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ABSTRACT
This paper proposes a new methodology for optimal sizing of a combined cooling heating and power 
(CCHP) system with a gas turbine as its primary mover in a residential building in Xihu area in Hangzhou, 
Zhejiang, China. Due to the significant impact of four substantial parameters including energetic, exergetic, 
environmental, and economic (4E), their features are used during the gas engine size optimization of the 
CCHP system. The paper also proposes a new modified version of the Farmland Fertility Optimization 
(FFO) Algorithm to solve the sizing problem. The new algorithm is designed to resolve the premature 
convergence and the local optimum of the basic algorithm. The results of the proposed MFFO-based 
system compared with the GA-based system and the basic FFO-based system. Simulation results show 
that the optimal cost value for the MFFO, FFO, and the GA are 0.191, 0.191, and 0.192, respectively that 
are achieved after 25, 35, and 50 iterations. This shows the effectiveness of the proposed method in 
terms of convergence and accuracy.
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1. INTRODUCTION
In the last three decades, after a major increase 

in fuel prices, the importance of alternative 
fuels, increasing energy efficiency and reducing 
environmental pollution, the tendency to use new 
technologies, including the Combined Cooling, 
Heating, and Power (CCHP) has increased. In 
different methods to meet the electrical and 
thermal needs, electricity is supplied from the 
global distribution network of electricity and heat 
by burning fuel in the boiler [1]. In this method, 
significant energy is wasted through the hot exhaust 
gases of the chimney, cooling towers, condensers, 
and coolers in internal combustion engines were, 
most of which can be recovered and can be utilized 
to provide the required thermal energy. 

The CCHP system performs a simultaneous 
production of several types of energy that can be 

used by a single and unified system to generate 
electrical, thermal, and cooling energy. In CCHP 
technology, all of the electric, heat, and cool 
energies can be used simultaneously, while in other 
methods, 60% of the energy produced is wasted in 
the form of steam in cooling towers, while in CCHP 
systems, energy is absorbed and used to increase its 
efficiency by up to 80% [2].

Among the benefits of CCHPs are to use them 
as independent and decentralized energy and 
heat generators, preventing from the transmission 
distribution losses in the grid, increasing the 
performance of the energy conversion, and power 
plant capacity, decreasing the fuel consumption, 
and increasing the competition in the generation of 
the electricity and the power, and also decreasing of 
the environmental pollutions, especially 2CO  and 
greenhouse gases. Due to the above-mentioned 
explanations, several studies have been proposed 

http://creativecommons.org/licenses/by/4.0/.
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on these systems. Most of the researches focused 
on the capacity determining and optimization 
of the energy demand at the consumption place. 
Moghimi et al. [3] proposed a configuration for a 
CCHP system based on a Rankine cycle to analyze 
4E (energy, exergy, economic, and environmental) 
characteristics. The paper first analyzed the 
cycle performance based on energy and exergy 
viewpoints. Then, the environmental analysis was 
performed to determine the effect of the multi-
generation cycle and compared it with a simple 
Brayton cycle to show its superiority. Furthermore, 
the impact of numerous design variables on the 
cycle performance has been studied. To achieve 
an optimal result for the cycle, two cost functions 
including exergy efficiency Levelized and total 
annual cost were utilized based on multi-objective 
optimization and the Genetic Algorithm (GA). The 
results indicated that the CCHP method cycle is 
more efficient than the Brayton cycle.

Wang et al. [4] proposed a 4E performance 
analysis for a distributed-generation CCHP system 
based on solar and gas turbines. The paper analysis 
was based on design and off-design conditions. 
The work allocated the products’ cost using the 
exergoeconomic method with energy level. The 
final results showed a prominent reduction in the 
carbon dioxide emission of the hybrid system.

Zhang et al. [5] suggested another configuration 
for a CCHP system. The method compared the 
exhaust-gas-and-hot-water-driven absorption 
chiller (AC) with three cooling modes, including 
AC combined with ground source heat pump 
(GSHP), AC combined with gas-fired absorption 
chiller (GFC), and AC combined with an electric 
chiller (EC). They used a genetic algorithm to 
achieve an optimal solution for the system. The 
method was performed to a building in China 
to show the effectiveness of the proposed CCHP 
system. The study also adopted a sensitivity analysis 
to better system analysis [6].

