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In this paper, the technical and economic optimization of a CHP system using gas 

turbine and energy recovery system is performed. The genetic algorithm has been used 

to optimize the performance of the power plant. Thermodynamic modeling of the CHP 

was initially performed by applying MATLAB software and the second law efficiency 

was obtained for the system. The cost of each component was defined as a function. 

Afterwards, operating and maintenance costs were investigated and the function of 

overall costs were obtained. Design parameters considered for economic optimization 

were compressor pressure ratio (𝑟𝑐), isentropic compressor efficiency (ƞc), isentropic

turbine efficiency (ƞT), combustion inlet temperature (T3) and turbine inlet temperature 

(T4). The efficiency of the power plant was 36.6% which must be improved by 

optimization. In order to enhance the efficiency, the flow rate of fuel was optimized 

which led to the improvement of the efficiency. The optimized efficiency was 48.9%.  
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1. INTRODUCTION

In recent decades, manufacturers and consumers have 

planned to reduce their energy-related costs; therefore, CHP 

systems utilization have been increased. The CHP system, 

combined heat and power generation, is a synchronous 

mechanical and thermal energy production using a fuel 

source in a single system, whose mechanical energy is 

generally converted into electricity by the generator and the 

heat dissipation in the sector is mechanically used. This is 

recovered in order to produce hot water, steam, hot air or for 

other applications. 

The temperature of the exhaust gases from a gas turbine 

cycle is usually very high (about 500 °C). It is important to 

use these gases to optimize the gas turbine cycle. In most 

cases, heat exchangers are used to recover energy from hot- 

exhaust gases and produce steam. 

To exploit these gases in a gas turbine, and basically to 

optimize any other energy system, the following objectives 

should be considered as much as possible: 

1. Highest efficiency of the system

2. Lowest total cost

3. Lowest energy consumption

4. Least harmful environmental and human impacts

5. Highest safety

6. Highest reliability of continuous and system-free

operation. 

Several studies have been conducted on the utilization of 

hot gases exiting turbine in order to achieve higher system 

efficiency. Sayyaadi and Aminian [1] conducted a research 

on the optimization of non-TEMA shell and tube heat 

exchanger for a pressure booster station by applying genetic 

algorithm. Sanaye and Hajj-Abdollahi [2] used multi-

objective optimization for a plant fin converter using genetic 

algorithm. They performed the optimization based on 

minimization of energy production and capital return and 

applying FUZZY and LINMAP decision-making tools. In 

another work, Michal et al. [3] modeled and developed an 

approach to optimize the CHP technology operations in a 

plant in order to maximize profit. Erbay and Goktun [4] 

reviewed the design of the recovery turbine with increasing 

coherent heat, which works based on the Bryton cycle. The 

aim of this study was achieving high efficiency and small gas 

turbines. The optimization was done numerically based on 

obtaining the highest power and the highest power density. 

Erbay and Goktun concluded that the recovery gas turbine 

cycle, which increases the heat of the homogeneous system 

by a secondary combustion chamber, has the highest 

efficiency among all types of the recovery cycles. In another 

work done by Chen and Li [5], power optimization for a 

renewable cycle of gas turbine was considered. In this study, 

analytical formulas were obtained to achieve the relationship 

between output power and total cycle pressure ratio. The 

purpose of this study was determining the optimal mass flow 

or optimal pressure drop, which would allow the whole 

system to operate at the maximum output power. Ponce et al. 

[6] focused on single-objective optimization of a shell and

tube heat exchanger, by considering geometric characteristics

as decision variables, they achieved the goal of reducing the

overall annual costs.

Soltani et al. [7] investigated a gas turbine combined cycle 

with biomass gasification. The fuels for topping and 
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bottoming cycle were natural gas and various biomass fuels, 

respectively. The utilized biomass options included wood, 

paper, paddy husk, and municipal waste [7]. In addition, the 

systems were examined by entirely using natural gas and coal 

(in a separate analysis) in order to compare results.  Recently, 

Freschi et al. [8] studied tri-generation systems in the food 

industry and investigated the systems based on environmental 

and economic aspects. A multi-objective optimization was 

performed which focused operational costs and greenhouse 

gases emissions. This enabled the authors to devise various 

operating strategies for the system. In addition, a sensitivity 

analysis was also included in this work as the authors 

recognized the impact the pricing in the economic analysis 

may have contributed to the final results. Namuli et al. [9] 

conducted a study based on net present value (NPV) in order 

to obtain the optimum herd size which is needed to produce 

adequate biomass waste to make a CHP system commercially 

appropriate. The plant was designed with a digester which 

was utilized convert the manure and food wastes into biogas. 

