steamsteam pressurepressure : 8 bar: 8 bar

2.5 Design Data of the Single Effect LiBr-H2O 
District Absorption Cooling System (ACS)

-District cooling load : 7 MWt
-ACS generator heat load : 10 MWt
-ACS evaporator temprature : 5 C
-ACS absorber temp.             : 30 C
-ACS generator temp.           : 120 C
-ACS condenser temp.          : 40 C 
-Chilled water supply temp.     : 6 C
-Chilled water return temp.     : 12 C

COP=0.7



2.6  2.6  DesignDesign DataData of the District Piping Systemof the District Piping System (DPS)(DPS)

-Piping System is used for district heating in winte r and for district cooling 
in summer 

-The supply temperature of DPS in winter: 120 C

-The return temperature of DPS in winter:  50 C

-The supply temperature of DPS in summer: 6 C

-The return temperature of DPS in summer:  12 C

-Heat capacity of the district heat exchanger: 12 MW t



FigFig. 5: . 5: SystemSystem flowflow diagramdiagram andand operationaloperational data of data of thethe
hydrogenhydrogen firedfired multimulti--purposepurpose coco--generationgeneration systemsystem designeddesigned. . 



3. 3. ECONOMECONOMIICAL ANALYSCAL ANALYS EES OF THE HS OF THE H22-- FFIIRED RED MULTIMULTI-- PUROSE   PUROSE   
COCO--GENERATĐON SYSTEM GENERATĐON SYSTEM 

3.1. Annual Expenditures of the Co-generation System (CGS)

3.1.1. Annual Fuel Cost (AFC)

HydrogenHydrogen
ConsConsumpumptt././

CostCost

Load Factor FLoad Factor FLL

1.01.0 0.80.8 0.60.6 0.40.4

Hourly HHourly H 22--
CConsonsumpump..

[kg/h][kg/h]
606606 485485 364364 242242

Annual HAnnual H22
ConsConsumptumpt..

[kg/a][kg/a]
5.3x105.3x1066 4.24x104.24x1066 3.18x103.18x1066 2.12x102.12x1066

Annual Annual HH22
CostCost
[$/a][$/a]

15.95x1015.95x1066 12.76x1012.76x1066 9.57x109.57x1066 6.38x106.38x1066

Table 3: Annual Fuel (H 2) Consumption and Fuel Cost of the CGS



3.1.2. Annual Amortization Cost of the Co3.1.2. Annual Amortization Cost of the Co --generation generation 
Systems (AAC)Systems (AAC)

System Investment CostSystem Investment Cost[$][$]

CoCo--generation and generation and 
DistrictDistrict

HeatingHeating--CoolingCooling
SystemSystem

Gas Turbine SystemGas Turbine System,,
(10 (10 MWeMWe))

4x104x1066

Waste Heat BoilerWaste Heat Boiler, , 
( 17 MWt)( 17 MWt)

0.75x100.75x1066

Absorption CoolingAbsorption Cooling
SystemSystem 0.300x100.300x1066

OthersOthers 1.500x101.500x1066

Sub TotalSub Total 6.55x106.55x1066

Piping NetworkPiping Network Piping and  DHEPiping and  DHE
SystemsSystems 1.45x101.45x1066

Total Total Total CostTotal Cost 8x108x1066

Table 4: Investment Cost of Co-generation and Distr ict Heating-Cooling System



Annual Amortization Cost, AAC = TIC. AAR [$/a]                                    (1)

where, TIC [$]     = total investment cost, 
AAR [1/a] = Linear annual amortization ratio, which  is calculated as follows:

AAR =                                   (2)
1)1(

)1(

−+
+

A

A

n

n

F

FF

where, F [-]  = interest rate
nA[year]  = amortization period in year.  

For the economical analysis taking F = 0.1 (10%), n A = 30 years and
TIC = 8 x 106[$] (Table 4), from the related Eqn.s (1) &(2) one obta ins:
AAR = 1.06[1/a], AAC = 0.864[$/a] and the present value  of TIC after 30 years 
amortization time, PTIC= 25.92 x 10 6[$]. 

Amortization Calculation of the Co-generation System (Linear Amortization)



3.1.3. Total Annual Expenditures of the Co-generatio n System (TAC)

Summing the annual fuel cost, (AFC), the annual amo rtization cost, (AAC) and the annual 
other costs, (AOC) the total annual cost can be obt ained (Table 5, Table 6). 