Fei et al. [7] proposed an optimal arrangement 
to produce both heat and electricity. To provide 
continuous electricity for the system, backup 
energy was supplied for generating the hydrogen 
with SOFC with converting it to the electricity. 
Then, fluid search optimization (FSO) algorithm 
was used to provide an optimal economic system. 
Experimental results indicated the effectiveness of 
the proposed FSO toward the NSGA-II.

Ati et al. [8] proposed a method to obtain 
the optimal capacity for the primary mover of a 

CCHP system by considering 4E analysis. The 
4E analysis was used to give an optimal value for 
the gas engine in the CCHP system. The optimal 
method was performed by a genetic algorithm to 
apply to a sample official building case study in 
Iran.  In recent years, some different researches 
are presented to associate the heuristic methods’ 
principles to achieve a well-organized solution for 
the optimization problems which are known as 
meta-heuristics. Different kinds of metaheuristics 
have been used for this purpose. For example, 
Improved Emperor Penguin Optimization (IEPO) 
[9], Genetic Algorithm [10], Modified Harris 
Hawks Optimization (MHO) [11]. Each of these 
algorithms has its advantages and disadvantages 
and two of their common drawbacks are premature 
convergence and being stuck in the local minimum. 
For improving these shortcomings, different 
techniques have been proposed. In this paper for 
refining this problem to use Farmland Fertility 
Optimization Algorithm for optimizing the CCHP 
system, a modification has been implemented on it. 

The main idea in this paper is to select an 
optimum parameter configuration for a gas 
engine-based CCHP system in a residential 
building. The research also uses a constrained 
4E analysis by considering the total energy 
efficiency, fuel energy consumption efficiency, and 
environmental analysis constraints like economic 
analysis constraints such as payback period (PB), 
CDE and carbon dioxide reduction ratio (CO@
RR), exergy analysis constraints such as exergy 
destruction rate and exergy efficiency (EDR), and 
equivalent uniform annual benefit (EUAB). Then, 
the evaluation factor (EF) is employed for choosing 
the optimized capacity of the gas engine for the 
CCHP system based on the 4E analysis. Also, a new 
optimization technique called Modified Farmland 
Fertility Optimization Algorithm is employed 
for optimizing the system. Simulation results 
showed that the proposed algorithm has better 
efficiency and can decrease the system’s premature 
convergence drawback.

2.  MATERIALS AND METHODS
2.1.  The main configuration of the CCHP system 

As before mentioned, a CCHP system has been 
used to provide cooling, heating, and electricity 
of the load demands. A general schematic of the 
studied gas engine-based CCHP system is shown 
in Fig. (1). As can be observed, the system structure 
includes a gas engine as the primary mover that is 
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worked by a boiler for providing the heating energy 
of the building. 

The main fuel is natural gas which is used to 
provide enough energy of the gas turbine and the 
boiler to generate electricity, cooling, and heating 
energies. While the generated electricity is less than 
the required load demand, the lack of energy will 
be supplied by the main grid. Contrariwise, if the 
generated power is more than the required load 
demand, the additional energy will be selling out to 
the main grid. The exhaust gas, oil cooling energy, 

and jackets from the gas turbine are then used for 
providing the energy of the heating and cooling 
system. 

2.2.  Case study
In this study, the Xihu area in Hangzhou, 

Zhejiang, China is selected for designing and 
testing the method. Hangzhou is placed in the 
southern part of China. This city has much better 
air quality than in northern China. But don’t expect 
the sky to be as clear as the cities of western China. 

 
Fig.1. General configuration of the proposed gas engine-based CCHP system 
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Fig. 1. General configuration of the proposed gas engine-based CCHP system

 

 

 

 

Fig.2. The location of the case study based on google satellite (A) and map (B) illustrations. 

  

Fig. 2. The location of the case study based on google satellite (A) and map (B) illustrations.
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The latitude and the longitude of this city are 
30°09’58.0”N and 120°03’22.0”E. Fig. (2) shows the 
location of the case study based on google map and 
satellite illustrations. To design the CCHP system, 
it is important to have full information from the 
load demand including the main building and the 
equipment. The present case study is considered as 
a simple building with boilers, absorption chiller, 
and cooling tower fan.

Table 1 indicates the main parameters of the 
equipment that are used for simulation. 

