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1. Introduction 
 

The continual uses of fossil fuels to meet our ever-

increasing energy demands have led to environmental 

pollution to air, water and land. Renewable energy sources 

are alternatives to the depleting fossil fuels and offer the 

improved security of our future energy supply [1]. Among 

them, solar energy is clean and free with no gas emissions. 
Combined Heating and Power (CHP) is an integrated system 

which provide more than one product. 

Several studies have been conducted on thermodynamic and 

thermoeconomic analysis of CHP systems [2-10]. Tempesti 

et al.[3] proposed two different layouts for a CHP system 

with two sources: solar energy and geothermal. The result of 

energy and exergy analysis of these two systems has been 

compared and evaluated. The same authors [2], applied 

thermoeconomic analysis for the same systems and results 

showed that when there is a balance between ambient 

temperature and the solar radiation are in balance, the lowest 
cost is achievable for the CHP system. Ahmadi et al. [9] 

evaluated a CHP system from the viewpoint of 

thermodynamics and thermoeconomic and found the 

optimum design of the system. Ahmadi et al. [10] proposed 

a CHP system for a paper mill and applied thermodynamic 

analysis and multiobjective optimization for it. In this study, 

thermodynamic and thermoeceonomic analysis of a CHP 

system driven by solar energy is carried out. Multi objective 

optimization of the system is conducted using GA in which, 

thermal efficiency, exergy efficiency, and total product cost 

rate are considered as objective functions.  
 

2. Materials and Methods 

 

Figure 1 shows the schematic of proposed CHP system. The 

extracted flow of the turbine goes to the heater to supply the 

heat to the heating user. Turbine exhaust enters the 

condenser to reject the heat to the cooling water, and then 

these two streams (outlet of heater and condenser) are mixed 

in a mixer and pumped into economizer, evaporator and 

super heater to absorb heat from the heat source. Evacuated 

tube solar collectors are utilized to collect the solar radiation 
because of its low costs. A thermal storage system and an 

auxiliary boiler are used to provide continuous cooling, 

heating and power output when solar radiation is 
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insufficient. Auxiliary boiler utilizes natural gas. In 

thermodynamic modeling, some inputs have been assumed 

as shown in Table 1.  

2.1. Exergoenomic Analysis 

Exergoeconomics is a branch of engineering that combines 

exergy analysis and economic principles to provide the 
system designer or operator with the information not 

available through conventional energy analysis and 

economic evaluations, but crucial to the design and 

operation of a cost-effective system. We can consider 

exergoeconomics as exergy-aided cost minimization [11]. In 

SPECO method which is applied in this study, firstly exergy 

of all streams should be calculated. Second fuel and product 

for each component should be defined [11]. 
 

 

 
Figure1. Schematic of the proposed CHP system  

 

Third, a cost balance applied to the kth system component 

shows that the sum of cost rates associated with all exiting 

exergy streams equals the sum of cost rates of all entering 

exergy streams plus the appropriate charges due to the 

capital investment 
CI

kZ and operating and maintenance 

expenses 
OM

kZ . The sum of the last two terms is denoted 

by kZ . Accordingly, for a component receiving a heat 

transfer and generating power, we have: 

, , , ,e k W k Q k i k k

e i

C C C C Z      (1) 

iii XcC    (2) 

Cost rate balances, auxiliary equations and the 

corresponding equations for 
CI

kZ for the CHP system are 

listed in Table 2 and equations 3-8 respectively.  

