
 

ENVIRONMENTAL ENGINEERING 

The 8th International Conference  

May 19–20, 2011, Vilnius, Lithuania 

Selected papers 

ISSN 2029-7106 print / ISSN 2029-7092 online 

ISBN 978-9955-28-828-2 (2 Volume) 

ISBN 978-9955-28-827-5 (3 Volumes) 

http://enviro.vgtu.lt 

© Vilnius Gediminas Technical University, 2011 

 

727 

EXERGOECONOMIC EVALUATION OF SMALL SCALE CHP SYSTEMS 

 
Audrius Bagdanavicius

1
, Nick Jenkins

2 

 

Cardiff University, Queen’s Buildings, The Parade, Cardiff CF24 3AA, Wales, United Kingdom. 

E-mails: 
1
bagdanaviciusa@cardiff.ac.uk; 

2
jenkinsn6@cardiff.ac.uk 

 

 
Abstract. Exergy and exergoeconomic analysis of small scale CHP systems: micro gas turbine (GT) and micro Or-

ganic Rankine Cycle (ORC) CHP system has been conducted. Thermodynamic cycles have been simulated using a 

modelling tool Cycle-Tempo. Specific Exergy Costing (SPECO) exergoeconomic method has been applied and ex-

ergy costs of the products: electricity and heat have been calculated.  

Performance of micro GT CHP system is better than micro ORC CHP system as electricity exergy cost is lower. 

Large exergy costs of heat and electricity generated in the ORC CHP system have been found due to the large exergy 

destruction rate in the boiler. Using another energy source, such as waste low grade heat from industrial processes, 

for the ORC system may reduce exergy cost of generated electricity and heat and improve exergy efficiency of the 

system.    
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1. Introduction 

 

Thermodynamic analysis, consisting of energy and ex-

ergy analysis has become a standard tool assessing en-

ergy conversion technologies nowadays. In the first half 

of the last century, the first attempts to link thermody-

namics and monetary costs were made (Sciubba and Wall 

2007). Later in early 1960s the term “thermoeconomics” 

was coined (Evans and Tribus 1962). Thermoeconomics 

combines energy and exergy concepts with economics. 

Different thermoeconomic methodologies were subse-

quently developed. In 1984 Tsatsaronis proposed the new 

term exergoeconomics (Tsatsaronis 1984). Exer-

goeconomics is a methodology which combines exergy 

analysis with an economic analysis and provides informa-

tion which is crucial for the design and operation of a 

cost-effective plant (Tsatsaronis 1996). Exergoneconom-

ics is a part of thermoeconomics. In exergoeconomics the 

exergy is the only basis for assigning costs (Tsatsaronis 

1996).  

The main objectives of exergoeconomic analysis are 

(Tsatsaronis 1993): 

- to identify the location, magnitude and sources 

of exergy destruction and losses in an energy 

system; 

- to calculate the cost associated with these losses; 

- to assess the production costs of each product in 

the energy conversion system, which has more 

than one output; 

- to facilitate feasibility and optimization studies 

for energy system; 

- to assist in decision-making procedures concern-

ing plant operation and maintenance; 

- to compare technical alternatives. 

Exergoeconomic analysis was applied by many re-

searchers to assess different energy conversion systems. 

Exergoeconomic evaluation and optimization of regen-

erative gas turbine systems was conducted by Tsatsaronis 

and Pisa (Tsatsaronis and Pisa 1994). It was a part of a 

larger project, known as CGAM problem (Valero et al. 

1994). The objective of this project was to show different 

thermoeconomic methods developed by different special-

ists and to facilitate unification of nomenclature and 

methodology.  

Later exergoeconomic analysis was applied to inves-

tigate solar thermal power plants (Kaushik et al. 2001) 

and to optimise heat exchagers (D’Accadia et al. 2002). 

In most recent works exergoeconomic analysis was ap-

plied to study PEM fuel cells (Kazim 2005), ground 

source heat pumps (Ozgener and Hepbasli 2005), com-

bined cycle power plants with carbon sequestration 

(Hammond and Ondo Akwe 2007), heat exchangers net-

work (Jin et al. 2008), geothermal district heating sys-

tems (Oktay and Dincer 2009), thermo-chemical cycles 

for hydrogen production (Orhan et al. 2010) and cogene-

ration pulp and paper mill plant (Cortes and Rivera 

2010).  