TAC = AFC + AAC + AOC [$/a]                                                  (3)

Where, AOC can be taken 5-10% of the AFC, depending on the cases

LoadLoad
Load Load 

1.01.0 0.80.8 0.60.6 0.40.4

Annual Fuel Annual Fuel 
Cost [$/a]Cost [$/a] 15.95x1015.95x1066 12.76x1012.76x1066 9.57x109.57x1066 6.38x106.38x1066

Annual Annual 
Amortization Amortization 

Cost [$/a]Cost [$/a]
0.864x100.864x1066 0.864x100.864x1066 0.864x100.864x1066 0.864x100.864x1066

Annual Other Annual Other 
Cost [$/a]Cost [$/a] 0.786x100.786x1066 0.786x100.786x1066 0.786x100.786x1066 0.786x100.786x1066

Total Annual Total Annual 
Cost [$/a]Cost [$/a] 17.6x1017.6x1066 14.41x1014.41x1066 11.22x1011.22x1066 8.03x108.03x1066

Table 5: Annual Expenditures of the Co-generation S ystem(n A = 30 years).



Table 6: Annual Expenditures (EA) of the CoTable 6: Annual Expenditures (EA) of the Co --generation System generation System 
Depending on Amortization time (Depending on Amortization time ( nAnA) and Load Factor (FL)) and Load Factor (FL)

10.07x1010.07x106613.21x1013.21x106616.45x1016.45x1066
11

9.63x109.63x1066AE[$/AE[$/a](na](nAA = 5 = 5 
year)year)

9.27x109.27x106612.4x1012.4x106615.64x1015.64x106618.82x1018.82x1066AE[$/AE[$/a](na](nAA = = 
10 year)10 year)

8.03x108.03x106611.22x1011.22x106614.41x1014.41x106617.6x1017.6x1066AE[$/AE[$/a](na](nAA = = 
30 year)30 year)

0,40,40,60,60,80,81,01,0

Load Factor (FLoad Factor (F LL))
Annual                  Annual                  

ExpenditureExpenditure



3.2. Annual Revenues of the Co-generation System from Heat and
Electricity Selling

3.2.1. Annual Heat and Electricity Production by Co -generation System to Meet
Clients Energy Requirements

5.11x105.11x10667.665x107.665x106610.22x1010.22x106612.775x1012.775x1066Annual District Cooling DemandAnnual District Cooling Demand [kW[kW htht/ a/ a]]

LoadLoad
Load Factor, Load Factor, FFLL

1.01.0 0.80.8 0.60.6 0.40.4

Electricity Load         Electricity Load         PPelmaxelmax [kW[kW ee]] 7.1257.125 5.7225.722 4.2754.275 2.8502.850

AnnualAnnual El.El. ProductionProduction [kWh[kWh ee/a]/a] 62.415x1062.415x1066 49.932x1049.932x1066 37.449x1037.449x1066 24.966x1024.966x1066

District Heating District Heating Load  Load  QQmaxmax.. [kW[kW tt]]
5.0005.000 4.0004.000 3.0003.000 2.0002.000

Annual District Heating DemandAnnual District Heating Demand [kW[kW htht/ a/ a]]
9.126x109.126x1066 7.3x107.3x1066 5.475x105.475x1066 3.65x103.65x1066

Warm WaterWarm Water Heat LoaHeat Loadd.. QQmaxmax[kW[kW tt]]
2.0002.000 1.6001.600 1.2001.200 800800

Annual WW Heat DemandAnnual WW Heat Demand [kW[kW htht/ a/ a]]
17.52x1017.52x1066 14.02x1014.02x1066 10.51x1010.51x1066 7.01x107.01x1066

District Cooling Load District Cooling Load QQmaxmax[kW[kW tt]]
7.0007.000 5.6005.600 4.2004.200 2.8002.800

AnnualAnnual steamsteamloadload of of industrialindustrial DistricDistric t  t  
[kW[kW htht/ a/ a]] 42x 42x 101066 33.6x 33.6x 101066 25.2x 25.2x 101066 16.8x 16.8x 101066

Table 7: Annual electricity and heat produced by co -generation system to be 
purchased by electric network, domestic and industr ial districts (Fig. 4).