2.3.  The 4E analysis for the CCHP system
As mentioned in the former section, the main idea 

of the study is to optimal size selection of gas engine 
as the primary mover of the CCHP system with 
considering the 4E (exergy, energy, economic, and 
environmental) parameters. The 4E parameters have a 
considerable impact on the optimization of the CCHP 

systems design. To achieve a proper validation for the 
algorithm, it is compared with the Genetic Algorithm 
(GA) as a well-known and popular algorithm. As 
before mentioned, the 4E analysis includes different 
parameters of energy (total energy efficiency and 
fuel energy consumption), exergy (exergy efficiency 
and exergy efficiency and exergy destruction rate 
(EDR)), environmental analysis constraints (CDE 
and CO2RR), and economic analysis constraints 
(equivalent uniform annual benefit (EUAB) and 
payback period (PB)). Fig. (3) shows the annual 
consumed thermal and electrical loads. As can 
be observed from Fig. (3), the maximum annual 
thermal and electrical consumptions are obtained in 
December and January, respectively.

3.  THE 4E ANALYSIS
In this research, a comprehensive approach, 

energy, exergy, economic and environmental (4E) 

Table 1. The main parameters of the equipment used for simulation 
 

Parameter Value Unit 
The temperature for humidification of the feed gases 25 °C 
O2 utilization ratios 47 % 
H2 utilization ratios 76 % 
The thickness for the membrane  0.016 and 0.020 cm 
The current density range [0.02, 1.2] A×cm2 
The temperature of the dead state  293.25 K 
Dead state pressure  1 atm 
Heat loss ratio (rHL)  18 % 
The pressure of the Exergyfor the analysis 1, 2 and 3 atm 
Operating temperatures of the cells 391, 411, 431 and 451 K 

 
  

Table 1. The main parameters of the equipment used for simulation
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Fig. 3. The Rose diagram for (A) electrical and (B) thermal consumed loads 
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Fig. 3. The Rose diagram for (A) electrical and (B) thermal consumed loads
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analysis based on Gas turbine as the primary mover 
is investigated. An organic Rankin cycle has been 
performed to simultaneously generate power and 
heat with the solar energy source. in the following, 
the methods of analysis for each of the terms in 4E 
analysis are explained.

3.1.  Exergy Analysis 
3.1.1.  Exergy efficiency

By considering the second law of 
thermodynamics, the exergy efficiency of the 
system is obtained by the following equation [12]:

1 E
ex

S

L
E

η = −    (1)

where, EL  signifies the exergy loss and SE  
represents the exergy supplied.

By considering Fig. (1) and the suggested CCHP 
system, the exergy efficiency can be reformulated 
by the following:

100R br E Q Q
ex

G

E E Ex Ex
E

η
+ + +

= ×    (2)

where, 
RQEx  signifies the recoverable heat 

exergy of the gas engine and is achieved as follows:

0

/
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EX GE
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TEx Q
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= × − + 

 
   

× − + × −       

   (3)

And 
fxE  represents the exergy of the fuel that 

is obtained by the following equation:

f f fEx m LHV= ×    (4)

Also, 
bQEx  signifies the generated heat exergy 

using a boiler that is obtained by the following 
equation:

0

/

1  
bQ b

Ex b

TEx Q
T

 
= × − 

 
   (5)

Consequently,

( ) ( )f f fBoiler GE
Ex Ex Ex= +    (6)

Table 2. The required parameters of the optimal 4E investigation  
 

Notation Parameter Value Unit 
𝑖𝑖𝑖𝑖 The Interest rate [13] 17 % 
𝜂𝜂𝜂𝜂𝑏𝑏𝑏𝑏 Boiler performance [17] 79 % 
𝜂𝜂𝜂𝜂𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺  Gas turbine performance [18] 84 % 
𝑇𝑇𝑇𝑇𝑂𝑂𝑂𝑂 The temperature of oil in the engine [13] 59 °𝐶𝐶𝐶𝐶 
𝑇𝑇𝑇𝑇𝐺𝐺𝐺𝐺𝐸𝐸𝐸𝐸,𝑏𝑏𝑏𝑏 The temperature of the exhaust in the boiler [18] 255 °𝐶𝐶𝐶𝐶 
𝑇𝑇𝑇𝑇𝐺𝐺𝐺𝐺𝐸𝐸𝐸𝐸,𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺   The temperature of the exhaust in the engine [13] 545 °𝐶𝐶𝐶𝐶 
𝑇𝑇𝑇𝑇𝑗𝑗𝑗𝑗 The temperature of the jacketing water in the engine [13] 98 °𝐶𝐶𝐶𝐶 