Using exergoeconomic analysis the cost of each ma-

terial and energy stream is calculated using cost balances 

for each system component and auxiliary costing equa-

tions. Applying LIFO (Last In First Out) accounting prin-

ciple (Tsatsaronis and Lin 1990) fuels, products and costs 
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are defined by systematically registering exergy and cost 

additions to and removals from each material and energy 

stream. Later based on LIFO method Specific Exergy 

Costing (SPECO) method was developed (Lazzaretto and 

Tsatsaronis 2006). This approach is sufficient for system-

atically defining fuels and products of the components 

and for formulating the auxiliary costing equations (Laz-

zaretto and Tsatsaronis 2006).      

In this paper the Specific Exergy Costing method 

(SPECO) (Lazzaretto and Tsatsaronis 2006) was applied 

to evaluate micro CHP systems available on the market: 

micro gas turbine (GT) CHP and Organic Rankine Cycle 

(ORC) CHP.  

  

2. Micro CHP systems 

 

Two micro CHP systems were evaluated using exer-

goeconomic analysis. CHP systems were modelled using 

the Cycle-Tempo modelling tool developed in Delft Uni-

versity. Ambient temperature T0 = 288.15 K and pressure 

P0 = 101.3 kPa were assumed for exergy calculation. 

Most data for simulations were obtained from manufac-

tures’ data sheets.  

 

Fig 1. Micro gas turbine CHP system model 

 

Gas Turbine CHP  

 

A micro gas turbine CHP unit available on the mar-

ket was chosen (Fig 1). 

Air for combustion is compressed by the compressor 

1 and supplied to the combustion chamber 2 through the 

recuperator 4, where the temperature is further increased 

(Fig 1). The gas expands in the gas turbine 3 and is sup-

plied to the heat exchanger 5, passing by the recuperator 

4, where incoming air stream is preheated. In the heat 

exchanger 5, high temperature exhaust gas energy is used 

to heat water. Pump 7 in used to circulate water in the 

heating system 6. Exhaust cooled gas is delivered to the 

stack 8.  

Performance data, taken from manufacture’s data 

sheet, and simulation data are presented in table 1. 

 
Table 1. Gas turbine performance and simulation data 

Parameter Performance Model 

Fuel energy, kW 333 333.4 

Electrical output, kW 100 100.2 

Thermal output, kW 165 165.8 

Electrical efficiency, % 30 30.1 

Total efficiency, % 80 79.8 

Exhaust gas temp., °C  270 270 

Stack gas temperature, °C  70 70 

Exhaust gas flow, kg/s  0.8 0.792 

Heating system temp, °C  - 50°/70° 

 

Performance data of the expander (gas turbine) and 

compressor was not available; therefore isentropic effi-

ciencies were found performing iterative calculations. 

The isentropic efficiency of the expander is 0.8, compres-

sor – 0.78.    

 

Organic Rankine Cycle (ORC) CHP  

 

The Organic Rankine Cycle (ORC) is often consid-

ered in the systems where large quantities of low tem-

perature heat are available, for example in industrial 

manufacturing processes, solar power plants and geo-

thermal power plants. In practice the ORC is also used for 

high temperature processes, especially where biomass as 

fuel is used.  

One of the important tasks designing an ORC sys-

tem is to choose a suitable working fluid. For larger in-

dustrial installations, where higher temperatures are 

available, for example where biomass is used for combus-

tion, silicon oil (octamethyltrisiloxane OMTS) is success-

fully used (Obernberger et al. 2002). Studies show that 

some other fluids, such as: butylbenzene, propylbenzene 

or ethylbenzene may be considered (Drescher and Brug-

gemann 2007). The main advantage of these fluids is 

higher efficiency of power cycle. For smaller applications 

(up to 250 kWe), however, refrigerants are usually con-

sidered.  

In this study a commercially available ORC system 

was investigated. According to the manufacture’s rec-

ommendations refrigerant R134a (tetrafluoroethane) (for 

temperatures <90°C) or R245fa (pentafluoropropane) (for 

temperatures 80-120°C) should be used as a working 

fluid. Only the turbine is supplied from the manufacturer, 

whereas all other components, such as: the evaporator, 

condenser, pump and heating source (boiler) have to be 

delivered from other suppliers.  