3.2. 2 3.2. 2 Revenues of CGS from Heat SellingsRevenues of CGS from Heat Sellings

The heat generated is sold for following purposes:The heat generated is sold for following purposes:

-- Domestic district heating and warm water supply,Domestic district heating and warm water supply,
-- Domestic district cooling,Domestic district cooling,
-- Industrial steam supply. Industrial steam supply. 

3.2.2.1 Revenue from Heat Selling for District Heatin g and 3.2.2.1 Revenue from Heat Selling for District Heatin g and 
Warm Water ( WW) SupplyWarm Water ( WW) Supply

This revenue is determined by multiplying unit heat  selling pricThis revenue is determined by multiplying unit heat  selling pric e e 
and total heat demand  for district heating and WW supply(and total heat demand  for district heating and WW supply( TTable able 77))..

Determination of Unit Selling Prices for District Heat ing and Determination of Unit Selling Prices for District Heat ing and 
Warm WaterWarm Water ( WW) Supply( WW) Supply ,  ,  ccsdhsdh [$/ [$/ kWhtkWht ]]

The unit heat selling price is determined consideri ng the total The unit heat selling price is determined consideri ng the total unit unit 
heat generation cost of individual  flat heating an d WW supply heat generation cost of individual  flat heating an d WW supply 
using a natural gas fired combi heat generatorusing a natural gas fired combi heat generator



a) Spec. fuel cost, C f , of individual  flat heating and WW supply using a 
natural gas fired combi heat generator

Specific fuel cost for a heat generator can be calculated using Eqn.4;

Where; gf [$/kgf ] = 0.812 average nat. gas  price,  Hu [kWhf /kgf ] =13.46 average LHV of natural gas
ηb [kWht/kWhf];  average efficiency of heat generator  ( Fig. 6)

bu

f
f H

g
C

η
= (4)[$/ kWht]

Fig. 6: Boiler (heat generator) efficiencies versus boiler operation load
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��������
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����av
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Design and operational data of a combi heater used by client
for individual flat heating    

Installed capacity IC = 18 [kWt]

Total investment Cost TIC = 1900 [$]

Nominal thermal efficiency ηnom = 0.85 [kWht / kWhf]

Average thermal efficiency  ηavr =  0.75 [kWht / kWhf] (Figure 6)

LHV of natural gas, Hu =  13.46 [kWhf /kgf]
Cost of natural gas gf = 0.82 [$/kg]

,

Using above data one obtains Cf =  0.08 [$/kWht] (Eq. 4)



8760..
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Camr . = Annual Amortization Cost / Annual Heat Generation = 

= 

= 

[$/kWht] (5)

Where;

SIC [$/kWt]; Specific investment cost of a individual heat generator,
AAR [1/a]; Ann. Amortiz. ratio, F = 0.25 , nA = 10 years for combi, 15 years for  
ind.boiler ( Eqn. 2)
FL [-]; Load factor, 8760 [h/a]; number of hours in a year,
Q [kWt]; Nominal heat capacity of the heat generator.

Using the cost and operational data for the selected combi heat generator one 
obtains;

camr. =0.01 [$/kWht]     (Eq. 5)

b)b) Specific amortization cost, cSpecific amortization cost, c amramr ,  of individual flat heating  and WW ,  of individual flat heating  and WW 
supply using natural gas fired combi heat generatorsupply using natural gas fired combi heat generator



d). Annual Revenue from Heat Selling for District Heating and Warm Water ( Revenue from Heat Selling for District Heating and Warm Water ( WW) WW) 
Supply, ARDH [$/ a]Supply, ARDH [$/ a]

This annual revenue is calculated by multiplying unit heat selling price (HSP) and related 
annual heat load (Table 7) depending on the load factor (FL). 
Heat selling price (HSP) can be determined considering the individual heat production 
cost (IHPC) of the client.
In this work the following four (HSP) scenarios are investigated:

- HSP = IHPC
- HSP = 0,8 IHPC (20% less than clients production cost) 
- HSP = 0,5 IHPC (50% less than clients production cost)
- HSP = 0 (No heat selling)

c)c) Specific total cost, ctotal,  of individual flat he ating and warSpecific total cost, ctotal,  of individual flat he ating and war m water m water 
supply using natural gas fired combi heat generatorsupply using natural gas fired combi heat generator (IHPC)(IHPC)

IHPC =IHPC = ctotal = cf + camr +cother = 0. 0943 [$/kWht]



3.2.2.2  Revenue from Steam Supply to Industrial Di strict

This revenue is determined by multiplying unit steam selling price and total steam
demand  for industrial district (Table 7).