The obtained biogas was used in an internal combustion 

engine to generate electricity and heat. In another study, 

Wongchanapai et al. [10], conducted a sensitivity analysis in 

order to assess the effect of the influential working 

parameters of a direct-biogas SOFC-micro gas turbine (MGT) 

hybrid CHP system which has 200 kWe power output 

capacity. 

Assessment of economic feasibility is significantly 

important in designing CHP systems. Various studies have 

been conducted in order to economically analyze CHP with 

different fuels including natural gas, especially working with 

gas turbines. The performed economic analyses consider both 

electrical and thermal outputs [11], system capacity, types of 

prime mover, and working scenarios [12], and some of the 

consider climate zones for investigation [13]. Biogas is one 

of the renewable energy sources which are used in various 

industrial activities. Technoeconomic analyses have been 

performed on CHP systems working with bio-gases as fuel in 

some studies. For instance, in Ref. 14 various CHP systems 

are investigated economically [14]; moreover, some other 

studies focused on economic and environmental benefits of 

the CHP systems working with bio-gas [15]. In addition to 

CHP systems, biogas can be applied in trigeneration systems 

[16] which indicates that these fuels are appropriate for 

several applications. 

As mentioned in literature review, there is not any study 

which has focused on technical and economic optimization of 

CHP systems working with biogas. In this study, a CHP 

system working with biogas is investigated and optimized 

technically and economically. In this system, heat recovery 

unit is utilized in order to achieve higher efficiency and lower 

cost. The details of the investigation and the results are 

represented in following sections.   

 

 

2. MODELING 
 

2.1 Gas turbine specifications 

 

Most of the gas turbines used in Iran’s power plants are 

manufactured by Siemens and have the same operating cycle. 

The turbine tested here has a capacity of 195 mw. The 

turbine cycle has a reciprocator, the compressed air heated by 

the exhaust gas from the turbine; afterwards, enters the 

combustion chamber. Figure 1 shows the general diagram of 

the cycle and Table 1 shows the assumptions of the problem. 

 

 
 

Figure 1. General diagram of gas turbine cycle 

 

Table 1. 195 MW gas turbine specification 

 
(rp) Compressor pressure ratio 11 

(ƞC) Isentropic compressor 

efficiency 
0.85 

(ƞT) Isentropic turbine efficiency 0.85 

(TC) Entrance temperature to turbine 1640 k 

(T1) Inlet temperature to compressor 298 k 

 

2.2 Thermodynamic modeling 

 

The overview of the gas turbine cycle with heat exchanger 

is shown in Fig. 1. The main components of this system are 

gas turbine (compressors, combustion chambers and turbines) 

and heat exchangers (recuperators). The recuperator is a 

cross-flow heat exchanger used to recover heat and optimize 

energy in industrial units. The recuperator is located at the 

inlet and outlet sections of the systems in which air acts as a 

cooling or heating fluid. In these systems, the air recuperator 

is utilized for heat recovery from the generated waste heat. 

The compressor and turbine are modeled by considering the 

adiabatic assumption, taking into account the polytropic 

efficiency. By calculating the combustion chamber inlet air 

temperature and the exhaust gases from the combustion 

chamber, the mass rate of fuel (methane) can be calculated. 

 

2.3 Assumptions 

 

It should be noted that in order to use thermodynamic 

relations, the following thermodynamic assumptions are 

considered. 

• All the processes in the study are based on steady 

state model. 

• The principles of mixing gas and air are used. 

• Fuel utilized in the combustion chamber is methane 

with LHV = 50000 kj / kg. 

• Kinetic potential energy is considered to be 

insignificant due to its low velocity and height. In 

addition, the wear and friction are considered to be 

negligible. 

• The waste heat from the combustion chamber is 

assumed to be 3% of the value of the lower heating 

value (LHV) of the fuel. 

• In the converter, the pressure of the gas side is 3% 

and 5% on the air side, the pressure drop in the 

combustion chamber is 5%. 
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2.4 Equations governing the temperature of the adiabatic 

flame 

 

The reaction equations for methane are in the form of 

equation (1) 

 

CH + λ ×× O + N → λ × CO + HO + λ ×× N                      (1) 

 

221029228

125712561045104483362241

76.32)76.3(2 NOHxCOxNOx

HnCxHICxHnCxHICxHCxHCxCHx

++→++

++++++


    (2) 

 

In which 𝜆 is the coefficient of excessive air and 𝑥1.𝑥7 are 

molecular coefficients of the constituents of natural gas. The 

governing relations of the adiabatic flame temperature are 

based on the first law of thermodynamics, which is in the 

form of equation (3) [17]. 
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P
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R

o
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             (3) 

 

In which 𝒏𝑹 is the molar amount of the species 

participating in the reaction (before combustion) and 𝒏𝑷  is 

the molar amount of reactive product species (after 

combustion). 𝒉𝒇

𝒐
 is the enthalpy formation at reference 

temperature and 𝜟𝒉  is the enthalpy difference between 

temperature T and 𝑻𝒓𝒆𝒇  reference. The assumptions are as 

follows: 

A. Gases are assumed to be rational (i.e. they depend on 

the temperature and composition of the mixture). 