The ORC system model is presented in Fig 2. In this 

study R245fa was used as working fluid and a biomass 

boiler was used as a heat source for the ORC cycle, al-

though other heat sources may be used. The system con-

sists of three separate loops. Water is heated in the boiler 

6 and supplied to the heat exchanger 1. Here water heats 

the refrigerant R245fa, which evaporates. Cooled water is 

then supplied to the boiler 6. Pump 5 is used to 
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circulate hot water in the loop. High pressure and tem-

perature R245fa vapour is delivered to the turbine 2, 

where it expands. Exhaust vapour after turbine 2 is con-

densed in the heat exchanger 3. Then the liquid is 

pumped to the heat exchanger 1 repeating the cycle. 

Heating system water is heated from 50°C to 70°C in the 

heat exchanger 3 and supplied to the heating system 7 

using circulation pump 8.  

     

      
   

Fig 2. Micro ORC CHP system model 

 

Performance data, taken from manufacture’s data 

sheet, and simulation data are presented in table 2. ORC 

without superheating was modelled based on the maxi-

mum turbine inlet temperature and heating system supply 

temperature.  

 
Table 2. ORC system performance and simulation data 

Parameter Performance Model 

Fuel energy, kW 117-176 137 

Electrical output, kW 5-12 10 

Thermal output, kW - 114 

Electrical efficiency, % 8-11 7.3 

Total efficiency, % - 90.5 

Turbine inlet temp., °C  120-80 120 

Working fluid R245fa R245fa 

Heating system temp, °C   50°/70° 

 

Lower efficiency in the model was obtained because 

of the high temperature required for the heating system. 

The reduction of heating system temperature in the heat 

exchanger 3 increases efficiency of the ORC to 12-13%.    

 

3. SPECO methodology 

 

The Specific Exergy Costing (SPECO) approach is a 

systematic methodology for calculating exergy related 

costs in thermal systems (Lazzaretto and Tsatsaronis 

2006).  

SPECO method consists of three steps: 

- identification of exergy streams; 

- definition of products and fuels; 

- construction of cost equations.  

The first step was carried out using Cycle-Tempo 

software. Energy and exergy streams in the particular 

model were calculated. Total exergy was used in this 

study, because the use of separate forms of exergy, such 

as: thermal, mechanical or chemical, only marginally 

improves calculation accuracy (Lazzaretto and Tsatsaro-

nis 2006). 

The next step is very important as incorrect defini-

tion of fuel and product may lead to false results. The 

Fue/-Product concept is very useful and is often used 

conducting exergy efficiency analysis. According to its 

definition, the product is the desired result produced by 

the system (Bejan et al. 1996). The fuel represents the 

resources used to generate the product (Bejan et al. 

1996). For example for the simple turbine fuel is the dif-

ference of input exergy stream (fluid) and output exergy 

stream (fluid), and the product is the shaft power output. 

Using these definitions fuels and products were defined 

for each component of the system.  

The last step, the construction of the cost equations 

consists of two parts. First the exergy cost equation for 

each component of the system is composed. General form 

of this equation for the k-th component is: 
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Here ec , ic , qc , wc  are the average  costs per unit of 

exergy (EUR/kJ); eE& , iE& , qE& , qW& are the exergy streams 

(kW) and kZ&  are the sum of capital investments and op-

erating and maintenance expenses (EUR/s).  

Cost streams C& (EUR/s) associated with the corre-

sponding exergy streams are calculated using equation:  
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However there are more streams than components, 

therefore auxiliary equations have to be formulated. F 

and P principles are used to compose auxiliary equations. 

According to the F principle, the specific cost (cost per 

exergy unit) associated with the removal of exergy from 

the fuel stream is equal to the average specific cost at 

which the removed exergy is supplied to the same stream 

in upstream components (Lazzaretto and Tsatsaronis 

2006). In this way one auxiliary equation is composed per 

each removal of exergy. The P principle states that each 

exergy unit is supplied to any stream associated with the 

product at the same average cost. Thus F and P principles 

together provide the required number of equations in or-

der to find the specific costs of the streams.  
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In order to find cost flow rates and average costs per 

unit exergy, system of linear equations was constructed. 