Heat exchangers [12]: 
78.0

093.0
130 








 HECI

HE

A
Z  

(3) 

 

Condenser [12]: 

51773CI

CondZ m  (4) 

Pump [12]: 
CI 0.71

pump pumpZ 3540W  (5) 

 

Table 1. Input data for the system 

Parameter               value 

Dead state temperature  15 
o
C 

Dead state pressure  100 kPa 

Turbine inlet pressure  1000 kPa 

Turbine inlet temperature  130 oC 

Turbine back pressure  300 kPa 

Turbine mass flow 

extraction ratio 

0.5 

Turbine isentropic 

efficiency 

0.85 

Pump isentropic efficiency 0.7 

Cooling water inlet 

pressure  

300 kPa  

Cooling water inlet 

temperature  

15 oC 

Cooling water mass flow 

rate  

0.4 kg/s 

Condenser temperature 

difference  

10 oC 

Heater temperature 

difference  

20 oC 

Heater outlet temperature  80 oC 

Super heater temperature 

difference  

30 oC 

Approach temperature 

difference  

15 oC 

Heating load  11 kW 

Power  2.7 kW 

Electrical generator 

efficiency 

0.95 

Auxiliary boiler efficiency 0.9 

Low Heat Value of fuel  50654 kJ/kg 

Surface area of solar 

collector  

15.7 m2 

Monthly average 

insolation, H  

7.99 MJ/m2 day 

(December) 

Monthly averaged 

insolation clearness index, 

KT 

0.52  

(December) 

Tilt angle  37.4° 

Optical efficiency  η0 0.656 

Coefficient a1  1.4 W/m2 K 

Coefficient  a2  0.007 W/m2 K2 
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Storage Tank [13]: 
506.0

4042 ST

CI

ST VZ 
 

(6) 

 

Turbine [14]:  

  21010

10

log1776.0)(log

4398.16259.2)(log

turbturb

CI

turb

WW

Z

 


 (7)   

Electric generator [15]: 
0.9560CI

Elec ElecZ W  (8) 

Also, capital investments of the solar collector and auxiliary 

boiler in the reference year (2013) are 567 $/m2 and 28 

$/kW [16]. It should be noted that capital investments of 

ejector, mixers, and valves can usually be neglected since 

their contribution to the system cost is rather small [17, 18]. 

Capital investment of a component is converted to the cost 

rate by multiplying it by 1/t, the Capital Recovery Factor 

(CRF) and maintenance factor ( ). Here, t is the number of 

hours per year that the unit operates and the CRF is an 

economic parameter that depends on the interest rate (i) and 

the estimated component lifetime (N). The CRF is 

determined as Eq. (9)  [19]: 

1)1(

)1(






N

N

i

ii
CRF  

(9) 

In the mentioned components in Table 2, investment cost 

rate is calculated by Eq. (10)  [12]: 

tCRFZZ CI

kk /  (10) 

The parameters in Eqs. (9) and (10) are assumed to be: 

N=20 year, i=10%,  =1.06, t=7446h. 

All cost data used in an economic analysis must be brought 
to the reference year (in this study 2013) by the following 

relation and using an appropriate cost index [11]: 

 

Cost at the reference year = original cost (cost index for 

reference year/ cost index for the year when the original cost 

was obtained) 

In this study, Chemical Engineering Plant Cost Index 

(CEPCI) index [20] is applied for updating all costs to the 

year 2013. 

 

3. Results and Discussion 

 
The thermodynamic and thermoeconomic analyses and 

optimization of a solar domestic CHP cycle with 2.7 kW 

electric output and 11kW heating output are conducted. The 

daily radiation is taken as 2.21 kWh/m2[21]. 

Thermodynamic and thermoeconomic modeling of the 

system has been conducted based on simulation code in EES 

software [22]. The system thermal and exergy efficiency is 

determined to be 48.45% and 13.76%. 

 

Effect of turbine inlet pressure 

 
The effect of turbine inlet pressure on investment cost rate 

and product cost rate for fixed values of [T1=130°C, 

P2=300kPa, T29=80°C] is shown in Figure 2. Figure 2 

illustrates that investment cost rate decreases 1% as turbine 

inlet pressure varies, therefore, product cost rate decreases 

3%. This means that if turbine works at higher pressures, it 

would be cost effective. 