B-Combustion is considered to be complete (combustion 

products include carbon dioxide, water, oxygen and nitrogen). 

C) Combustion is considered as a single-mode model. 

 

2.5 Compressor work 

 

Gas turbine compressors can absorb up to 60% of the 

turbine's production; therefore, if this work decreases by a 

method, it will have a significant effect on the net power 

production. In Fig. 2, in a hot day, compression occurs in the 

compressor during the 1ℎ − 2′ℎ  process. By cooling the 

compressor, the process is transferred to the left (process 1 −
2′), which means reducing the compressor's work. 

The work of a compressor can be calculated as follows: 

[18]. 

 

�̇�𝐶 = �̇�𝑎𝐶𝑝,𝑎(𝑇2 − 𝑇1)                                                        (4) 

 

𝑇2 = 𝑇1 {1 +
1

𝜂𝐶
[𝑟𝑃

𝛾𝑎−1

𝛾𝑎 − 1]}                                               (5) 

 

where 𝑟𝑃 =
𝑃2

𝑃1
 for inlet air (a) and 𝐶𝑃,𝑎 = 1.004  and 𝛾𝑎 =

1.32 

 

 
 

Figure 2. Effect of cooling the air entering the compressor on 

its work 

 

2.6 Combustion chamber 

 

Considering the constant pressure combustion in the 

combustion chamber, the temperature, pressure, amount of 

steam and dry air in the air entering the combustion chamber 

are obtained from the compressor analysis. At the exit, at the 

same temperature, the exhaust gases leave the combustion 

chamber. The combustion chamber equations can be written 

as follows. 
....

43 )1( CBfgfa LHVmhmLHVmhm −=+
               (6) 

With 𝜂𝐶𝐵 = 100% 

 

)1(34 CBPPP −=
                                                      (7) 

With 𝛥𝑃𝐶𝐵 = 0.05 

 

LHV is the lower heating value of fuel, (methane in this 

study) and h is enthalpy. Where ℎ3 = 𝐶𝑝,𝑎(𝑇3 − 𝑇0) and ℎ4 =

𝐶𝑝,𝑔(𝑇4 − 𝑇0) is the inlet temperature of the plant, 𝑇0 = 298𝑘 

and 𝜂𝐶𝐵 = 100% is the combustion chamber’s efficiency, the 

LHV is estimated 50,000 kJ/kg for methane [19]. 

 

2.7 Turbine analysis 

 

Assuming that the combustion products behave as a 

complete gas and according to the definition of the isentropic 

turbine efficiency, which can be obtained by using the 

Newton-Raphson iteration method, the temperature of the 

outlet turbines can be obtained. The turbine power output can 

be obtained according to the following equations: 

 

𝑇5 = 𝑇4 {1 + 𝜂𝑇 [1 − (
𝑃4

𝑃5
)

−𝛾𝑎+1

𝛾𝑎 ]}                                      (8) 

 

�̇�𝑇 = �̇�𝑔𝐶𝑝,𝑔(𝑇4 − 𝑇5)                                                       (9) 

 

In which, for the gas considered here 𝛾𝑔 = 1.4 and 𝐶𝑝,𝑔 =

1.053 kj/(kg. k). 
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2.8 Heat exchanger analysis 

 

All industrial processes and equipment require energy to 

carry out their task; however, since there is no possibility of 

converting all input energy into useful work, part of this 

energy is wasted in the form of heat. Therefore, in order to 

reuse this heat and reduce fuel consumption, several systems 

are developed that are widely used in industries. Heat 

recovery systems, transfer heat from high-temperature output 

to an inlet flow with lower temperatures. Recuperators are 

heat exchangers that transfer heat from hot combustion gases 

to a cold stream of air. In other words, a recuperator is a type 

of heat exchanger in which heat transfer occurs between two 

gases. The air heated by the recuperator is usually used as the 

combustion air or for the heating of closed environments [20]. 