Matrix formulation was used to solve the system of equa-

tion: 

 

BXA =×    (3) 

 

where A is the matrix of coefficients constructed from 

main and auxiliary equations, X is the unknown vector of 

cost flow rates ( C& ) and B is the vector of capital cost 

flow rates ( Z&− ) (Lazzaretto and Tsatsaronis 2006). 

 

Auxiliary equations for gas turbine CHP system 

 

The micro GT CHP system consists of seven main 

components (Fig 1), thus 7 equations (using equation 1) 

for each component are formulated. The total number of 

streams is 15, therefore 8 auxiliary equations have to be 

constructed based on F or P principles.  

Two equations are constructed associated with the 

exergy streams supplied with the material to the system 

from outside. 

For fuel supplied to the system: 

 

fuelCC && =10    (4) 

 

where fuelC&  is cost stream (EUR/s) associated with the 

fuel exergy. 

Air supply to the system: 

 

airCC && =11    (5) 

 

where airC&  is cost stream associated with the air exergy. 

Electricity is generated by turbine 3 and generator, 

and consumed internally by the pump 7. The average cost 

per unit of electricity generated is equal to the average 

cost per unit of electricity consumed:  
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Since two products are generated in the turbine 3, 

using P principle the auxiliary equation is composed for 

the compressor 1: 
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Finally the remaining four auxiliary equations are 

composed using F principle.  

The auxiliary equation for the turbine 3: 
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The auxiliary equation for the heat exchanger 4: 
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The auxiliary equation for the heat exchanger 5: 
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The auxiliary equation for the heating system 6: 
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Auxiliary equations for ORC CHP system 

 

The same method of constructing main and auxiliary 

equations was applied for the ORC system (Fig 2). The 

ORC system consists of 8 components; therefore 8 main 

equations are formulated for each component. The num-

ber of streams is 16, and therefore 8 auxiliary equations 

are formulated based on the principles described above. 

For fuel supplied to the system (boiler 6): 

 

fuelCC && =11                   (12) 

 

Three auxiliary equations are used to define electric-

ity supply for pumps 4, 5 and 8.   
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The auxiliary equation for the turbine 2 is: 
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The auxiliary equation for the heat exchanger 1: 
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The auxiliary equation for the heat exchanger 3: 
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The auxiliary equation for the heating system 7: 
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Hence, systems of linear equations were constructed 

and solved using Matlab. 

 

4. Calculation of fuel and capital costs  

 
Exergoeconomic calculation of the system is based 

on the capital costs of components. Sometimes it is diffi-

cult to obtain exact costs of equipment, in which case the 

cost functions are used to estimate an average cost of the 

component (Bejan et al. 1996; Silveira and Tuna 2003; 

Galanti and Massardo 2010).  

The total cost of the GT unit was provided by the 

manufacture. Capital costs of micro GT system compo-

nents were estimated based on the cost functions pro-

vided by Galanti and Massardo (Galanti and Massardo 

2010). The cost of each component: compressor, turbine, 

combustion chamber, recuperator and generator were 

corrected proportionally with regard to the total unit cost. 

Other costs of pump and heat exchanger were taken from 

the manufactures’ quotes. The total cost of the micro GT 

system is 128 kEUR. 

The ORC turbine is delivered unassembled, there-

fore all additional components, such as heat exchangers, 

pumps, boiler have to be purchased separately. Costs of 

ORC system components were taken from the manufac-

tures’ quotes. The total cost of the ORC CHP system is 

60 kEUR.  

It was assumed that estimated operation time of 

CHP is 15 years; interest rate on the capital – 15%; time 

of operation of plant – 7000 hours/year.  

Natural gas as fuel was used for micro GT CHP sys-

tem. The energy price 0.04 EUR/kWh of natural gas for 

domestic consumers in UK in 2009 was taken from EU 

Energy Portal (www.energy.eu).  

Biomass fuel price was recalculated based on the 

data provided in the report (E4Tech 2010). It was as-

sumed that the cost of wood chips was 0.0276 EUR/kWh.    

  

5. Exergoeconomic evaluation 

 

First exergy analysis was carried out. Exergy streams 

were calculated using the Cycle-Tempo software. From 

these data the exergy of the product and fuel of the com-

ponent was calculated. Exergy efficiency of the compo-

nent was calculated using the equation: 
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Here 
PE& is the exergy of the product of the compo-

nent, 
FE& is the exergy of the fuel of the component, 

DE&  

is exergy destruction rate of the component and  
LE&  is 

exergy loss rate of the component. In this study it was 

assumed that 0=LE& .  