 

Effect of turbine inlet temperature 

The influence of turbine inlet temperature on investment 

cost rate and product cost rate is illustrated in Figure 3 for 
fixed values of [P1=1000kPa, P2=300kPa, T29=80°C]. It is  

 

 
Figure 2. Variation of product cost rate and investment 

cost rate versus turbine inlet pressure. 

 

indicated that by increasing turbine inlet temperature, 

investment cost rate decreases slightly because of slight 

increment in exergy efficiency and as a result, product cost 

rate decreases only 5%.  

 
Figure 3. Variation of product cost rate and investment 

cost rate versus turbine inlet temperature. 

 

Effect of turbine back pressure 

Figure 4 represents the effect of turbine back pressure on the 

investment cost rate and product cost rate for fixed values of 

[P1=1000kPa, T1=130°C, T29=80°C]. Figure 4 indicates that, 

with a variation of about 200kPa in turbine back pressure, 

investment cost rate increases 3% and consequently product 
coat rate increases 6%. 

 

Effect of heater outlet temperature 

Figure 5 represents the effect of heater outlet temperature on 

investment cost rate and product cost rate [P1=1000kPa, 

T1=130°C, P2=300kPa] Figure 5 illustrates that investment 

cost rate decreases 2% due to increment in exergy efficiency 

and as a result, product cost rate decreases 1%. 
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Figure 4. Variation of product cost rate and investment 

cost rate versus turbine back pressure. 
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Figure 5. Variation of product cost rate and investment 

cost rate versus turbine back pressure. 

4. Optimization 

In this section, multi objective optimization is 
simultaneously carried out through optimizing thermal 

efficiency ( tot ), exergy efficiency of ( tot ) and CHP 

product cost rate (
,p totC ). Multi-objective optimization 

problems, generally, show a possibly uncountable set of 

solutions whose evaluated vectors represent the best 

possible trade-offs in the objective function space [23]. In 

this work, the genetic meta-heuristic algorithm (GA) 

through EES software is used for optimization of CHP plant. 

The selected decision variables in this work are turbine inlet 

temperature ( 1T ), turbine inlet pressure ( 1P ), turbine back 

pressure ( 2P ) and heater outlet temperature ( 28T ).One of 

the approaches to multi objective optimization problems is 

weighted cost functions. In this approach, we weight each 

function and add them together to obtain a single objective 

function which can be maximized or minimized using GA 

[24]. In fact, the different optimal solutions on the Pareto 
front can then be obtained by varying the weight coefficients 

[23, 24] and each optimal solution is selected using 

engineering experience and importance of each objective. 

For the CHP considered in this paper, the combined 

objective can be constructed by summing the three before 

mentioned objectives with some appropriate weights, as 

Eqs. (11) to (13): 

 

Objective 1:  

elec H
CCHP ,win

coll t NG NG

W Q

A G m LHV





  
 (11) 

Objective 2: 

elec H
CCHP ,win

sun NG

W X

X X






 (12) 

Objective 3: 

P,tot F ,tot totC C Z   (13) 

 

))1(

),,,((

321

29211

ptottot Cwww

TPTPFMAX






 

(28) 

1,,0 321  www  (29) 

1321  www  (30) 

 

Table 2. Cost rate balances and auxiliary equations for components

Components Cost rate balance 
Auxiliary 

Equation 

Turbine 
turbwturb CCCZC   321  

3

3

2

2

1

1

X

C

X

C

X

C












  

Mixer 111817 CZCC M
   _ 

Electric generator 
elecnet wgenw CZC  

 
 

Evaporator 21142013 CCZCC eva
   

21

21

20

20

X

C

X

C








  

Pump1 
pump110 w pump1 17C C Z C    _ 

Pump2 
pump211 w pump2 12C C Z C    _ 
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Heater 
2918282 CCZCC H
   

18

18

2

2

X

C

X

C








  

Economizer 
22132112 CCZCC eco
   

22

22

21

21

X

C

X

C








  

Super Heater 2011914 CCZCC SH
   

20

20

19

19

X

C

X

C








  

Condenser 
166155 CCZCC cond
   

6

6

5

5

X

C

X

C








  

Auxiliary boiler 
23 NG AB 19C C Z C    cNG=6.5×10-6 $/kJ [25]

 

Storage tank STLST CCCZCC ,24232522
   

24

24

23

23

X

C

X

C








  

0
,

,


STL

STL

X

C




 

Solar collector 2524 CZCC collsun
   0

sun

sun

X

C




 

 

21, ww  and 3w  are weighting factors for energetic, 

exergetic and thermoeconomic objectives, respectively. 