Determination of Steam Unit Selling Price for Indus trial District c sid [$/ kWht] 

This unit heat selling price is determined considering the total unit steam generation 
cost of individual  natural gas- fired industrial boiler of the client.

Economical and operational data of a natural gas- fi red industrial boiler used 
by the client for individual steam generation: 

Investment cost= 80 000 [$], heat capacity= 500 [kWt], nA=15 [y] , F=25%, FL=0.7



c)c) Specific total cost, Specific total cost, cc tsgtsg ,  of steam generation  ,  of steam generation  (IHPC)(IHPC)

IHPC = IHPC = ctsg= cf + camr +cother = 0. 109 [$/kWht]

d). Annual Revenue from Steam Selling to the Industrial Distri ct  ARSS [$/ Revenue from Steam Selling to the Industrial Distri ct  ARSS [$/ a]a]

This annual revenue is calculated by multiplaying unit heat selling price (HSP ≤
IHPC) and annual demand ( Table 6).

a). Spec. fuel cost, Cf , of individual  natural gas  fired steam generator

Cf= 0.093 [$/ kWht]  ( Eqn. 4 )

b). Spec. Amort. cost , Camr , of individual  natur al gas fired steam 
generator

Camr= 0.007 [$/ kWht]    (Eqn. 5)



3.2.2.2  Revenue from Absorption Type District Cool ing

This revenue is determined by multiplying the unit heat pumping cost from indoor to 
outdoor temperature and total district cooling load of the domestic district (Table 7).

Determination of Unit Cooling Price for District Co oling c dc [$/ kWht] 

This unit price is determined considering the total unit cooling cost of individual  split air 
conditioning system. This cost consist of unit electricity cost, amortization cost and the 
other unit costs of the individual split system.

Economical and operational data of the clients split  cooling system:

Investment cost= 1500  [$], cooling capacity= 20 [kW], nA=10 [y] , F=25%, FL=0.6
Nominal cop=3, average cop= 1.5, ηem=0.95, ηc= 0.85, cel= 0.08[$/kWhe]



cc)) Specific total cost, Specific total cost, cc tsts cc,  of ,  of coolingcooling

ICPC= ctsc= cec+ camr +cother = 0. 097 [$/kWhc]

d). Annual District Cooling Revenue ARevenue A DCRDCR [$/ a][$/ a]

This annual revenue is calculated by multiplaying unit coldness selling price (CSP 
≤ ICPC) and the district cooling load (Table 7). 

a). Spec. electric cost of split cooler, C esp

Using the economical and operational data one obtains, 

Cesp=0.067[$/kWhc]

b). Spec. Amort. cost , C amr , of individual  split cooler

Camr= 0.027 [$/ kWhc]    (Eqn. 5)



3.2.2.3. 3.2.2.3. AnnualAnnual Total Total HeatHeat SellingSelling RevenuesRevenues (HSR)(HSR)

ItIt consistconsist of:of:

-- RevinuesRevinues fromfrom districtdistrict heatingheating andand warmwarm waterwater supplysupply (DHR)(DHR)

-- RevinuesRevinues fromfrom industrialindustrial steamsteam supplysupply (ISR)(ISR)

-- RevinuesRevinues fromfrom districtdistrict coolingcooling (DCR)(DCR)

HSR = DHR + ISR + DCR                                          HSR = DHR + ISR + DCR                                          (6)(6)

3.2.3. 3.2.3. UnitUnit ElectrictyElectricty ProductionProduction costcost of of thethe CoCo--generationgeneration SystemSystem

DifferenceDifference betweenbetween total total annualannual expenditureexpenditure TAC of  the co-generation system

((EqnEqn. 3) . 3) andand total total annualannual heatheat sellingselling revinuerevinue (HSR)(HSR)((EgnEgn. 6) . 6) givesgives thethe annualannual

electrictyelectricty productionproduction costcost (AEPC). (AEPC). DividingDividing thisthis byby annualannual electrictyelectricty productionproduction

(AEP) ((AEP) (TableTable 7) 7) oneone optaindsoptainds thethe unitunit electrcityelectrcity productionproduction costcost (UEPC).(UEPC).