In order to find which components are responsible 

for the exergy destruction in the system an exergy de-

struction ratio was calculated using the equation: 
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Using the SPECO method cost rates of exergy 

streams ( C& ) were calculated. From the cost rates associ-

ated with exergy stream cost rates associated with the fuel 

(
FC& ) and the product (

PC& ) were calculated. Average 

cost per exergy unit of fuel and product for the compo-

nent k was defined using the equation: 
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In order to conduct exergoeconomic analysis exer-

goeconomic variables of the component k, such as: cost 

rate of exergy destruction
kDC ,

& , relative cost difference 

kr and exergoeconomic factor 
kf  have to be calculated. 

Cost rate of exergy destruction 
kDC ,

&  were calculated 

using the equation (Bejan et al. 1996): 

 

kDkFkD EcC ,,,
&& =                  (21) 

 

Here
kFc ,
 is unit cost of fuel and 

kDE ,
&  is exergy destruc-

tion rate.  

Relative cost difference 
kr  indicates the relative in-

crease in the average cost per exergy unit between fuel 

and product of the component (Bejan et al. 1996). It was 

calculated using the equation: 
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Here
kFc ,
 is unit cost of fuel and 

kPc ,
 is unit cost of prod-

uct.  

Exergoeconomic factor 
kf  combines non-exergy 

costs (capital investment and operating and maintenance 

costs) with exergy destruction costs. For the k
th

 compo-
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nent it was calculated using the equation (Bejan et al. 

1996): 
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Gas Turbine CHP  

 

Exergy efficiency and exergy destruction ratio of the 

micro GT CHP system are presented in Fig 3.  

 

 

Fig 3. Exergy destruction and efficiency of the GT CHP 

system 

 

Exergy efficiency (black column) of the combustor, 

turbine, compressor and recuperator are relatively high 

(>80%). However the largest exergy destruction ratio 

(white column) is found in the combustion chamber. The 

combustion chamber is responsible for the destruction of 

almost 50% of total exergy destroyed in the system. Ex-

ergy destruction ratio in other components is considerably 

lower compared with the combustion chamber.   

Exergy efficiency of the heat exchanger 5 is low 

(<40%) and exergy destruction ratio is higher than that of 

recuperator. This is due to the large temperature differ-

ence in the heat exchanger, where high temperature gas 

(around 270°C) is used to heat low temperature heating 

water (50°-70°C). The efficiency of the heat exchanger 

can be improved by changing the temperature regime in 

the system.         

Exergoecononomic variables: exergoeconomic factor 

kf , relative cost difference 
kr  and the sum of capital cost 

flow rate and exergy destruction rate 
kDk CZ ,

&& + of micro 

GT CHP system are presented in Fig 4. 

Largest relative cost difference (black) is observed 

in the heat exchanger 5 (1.54) and pump 7 (1.49). It 

means that the exergy cost increase is large in these com-

ponents. However the sum of destruction and capital cost 

rate in the pump 7 is very low. It infers that the pump 

contribution to the total cost formation in the system is 

insignificant. The sum of exergy destruction and capital 

cost rate for the heat exchanger 5 is about 3 EUR/h. Thi-

component contributes largely to the formation of the 

product cost. 

The small exergoeconomic factors (grey) for the 

combustion chamber, heat exchanger 5 and compressor, 

indicates that exergy destruction rate is much higher than 

capital cost flow rate; therefore component efficiency can 

be improved even increasing capital investments. This is 

particularly relevant for the compressor. Improving com-

pressor’s efficiency would reduce exergy destruction 

cost.  

 

 

Fig 4. Exergoeconomic variables of the GT CHP system 

 

The highest value of exergy destruction cost rate is 

observed in the combustion chamber. The exer-

goeconomic factor is very low, suggesting that capital 

investment into more efficient design would reduce the 

exergy destruction in the combustor. However this will 

not necessarily improve the performance, as the combus-

tion process is inherently related to the large exergy de-

struction due to the internal energy exchange in the sys-

tem (Chavannavar and Canton 2006).  