𝜇𝜇𝜇𝜇𝐶𝐶𝐶𝐶𝑂𝑂𝑂𝑂2,𝑁𝑁𝑁𝑁𝐺𝐺𝐺𝐺 The conversion factor of 𝐶𝐶𝐶𝐶𝑂𝑂𝑂𝑂2 emission for natural gas [19] 0.19 𝑘𝑘𝑘𝑘𝑔𝑔𝑔𝑔𝐶𝐶𝐶𝐶𝑂𝑂𝑂𝑂2
𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘ℎ

 

𝜇𝜇𝜇𝜇𝐶𝐶𝐶𝐶𝑂𝑂𝑂𝑂2,𝑒𝑒𝑒𝑒 The conversion factor of 𝐶𝐶𝐶𝐶𝑂𝑂𝑂𝑂2 emission for electricity [19] 0.9 𝑘𝑘𝑘𝑘𝑔𝑔𝑔𝑔𝐶𝐶𝐶𝐶𝑂𝑂𝑂𝑂2
𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘ℎ

 

𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑉𝑉𝑉𝑉𝑓𝑓𝑓𝑓 The fuel lower heating amount [20] 55,500 
𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘
𝑘𝑘𝑘𝑘𝑔𝑔𝑔𝑔

 

𝐹𝐹𝐹𝐹𝐶𝐶𝐶𝐶𝐹𝐹𝐹𝐹 The national average site to source energy conversion  factors for natural gas [14] 1.05 - 
𝐸𝐸𝐸𝐸𝐶𝐶𝐶𝐶𝐹𝐹𝐹𝐹 The national average site to source energy conversion factors for electricity [14] 3.32 - 

𝐹𝐹𝐹𝐹𝑏𝑏𝑏𝑏 The cost of imported electricity from the gird [16] 0.12 $
𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘ℎ

 

𝐹𝐹𝐹𝐹𝑠𝑠𝑠𝑠 The cost of exported electricity to the gird [16] 0.05 $
𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘ℎ

 

𝐹𝐹𝐹𝐹𝑃𝑃𝑃𝑃 The cost of pollutant emitted  [20] 0.025 $
𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘ℎ

 

𝐹𝐹𝐹𝐹ℎ The cost of produced heat [16] 0.05 $
𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘ℎ

 

𝐹𝐹𝐹𝐹𝑓𝑓𝑓𝑓 The cost of natural gas  [16] 0.01 $
𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘ℎ

 

𝑛𝑛𝑛𝑛 The project lifetime [21] 18 $
𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘ℎ

 

 
  

Table 2. The required parameters of the optimal 4E investigation
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3.1.2. The Exergy destruction ratio
This term is a measure of resource degradation. 

However, exergy efficiency measures the exergy 
quality, exergy destruction ratio defines the analysis 
of the degraded resources, and determines the 
system elements where destruction is occurring. 
This measure can be achieved by the following 
equation:

( )% 100L

S

EDE
E

= ×    (7)

3.2.  Energy Analysis 
This term is based on the thermodynamic 

rules to examine the consumed and the generated 
energy of the CCHP components. As given in Fig. 
(1), the required electricity ( rE ) and heat ( rH
) in the building is provided by the gas engine (

GEE ) and in the absence of enough electricity, the 
required demand is supplied by the main grid ( GE
). Of course, it should be noted that if there is more 
electricity compared to the load demand, it will 
be selling out to the grid. This conception can be 
formulated by the following equation:

,  G r GE GE rE E E E E= − <    (8)

,         E GE r GE rE E E E E= − >    (9)

If the building needs to extra heat, auxiliary boiler (
bQ ) has been utilized, such that:

,         b B R R BQ Q Q Q Q= − <    (10)

The recovered heat for the gas engine based 
on [13] is equal to the sum of the generated heat 
from the jacketing system ( jQ ), the produced heat 
from the oil cooling system ( OQ ), and the output 
exhaust heat ( EHQ ) as follows [13]:

0.5 0.35 0.15r EH j OQ Q Q Q= × + × + ×    (11)

And the performance of the boiler auxiliary has 
been obtained by the following:

/b b bQ Fη =    (12)

where energy consumption, bF  can be formulated 
by the following:

b b fF m LHV= ×    (13)

where 
fLHV  signifies the value for the fuel lower 

heating.
Also, the main limitations of the energy analysis 

contain total energy efficiency and the total fuel 
energy consumption [8].