Equations for the heat exchanger are as follows 

 

𝑃3 = 𝑃2(1 − ∆𝑃𝑎,𝑟𝑒𝑐)                                                         (10) 

With 𝛥𝑃𝑎.𝑟𝑒𝑐 = 0.05 

 

𝑃6 = 𝑃5(1 − ∆𝑃𝑔,𝑟𝑒𝑐)                                                         (11) 
With 𝛥𝑃𝑔.𝑟𝑒𝑐 = 0.03 

 

 �̇�𝑎𝐶𝑝,𝑎(𝑇3 − 𝑇2) = �̇�𝑔𝐶𝑝,𝑔(𝑇5 − 𝑇6)                               (12) 

 

Values are the pressure (P), specific heat (𝐶𝑃) for air (a) 

and fuel (g), temperature T, pressure drop (ΔP) and the mass 

flow rate of the air (�̇�𝑎). 

 

2.9 General analysis of the cycle 

 

Based on the represented analyses in previous parts, the 

specific power output of the turbine, the specific compressor 

operation and the fuel-to-air ratio were calculated. Therefore, 

it is possible to calculate the net produced power of this cycle: 

 

�̇�𝑛𝑒𝑡 = �̇�𝑇 − �̇�𝐶 = (�̇�𝑓 + �̇�𝑎)𝐶𝑝,𝑔(𝑇4 − 𝑇5) −

�̇�𝑎𝐶𝑝,𝑎(𝑇2 − 𝑇1)                                                                 (13) 

 

The above relations are solved by the balance of energy 

and mass and numerical equations, and the temperature and 

pressure are obtained from each power line in the plant. 

 

2.10 The objective function 

 

In most engineering optimization issues, the optimization 

of more than one objective function is intended for designers. 

These issues are typically in a way that usually two or more 

objectives conflict with each other and should be optimized 

simultaneously. The optimization performed for this plant is 

a two-objective optimization with the goal of maximizing 

thermal efficiency and minimizing the payback period of 

investment. The objective function in this section consists of 

a combination of two functions: 

1. The operating cost rate associated with the cost of the 

fuel 

2. Cost of the operation and maintenance of equipment 

Therefore, the total cost of the power plant is calculated as 

follows 

 

�̇�𝑇 = �̇�𝐹 + ∑ �̇�𝑘𝑘                                                                 (14) 

 

Here �̇�𝑇  is the total cost of maintaining and purchasing 

fuel, �̇�𝑘  is the cost of maintaining the k-th tool. And both 

have unit of (
$

𝑠
). 

 

�̇�𝑘 = 𝑍𝑘
𝐶𝑅𝐹𝜑

𝑁
                                                                    (15) 

 

The value of 𝑍𝑘 , 𝑁 = 8000ℎ and 𝜑 = 1.06 is the cost in 

USD, 𝐶𝑅𝐹  is the capital recovery factor, 𝑁  is the annual 

operating hours and maintenance factors. 

 

𝐶𝑅𝐹 =
𝑖(𝑖+1)𝑛

(𝑖+1)𝑛−1
                                                               (16) 

 

It should be noted that the capital recovery factor, which is 

an economic parameter, depends on the interest rate i as well 

as on the lifetime of equipment n. Assume that i and n are 

16% and 15 years respectively, resulting in a CRF value of 

18.2%. [19 ,21-24]. 

The cost of fuel purchases is as follows: 

 

�̇�𝐹 = �̇�𝑓𝑐𝑓 × 𝐿𝐻𝑉                                                          (17) 

 

The value of cf = 0.004 (
$

MJ
) is the fuel cost per unit of the 

plant, which is determined by the lower heating value of the 

fuel. ṁf is the fuel flow, and LHV is a lower heating value of 

the fuel. In addition, the maintenance cost functions are listed 

below [19, 21-24] 

Functions related to the maintenance cost of the k-th tool 

[22]. 

Compressor cost function: 
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Combustion chamber cost function: 
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Gas turbine cost function: 
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The function of the heat exchanger cost: 
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The fixed values of 𝐶𝑖𝑗 are obtained from the data in the 

catalogs. A summary of these values for this power plant is 

presented in Table (2). 

 

Table 2. the constants in the maintenance functions of the 

power plant components [22] 

 

𝐶11 = 39.5 $/(kg/s)      

𝐶12 = 0.9 
Compressor 

𝐶21 = 25.6 $/(kg/s)              

𝐶22 = 0.995 

 𝐶23 = 0.018(𝐾−1)                 

𝐶24 = 26.4 

Combustion 

Chamber 

𝐶31 = 266.3 $/(kg/s)             

𝐶32 = 0.92 

C=K- 

𝐶34 = 54.4 

Gas Turbine 

𝐶41 = 2290$/(𝑚1.2) 

𝑈 = 18 𝐾𝑊/(𝑚2𝐾) 
Air Preheater 

 

Therefore, the general cost function is as follows: 

 

RECGTCBCffT ZZZZLHVcCC ++++=
..