The third largest contributor to exergy destruction 

cost is the heat exchanger 5. A low exergoeconomic fac-

tor and large relative cost difference indicates that the 

performance of this component can be improved. One of 

the possible solutions might be the more effective utilisa-

tion of high temperature exhaust gas.      

 

Organic Rankine Cycle (ORC) CHP 

 

Exergy efficiency and exergy destruction ratio of 

ORC CHP system are presented in Fig 5.  

Largest exergy destruction is observed in the boiler. 

The boiler is responsible for more than 90% of all exergy 

destruction in the system. The exergy destruction in the 

other components, such as: heat exchanger 1 and 3 and 

turbine is insignificant.   

Exergoecononomic variables: exergoeconomic fac-

tor
kf , relative cost difference 

kr  and the sum of capital 

cost flow rate and exergy destruction rate 
kDk CZ ,

&& + of 

ORC CHP system are presented in Fig 6. 

As anticipated the largest relative cost difference is 

observed in the boiler. The low exergoeconomic factor 
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suggests that destruction cost rate is much higher than 

investment (capital) cost rate. However improvement in 

the boiler efficiency would not reduce exergy destruction 

considerably. The combustion process is the largest con-

tributor to the exergy destruction. Replacing the boiler 

with another low grade energy source (for example waste 

heat from industrial process) would reduce exergy de-

struction in this component and improve the overall ORC 

performance.  

 

 

Fig 5. Exergy destruction and efficiency of ORC CHP sys-

tem 

 

 

Fig 6. Exergoeconomic variables of ORC CHP system 

 

The exergoeconomic factor and relative cost differ-

ence of two heat exchangers 1 and 3 are low. The exergy 

destruction cost rate is larger than the capital cost rate. 

Reduction of pressure losses in the exchangers would 

decrease the exergy destruction cost and improve system 

performance. The role of the pumps in the exergy de-

struction cost formation is insignificant. 

 

6. Comparison of GT and ORC systems 

 

The main objective of CHP systems is to generate 

electricity and produce heat. The cost formation process  

in the GT and ORC systems takes place differently. The 

costs of the final products are presented in Table 3. 

Fuel exergy cost in the GT system is higher than in 

ORC system. During the energy conversion process fuel 

exergy is converted to mechanical work (electricity) and 

heat. Exergy destruction takes place in all components. In 

addition only a small part of exergy is wasted (stack 8 in 

Fig 1). The cost of the wasted heat is added equally to the 

stream 13 (electricity) and stream 15 (heating).  

 
Table 3. Exergy costs of products, EUR/kWh 

Exergy cost, EUR/kWh Micro GT Micro ORC 

Fuel exergy cost 0.038 0.025 

Electrical exergy cost 0.107 0.207 

Heat exergy cost 0.230 0.195 

 

The wasted heat in the boiler in the ORC system is 

accounted by the boiler energy efficiency.  

Although the investment for the GT system is higher 

than for the ORC system, power and heat generation is 

more efficient in terms of exergy and consequently the 

exergy cost of electrical exergy is lower. The increase of 

heat exergy cost is related to exergy destruction in the 

heat exchanger 5. Decreasing the exergy destruction rate 

in this component would reduce the heat exergy cost.  

In the ORC system the boiler is responsible for the 

largest exergy destruction. The exergy destruction cost 

increases considerably when the biomass fuel is burned in 

the boiler. Combustion affects the cost of the final prod-

ucts. The cost of electrical exergy is slightly higher than 

the cost of heat exergy because of the very low electrical 

exergy (10 kW) generated in the turbine. Heat exergy 

generated in the cycle is 15.54 kW, therefore the specific 

cost of heat exergy is lower.  

 

7. Conclusions  

 

Exergy and exergoeconomic analysis of micro gas 

turbine CHP system and micro Organic Rankine Cycle 

CHP system has been presented.  

Calculated exergy cost of electricity is 0.107 

EUR/kWh in a micro GT system and 0.207 EUR/kWh in 

an ORC system. 

The performance of micro GT CHP system is better 

than micro ORC system. The main disadvantage of using 

ORC cycle with biomass combustion is large exergy de-

struction in the boiler. However the ORC system is more 

flexible than the micro GT system as a variety of fuels 

may be used as well as high temperature waste from in-

dustrial processes. 
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