3.2.1.  Total efficiency for energy
Assuming the configuration of the studied CCHP 
system in Fig. (1), the total efficiency for the energy 
is achieved by the following equation [14]:

( ) / 100 T E r B E PE E Q Q Eη = + + + ×    (14)

 where,  PE  signifies the gas turbine consumption 
energy and is achieved by the following equation:

( ) ( )( )P G b GEE E ECF F F FCF= × + + ×    (15)

where, ECF  and FCF  describes the national 
average site to source energy conversion factors for 
electricity and natural gas, respectively, and GEF  
signifies the gas turbine fuel energy consumption, 
such that:

( ) /GE R GE GEF Q E η= +    (16)

3.2.2. Total fuel energy consumption
This parameter is the second case for energy 

analysis of the consumed fuel energy size. This 
parameter includes the consumed fuel of the boiler 
and gas engine as follows:

Total b GEF F F= +    (17)

3.3.   Environmental Analysis 
The 2CO  generation value is the key element 

of the greenhouse gases that is achieved by 
combustion of natural gas in the boiler and gas 
engine, i.e. this term has the main effect on the 
CCHP system selection that is done by minimizing 
the value of the 2CO  generation.

3.3.1.  Carbon dioxide reduction ratio
The carbon dioxide reduction ratio (CO2RR) 

is a term to determine the difference of 2CO  
emission ratio between the normal mode (NM) 
and the CCHP system mode. During the normal 
mode, the required load demand is provided by 
the main grid by an equal value of the natural gas 
and the required load demand. The CO2RR can be 
formulated by the following equation:

( )( )2 / 100NM NMCO RR CDE CDE CDE= − ×    (18)
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where NMCDE  describes the size for generated 
2CO  in the normal mode as follows:

2 2, ,NM CO E B CO NG BCDE E Fµ µ= × + ×    (19)

3.3.2.  The CO2 emissions 
During the cogeneration process, the generated 

2CO  size is achieved by the following formula:

2, 2,  

2, 2, 2,

Total gas engine

Boiler grid excess

CO CO
CO CO CO

= +

+ −
   (20)

Furthermore, the capacity of CO2 emissions  
(

2COEm ) is another operative constraint that is 
obtained by the following:

2 2 2

2

, ,

, ( ) 
bCO CO f GE CO f

b CO E G E

Em F

F E E

µ µ

µ

= × + ×

+ × −
   (21)

Where µ  signifies the conversion factor emission, 
and the employed fuel in the gas engine and the 
boiler is natural gas, i.e. 

2 2 2, , ,  
b GECO f CO f CO NGµ µ µ= =    (22)

3.4.  Economic Analysis Payback period
3.4.1.  The annual cash flow

The system cash flow is another term for system 
performance analysis. The annual cash flow (

Acf )  is a yearly calculated term that is used for 
determining the system’s net profit over the lifetime 
of the system.

The annual cash flow defines the difference 
between the earning function ( earF ) and the 
expenses function ( expF ), i.e. [15]

1 1

, 
y n

A ear exp
i y

cf F F
= =

 = − ∑∑

1, 2, , .y n= …     (23)

where,

( )ear E env H GEF F F F= + +    (24)

( ) ( )exp I OM F G FBoiler GE
F C F F F F= + + + +     (25)

where, IC  describes the initial cost achieved by 
only in the first year.

3.4.2. Equivalent uniform annual benefit
The yearly equivalent uniform benefit ( euB ) 

describes the real money value by calculating the 
yearly incomes and costs of the systems over time 
(interest rate). The euB is defined by the following: 

eu EU EUB I C= −    (26)

where,  EUI  signifies the yearly Equivalent uniform 
income that is achieved by the following equation:

( )
( )

1 1
I

EU env E H GEn
C iI F F F

i
×

= + + +
+ −

   (27)

and, EUC  represents the yearly cost of equivalent 
uniform and is obtained by the following [13]:

( )
( )

( ) ( )

1

1 1

n
I

EU Gn

OM F FBoiler GE

C i i
C F

i

F F F

× × +
= + +

+ −

+ +

   (28)

3.4.3.  The payback periods
The economic validation of the system is 

based on the payback period. This term is used 
for indicating the required time to compensate for 
the initial yearly capital incomes. This term can be 
obtained by the following equation [16]:

/p IP C cf=    (29)

The required parameters of the optimal 4E 
investigation are given in Table 2.