              (22) 

 

2.11 The limits of design data for optimization 

 

Inlet temperature of compressor 𝑇1 = 298 𝐾   

Adiabatic air coefficient 𝛾𝑎 = 1.32   

Adiabatic coefficient of gas emissions from gas 

turbine 𝛾𝑔 = 1.4 

  

The temperature range of the gases entering the 

turbine 1100 𝐾 < 𝑇4 < 1300 𝐾 

  

Compressor pressure ratio range 4 < 𝑅𝑝 < 11   

Isotropic compressor efficiency range 0.8 < 𝜂𝑐 <
11 

  

Isotropic turbine efficiency range 0.8 < 𝜂𝑇 < 11 

 

 

  

3. RESULTS AND DISCUSSION 
 

By changing the independent parameters (𝑇4, Cr  , C  , T  , 

 am and) within the specified range, values of these fm  

parameters that represent the net power of the output are 

selected; afterwards, the values that achieve the objective 

function and minimize it, are chosen for the desired net 

power as the optimal design parameter values. 

In the Bryton cycle, considering that the efficiency of the 

compressor and turbine is different in reality, the turbine inlet 

and outlet temperatures are different in the ideal state, and the 

actual turbine efficiency is less than the ideal state due to 

internal losses and available tools. In Figure 3, the 

comparison of the actual with ideal overall thermal power 

efficiency with regard to the heating value of the fuel as well 

as the efficiency of the heater is presented. Figure 4 shows 

the effect of the isentropic compressor efficiency on the cycle 

efficiency. Figure 5 shows the effect of an isentropic turbine 

efficiency on cyclic efficiency. Considering the shape, the 

cycle efficiency has a direct relation with the net power 

output, and this depends on the difference between the 

turbine and the compressor. Any action leading to an increase 

in the turbine output power will increase the cycle efficiency, 

and vice versa. The power consumption of the compressor is 

proportional to its specific fluid volume, and the specific 

volume is proportional to the absolute gas temperature at a 

given pressure. As a result, the power consumption of the 

compressor is directly proportional to the air temperature. 

Therefore, the lower the inlet air temperature, results in lower 

power consumption of the compressor, which is shown in Fig. 

6. 

 

 

4. CONCLUSION 
 

According to the table presented in the modeling section; 

firstly, the turbine input and output data and isentropic 

conditions were considered, the actual return values for 

turbines and compressors were calculated, which yielded a 

power plant efficiency of 0.366. 

 

 
Figure 3. Comparison of the actual and ideal efficiencies 

 

 
 

Figure 4. Comparison of the isotropic compressor efficiency 

and total efficiency 

 

 
 

Figure 5. Comparison of the isentropic turbine efficiency and 

total efficiency 
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Figure 6. Effect of the input temperature on total efficiency 

 

Table 3. Optimized values for the whole power plant 

 
Optimized values Modeled values Variable name 

1124.002        K 1640.5    K 
4T

 

859.102          K 580.75     K 3T
 

0.802 0.85 C  

0.8 0.85 
T  

4.001 11 
Pr  

7704.0176  
Optimum 

function value 

 

The goal was to increase this efficiency to its optimum 

value. Moreover, for the inlet temperature of 25 ° C, the table 

showed the amount of compressor operation as 125.66 MW 

and for the turbine 321.49 MW, which gives the difference 

between the two values of the final work of the power plant 

to be 195 MW. The combustion chamber efficiency is also 

assumed to be 100%. Using optimum function, the amount of 

fuel flow (𝑚𝑓) was optimized and using optimized mass flow 

rate of fuel, the optimum efficiency of the power plant 

increased to 0.489. Design parameters considered for 

economic optimization are compressor pressure ratio (𝑟𝐶) , 

isentropic compressor efficiency (𝜂𝐶) , isentropic turbine 

return (𝜂𝑇) , combustion inlet temperature (𝑇3)  and turbine 

inlet temperature. The optimized values are given in Table 3.  
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NOMENCLATURE  

 

Adiabatic coefficient   

Air a  

Pressure P 

Compressor C 

Fuel f  

Gas g  

combustion chamber CB  

Low thermal fuel value LHV 

Temperature T 

Recuperator rec 

Pure net 

Gas turbine GT 
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