UEPC = (TAC UEPC = (TAC –– HSR) / AEP                                                     HSR) / AEP                                                     (7)(7)



4. RESULTS and DISCUSSIONS4. RESULTS and DISCUSSIONS

In this study, a hydrogen fired multiIn this study, a hydrogen fired multi --propose CGS was designed and the propose CGS was designed and the 
unit electricity production costs (UEPC) are calcul ated considerunit electricity production costs (UEPC) are calcul ated consider ing ing 
different amortization times (different amortization times ( nnAA), system load factors (), system load factors ( FL)  and heat FL)  and heat 
selling price (HSP)  scenarios. selling price (HSP)  scenarios. 
For heat selling  the following scenarios are consi dered: For heat selling  the following scenarios are consi dered: 

Scenario 1: HSP = individual heat generation cost ( IHGC) of clieScenario 1: HSP = individual heat generation cost ( IHGC) of clie nt nt 
Scenario 2: HSP = 0.8 IHGC (HSP is equal 80% of IHG C)Scenario 2: HSP = 0.8 IHGC (HSP is equal 80% of IHG C)
Scenario 3: HSP = 0.5 IHGC (HSP is equal 50% of IHG C)Scenario 3: HSP = 0.5 IHGC (HSP is equal 50% of IHG C)
Scenario 4: HSP = 0 (No heat selling)Scenario 4: HSP = 0 (No heat selling)

The results are given belowThe results are given below ((SeeSee alsoalso Table 8 Table 8 –– 9, Fig. 7 9, Fig. 7 –– 11)11)

If If nnAA = 30 years and F= 30 years and F LL= 1 (Table 9);  If = 1 (Table 9);  If nnAA = 5 years and F= 5 years and F LL= 1 (Table 9);= 1 (Table 9);
UEPC = 0.15 [$/kWh] for scenario 1,    UEPC = 0.15 [$/kWh] for scenario 1,    UEPC = 0.18 [$/kWh] for scenario 1,UEPC = 0.18 [$/kWh] for scenario 1,
UEPC = 0.17 [$/kWh] for scenario 2,UEPC = 0.17 [$/kWh] for scenario 2, UEPC = 0.21 [$/kWh] for scenario 2,UEPC = 0.21 [$/kWh] for scenario 2,
UEPC = 0.21 [$/kWh] for scenario 3,UEPC = 0.21 [$/kWh] for scenario 3, UEPC = 0.25 [$/kWh] for scenario 3,UEPC = 0.25 [$/kWh] for scenario 3,
UEPC = 0.28 [$/kWh] for scenario 4,UEPC = 0.28 [$/kWh] for scenario 4, UEPC = 0.31 [$/kWh] for scenario 4,UEPC = 0.31 [$/kWh] for scenario 4,



0,360,360,350,350,330,330,310,31HSP = 0HSP = 0

0,300,300,290,290,260,260,250,25IHPCHSP = 0,5 IHPCIHPCHSP = 0,5 IHPC

0,290,290,250,250,220,220,210,21HSP = 0,8HSP = 0,8

0,240,240,220,220,200,200,180,18HSP = IHPHSP = IHPCCnnAA = 5= 5

0,330,330,330,330,310,310,300,30HSP = 0HSP = 0

0,270,270,260,260,250,250,230,23IHPCHSP = 0,5 IHPCIHPCHSP = 0,5 IHPC

0,240,240,220,220,210,210,190,19HSP = 0,8HSP = 0,8

0,210,210,200,200,180,180,170,17HSP = IHPHSP = IHPCCnnAA = 10= 10

0,290,290,300,300,290,290,280,28HSP = 0HSP = 0

0,230,230,230,230,220,220,210,21HSP = 0,5 IHPCHSP = 0,5 IHPC

0,190,190,190,190,180,180,170,17HSP = 0,8IHPCHSP = 0,8IHPC

0,170,170,170,170,160,160,150,15HSP = IHPHSP = IHPCCnnAA =30=30

0,40,40,60,60,80,81,01,0Heat Selling Price Heat Selling Price 
(HSP)(HSP)

nnAA [[yearyear ]]

Load Factor (FLoad Factor (F LL))UEPC [$UEPC [$//kWhekWhe ]]

Table 8: Unit Electricity Production Cost (UEPC) of  the CGS Depending on (n A), (FL) and 
Heat Selling Price (HSP) Which is Determined Consid ering of Clients Individual Heat 
Production Cost (IHPC)