4. MODIFIED FARMLAND FERTILITY 
OPTIMIZATION ALGORITHM
4.1.  The algorithm inspiration

Soil is the most important and abundant 
material on earth. It is composed of various 
materials and plays a vital role in the growth and 
life of various creatures on this planet. The texture 
of the soil composition is important to achieve 
fertile farmland. Good soil should have a proper 
combination of different materials such as sand, 
silica, clay, and fertilizer. Proper composition of 
the soil materials and the animal manure or soil 
compost is a key reason for soil fertility, i.e. a soil will 
be fertile if enough nutrients have been provided 
for the plant growth. Therefore, the farmers always 
try to search for the best combination of the soil to 
obtain a high-quality soil mixture in the farmland 
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that is done by several trials and errors [6]. In 2018, 
Shayanfar et al. [22] used this conception of finding 
the optimal composition of the soil to design a 
new efficient metaheuristic algorithm. Generally, 
metaheuristic algorithms are used to find the 
optimal solution for the optimization problems. 
The proposed method was called Farmland 
Fertility Optimization (FFO) algorithm. in the 
following, the main steps of the FFO algorithm will 
be presented.

A) Initializing
Like any other metaheuristic algorithms, in this 

step, an initial population with high divergence has 
been generated. The main population (N) contains 
two parts: the number of sections ( k ) and the 
feasible solutions for them ( n ) in the farmland. By 
assuming this case, the main population is achieved 
by multiplication of the two parts, i.e.

 N k n= ×    (30)

where, [ ]1, k N∈ , and n  describes an integer 
number. The value for k  in this study is selected 2 
which is achieved by trials and errors.

The algorithm uses a limitation to make the 
decision variables in the feasible range by the 
following:

( )ij j j jX X X X= + − ×∆    (31)

where, jX  and jX  describe the lower and the 
higher bounds of the thj decision variables and Ä  
represents a random value between 0 and 1.

The farmland has been divided into three 
local memory sections (A, B, and C) and a global 
memory section such that section A has the lowest 
quality for the soil. Fig. (4) shows this conception. 

B)  The soil quality Evaluation
In this section, the cost function value of the 
decision variables has been calculated. Accordingly, 
the soil quality is achieved by the following:

( ) ,sS X aj=

( )* 1 :a n s n s= − ×

[ ]1, , ,  1, 2,3, 4 s k j= … =
.   (32)

To achieve the mean value quality of the sections, 
the following equation has been utilized:

( )( )    
sS ji sFit mean all fit x in S=

[ ]1,2, ,i n= …    (33)

C)  Memory updating
In this step, the updating process of the local 

and global memories has been applied. The local 
memory stores the farmlands’ best solutions and the 
global memory stores the solutions among them. 
The number of best local and global memories is 
achieved by the following equations:

( )  localM round t n= ×    (34)

( ) GlobalM round t N= ×  
  (35)

where, t  is a constant between 0.1 and 1, and 
localM  and GlobalM  represents the number of 

stored solutions in the local and global memory, 
respectively. 

D)  Soil quality variation for each section
In this phase, the quality of the section has been 
determined and stored in the local memory. 
Similarly, global memory stores the best solution. 
For improving the worst-case results, they have 
been updated by combining with the best-case 
solutions. Accordingly, the updated individuals are 
achieved by the following:

( )new ij MGlobal ijX h X X X= × − +    (36)

where, MGlobalX  describes a random value over 
the global solutions, and ijX  describes a worst-
case which is used for updating, and h  signifies a 
number by the following: 

 
Fig. 4. The farmland division 
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1h rα= ×   (37)

where, α  signifies a constant value between 0 
and 1, and 1r  represents a random value between 
-1 and 1. Therefore, the new updated sections are 
achieved by the equations below:

( )new ij MGlobal ijX h X X X= × − +    (38)

2h rβ= ×    (39)

where, 2r  is a random value between 0 and 1, and 
β  is a constant between 0 and 1. 