Selecting different values of weighting factors enable the 

decision maker to choose any set of optimal solutions.  
Table 3 shows the decision variables and feasibility values 

for multi objective optimization. 

 

Table 3. Decision variables and feasibility values 

Decision variables               value 

Turbine inlet pressure 1000)(850 1  kPaP 

Turbine inlet temperature 145)(115 1  CT 

Turbine back pressure 400)(250 2  kPaP 

Heater outlet temperature 100)(50 28  CT 

 

In this study, three of the coefficients are considered 1/3 and 

the results are indicated in Table 4. 

 

Table 4. Base case and optimal case values of the decision 

variables and objective functions 

Parameters Base case Optimal case 

Turbine inlet 
pressure (kPa) 

1000.00 974.30 

Turbine inlet 

temperature (oC) 

130.00 144.90 

Turbine back 

pressure (kPa) 

200.00 258.60 

Heater outlet 

temperature (oC) 

80.00 100 

Thermal 

efficiency (%) 

48.45 50.41 

Exergy 

efficiency (%) 

13.76 15.55 

Product cost rate 

($/year) 

5688.1 5454.9 

 

Table 4 shows that in the optimal case, thermal and exergy 

efficiencies improve 4% and 13% respectively while 

product cost rate decreases 4%. 

 

5. Conclusion 

The present work provides an application of well-known 

SPECO methodology of thermoeconomic analysis to 

evaluate a solar micro-CHP integrated with ORC.  

By formulating exergy balance, cost balance and auxiliary 

equations for each component and solving them through 

EES software, thermal efficiency, exergy efficiency and 

product cost rate were calculated to be 48.45%, 13.76% and 

5688.1$/year. Then the parametric analysis is done by 

assessing the effect of thermodynamic variables on the 

system investment cost rate and product cost rate. The 

results show that lower CHP product cost rate is obtained at 

higher turbine inlet pressure and temperature and heater 
outlet temperature but lower turbine back pressure. In the 

last section, multi objective optimizations are carried out 

through GA and results indicate that thermal efficiency, 

exergy efficiency, and product cost rate in optimum case 

improves 4%, 13% and 18%, respectively. 

 

Nomenclature 

A Surface area (m2) 

c Cost per exergy unit ($/GJ) 

Ċ Cost rate ($/year) 

i Interest rate (%)  

m  Mass flow rate (kg/s) 

t System operating hours (hour) 

V Volume 

W  Power (kW) 

X  Exergy (kW) 
Z Investment cost ($) 

Ż Investment cost rate ($/year) 
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Subscripts 

AB Auxiliary Boiler 

Coll Solar collector 

Cond Condenser 

e Outlet  

Eco Economizer 
elec Electrical 

Eva Evaporator 

gen Electric generator 

H Heater 

HE Heat Exchanger 

i Inlet 

M Mixer 

NG Natural Gas 

pump Pump 

Q Heat  

SH Super Heater 

ST Storage Tank 
turb Turbine 

w Power 

Super scripts 

CI Capital Investment 

N Component lifetime (year) 

OM Operating and Maintenance 

Greek symbols 
ε Exergy efficiency 

η Thermal efficiency 

  Maintenance factor 

Abbreviation 

CHP Combined Heating and Power 

CEPCI Chemical Engineering Plant Cost Index  

CRF Capital Recovery Factor 

EES Engineering Equation Solver 

ORC Organic Rankine Cycle 

SPECO Specific Exergy Costing 
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