TableTable 9. Unit electricity selling price (ESP) at full loa d operation c9. Unit electricity selling price (ESP) at full loa d operation c ondition of ondition of 
coco --generation system depending on amortization  time (generation system depending on amortization  time ( nnAA ) and different ) and different 
heat selling priceheat selling price ss (HSP)(HSP)

Amortization Amortization 
Time(YearsTime(Years)) nnAA = 30 years= 30 years nnAA = 10 years= 10 years nnAA = 5 years= 5 years

ESP[$/ESP[$/kWhekWhe]]
(HSP = IHPC)(HSP = IHPC) 0.150.15 0.10.177 0.10.188

ESP[$/ESP[$/kWhekWhe]]
(HSP = 0.80 IHPC)(HSP = 0.80 IHPC)

0.1700.170 0.10.199 0.0.2121

ESP[$/ESP[$/kWhekWhe]]
(HSP = 0.50 IHPC)(HSP = 0.50 IHPC) 0.210.21 0.230.23 0.20.255

ESP[$/ESP[$/kWhekWhe]]
(HSP = 0, No heat (HSP = 0, No heat 
selling)selling) 0.20.288 0.300.30 0.310.31



Fig. 7:Fig. 7: Unit Electricity Production Cost of the CoUnit Electricity Production Cost of the Co --generation System generation System 
versus Amortization time versus Amortization time forfor different  Heat Selling Price (HSP) Scenarios  different  Heat Selling Price (HSP) Scenarios  
IHPC: IHPC: Individual Heat Production Cost of the Client Individual Heat Production Cost of the Client at full load conditions at full load conditions 
(F(FLL=1) =1) 
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FigFig. 8. . 8. Unit electricity production cost of the cogeneration Unit electricity production cost of the cogeneration 
system versus load factor (Fsystem versus load factor (FLL) for different heat selling price ) for different heat selling price 
(HSP) scenarios ((HSP) scenarios (nnAA=30 years)=30 years)

Load Factor (FL) 
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FigFig. 9. . 9. Unit electricity production cost of the cogeneration Unit electricity production cost of the cogeneration 
system versus load factor (Fsystem versus load factor (FLL) ) for different for different heat selling price heat selling price 
(HSP) scenarios ((HSP) scenarios (nnAA=10 years)=10 years)

Amortization Time 10 Years
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FigFig. 10. . 10. Unit electricity production cost of the cogeneration 
system versus load factor (FL) for different heat selling price 
(HSP) scenarios (nA=5 years)
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FigFig. 11. . 11. Unit electricity production cost of the hydrogen fired coUnit electricity production cost of the hydrogen fired co--generation generation 
system versus amortization time, system versus amortization time, nnAA (years) (years) for differentfor different heat selling price heat selling price 
(HSP) scenarios.(HSP) scenarios. IHPC: Individual heat production cost of clientIHPC: Individual heat production cost of client



5. 5. COCONNCLUSCLUSIIONSONS

-- In this paper the methodology and engineering approach for desiIn this paper the methodology and engineering approach for design,gn,
optimization and economical integration of a hydrogen fired multoptimization and economical integration of a hydrogen fired multii--purposepurpose
coco--generation system generation system are given in detail.in detail.

--This methodology can also be applied to investigate the related This methodology can also be applied to investigate the related 
problems of all new emerging technologies and to determine optimproblems of all new emerging technologies and to determine optimal al 
application conditions of existing energy conversion systems in application conditions of existing energy conversion systems in different different 
sectors.sectors.

--Today, although the investigated CGS has high exergy potential, Today, although the investigated CGS has high exergy potential, high high 
exergy utilization propertyexergy utilization property, , and appropriate load and heat selling and appropriate load and heat selling 
conditions, due to the high production  cost of hydrogen, the elconditions, due to the high production  cost of hydrogen, the electricity ectricity 
selling price of  such a Hselling price of  such a H2 2 ––Fired CGS becomes much grater than that of Fired CGS becomes much grater than that of 
the conventional systems. the conventional systems. ((In order the designed and investigated CGS In order the designed and investigated CGS 
to be feasible for time being, the minimum electricity selling pto be feasible for time being, the minimum electricity selling price of the rice of the 
system must be around system must be around 0.20 [$/0.20 [$/kWhkWhee]]))..
Therefore, the electricity production costs of such systems shouTherefore, the electricity production costs of such systems should be ld be 
subvented by the government. subvented by the government. 