E) The soil composition
After finding the local optimization solutions, (

bestL ), the farmers search to find the farmland best 
soil combination as the global optimum solution. 
The best global solutions are obtained to syndicate 
with the farmland to improve the soil quality. This 
can be modeled by the following equation:

( )( )
( )( )3

,   

 ,   . .

new ij ij best

new ij ij best

X X X G b C rand
H

X X r X G b o w

ν = + × − >= 
= + × −

  
 (40)

where, 3r  defines a random value between 
0 and 1, C  represents the best global solutions 
between 0 and 1 (

GlobalBest ), and ν  represents the 
farmland parameter fertility described at start time 
and is formulated as follows:

,   0 1v vR Rω ν= × < <    (41)

F)  Final conditions
This step is to calculate the possible solutions 

for the search space. Throughout the process, if the 
stopping condition has been reached, the algorithm 
ends, otherwise, the algorithm iterates till reach the 
best solution.

4.2. Modified Farmland Fertility Optimization 
Algorithm

Although the Farmland Fertility Optimization 
algorithm has good results in solving different 
problems [23-25], the premature convergence and 
its lower accuracy in solving some specific problems 
illustrate its key drawbacks in optimization. In this 
research, two new modifications have been applied 
to the FFO algorithm to resolve these issues. The 
first modification is performed based on the 
opposition-based learning (OBL) mechanism. 

OBL is a mechanism that is patterned from the 
oriental philosophy conception [26, 27]. Based on 
the OBL mechanism, each feasible solution with 
a specific position has also an opposite position. 
This viewpoint can be used for increasing the 
exploration capability in the metaheuristics. Based 
on the OBL mechanism, when each solution 
illustrated by two positions, the best one is selected 
as the main position of the solution. With assuming 

 jX as a solution in the range ,j j jX X X ∈    and 
its opposite value 

ijX , the formulation is modeled 
as follows:

ij ij ij ijX X X X= + −    (42)

where, , ij ijX X ∈  i . 
Here, the best individual between 

ijX  and 
ijX  are selected and stored as a solution and the 

other is eliminated, i.e. in minimization problems, 
if ( ) ( )ij ijf X f X>  , 

ijX  is stored and 
ijX  is 

eliminated and vise versa. In this study, the OBL 
mechanism has been applied to 30% of the main 
initial population. The next mechanism is to use the 
sinusoidal chaotic map. The chaos theory considers 
highly sensitive dynamic systems that can be 
affected by any slight variations. This mechanism 
forms some high-distribution and simpler points to 
improve the points distribution in the search space. 
This feature modifies the speed of convergence in 
the algorithm [28, 29]. A wide-ranging form of 
chaos theory is as follows:

( )1 , 1, 2, ,j j
i iX f X j l+ = = …

   
(43)

where l represents the dimension of the map and
( ) j

if X  is the generator function for the chaotic 
model. In this research, the sinusoidal chaotic map 
is employed as the key parameters as follows:

( )2
1 sini i i ip pα α π+ = ×

( )2
1 sini i i ip pβ β π+ = ×

[ ] [ ]0 1 10,1 , , 0,1 p α β∈ ∈    (44)

4.3.  Validation of the MFFO Algorithm
In this subsection, the proposed algorithm 

has been verified in different terms. This is 
performed to indicate the algorithm’s efficiency 
toward the others. The verification has been done 
by six standard test functions. After achieving the 
results for the test function, it is also compared 
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with some well-known metaheuristics, including 
Chaotic grasshopper optimization algorithm for 
global optimization (CGOA), Grass Fibrous Root 
Optimization Algorithm (GRA) [30], States of 

Matter (SMS) [31], Lion optimization algorithm 
(LOA) [32], and basic FFO algorithm [22]. To 
achieve a fair comparison, the population size of 
the algorithms is considered 120, the functions’ 

Table 3. The adopted test functions for the verification 
 

Function Formulation limitation 

Rosenbrock 𝑓𝑓𝑓𝑓1 = �(100(𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖+1 − 𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖)2 + (𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖 − 1)2)
𝐷𝐷𝐷𝐷−1

𝑖𝑖𝑖𝑖=1

 [−30,30]𝐷𝐷𝐷𝐷 

Sum Squares 𝑓𝑓𝑓𝑓2 = �𝑖𝑖𝑖𝑖𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖2
𝐷𝐷𝐷𝐷

𝑖𝑖𝑖𝑖=1

 [−10,10]𝐷𝐷𝐷𝐷 

Step 2 𝑓𝑓𝑓𝑓3 = �(⌊𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖 + 0.5⌋)2
𝐷𝐷𝐷𝐷

𝑖𝑖𝑖𝑖=1

 [−100,100]𝐷𝐷𝐷𝐷 

Schwefel 2.22 𝑓𝑓𝑓𝑓4 = �|𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖| −�|𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖|
𝐷𝐷𝐷𝐷

𝑖𝑖𝑖𝑖=1

𝐷𝐷𝐷𝐷

𝑖𝑖𝑖𝑖=1

 [−10,10]𝐷𝐷𝐷𝐷 

Schwefel 1.2 𝑓𝑓𝑓𝑓5 = ���𝑥𝑥𝑥𝑥𝑗𝑗𝑗𝑗

𝑖𝑖𝑖𝑖

𝑗𝑗𝑗𝑗=1

�

2𝐷𝐷𝐷𝐷

𝑖𝑖𝑖𝑖=1

 [−100,100]𝐷𝐷𝐷𝐷 

Chung Reynolds 𝑓𝑓𝑓𝑓6 = ��𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖2
𝐷𝐷𝐷𝐷

𝑖𝑖𝑖𝑖=1

�

2

 [−100,100]𝐷𝐷𝐷𝐷 

 
  

Table 3. The adopted test functions for the verification

Table 4. The results of the comparison among the algorithms on the test functions 
 

Algorithm  𝒇𝒇𝒇𝒇𝟏𝟏𝟏𝟏 𝒇𝒇𝒇𝒇𝟐𝟐𝟐𝟐 𝒇𝒇𝒇𝒇𝟑𝟑𝟑𝟑 𝒇𝒇𝒇𝒇𝟒𝟒𝟒𝟒 𝒇𝒇𝒇𝒇𝟓𝟓𝟓𝟓 𝒇𝒇𝒇𝒇𝟔𝟔𝟔𝟔 

GRA [30] 

Min 11.8429 0.0004 0.0008 10.7964 0 2.9101e-7 
Max 3.6723e+3 0.8892e+2 0.9001e+5 0.1148e+3 0.4157e-6 1.1807e+9 

Mean 1.0049e+3 3.8491e+2 1.2869e+4 41.7794 4.1659e-8 2.1549e+8 
std 2.0753e+4 1.8872e+2 2.4205e+4 12.0849 1.3496e-7 2.0015e+8 

SMS [31] 
 

Min 26.7048 0.2859 1.7685 1.9864 2.6875e-6 1.4289 
Max 412.9820 1.8968 3.9764 34.5849 0.0065 83.8942 

Mean 127.6841 1.1094 2.2457 16.8031 0.0079 12.6485 
std 76.5138 0.0982 1.8459 3.4458 0.0002 6.4526 

LOA [32] 

Min 4.4809 1.8751e-5 2.4859e-5 1.0120 1.7224e-13 3.4967e-9 
Max 3.1885e+2 0.0513 0.0042 1.0504 1.5482e-8 4.6552e-8 

Mean 109.6254 0.0116 0.0071 1.0315 2.1054e-9 2.2268 
std 267.5037 0.0101 2.0048e-5 1.0544 2.2409e-9 1.3548e-8 

FFO [22] 
 

Min 0.8931 8.7159e-21 1.5948e-11 4.5326e-15 2.4157e-7 2.3459e-38 
Max 39.8625 1.5561e-19 1.8420e-10 1.9857e-14 0.0042 2.2948e-34 

Mean 3.3518 1.4205e-19 1.0116e-10 1.0847e-14 5.0259e-5 1.0172e-35 
std 3.0043 1.1007e-19 4.3215e-11 5.0994e-15 0.0054 5.3485e-35 

MFFO 

Min 4.8359 2.4608e-5 4.5964e-9 0.0048 3.0158e-16 4.1849e-17 
Max 410.6892 1.4419 1.3249e-8 3.4956 0.5163e-12 3.2594e-16 

Mean 53.5849 0.2986 2.2159e-8 0.1124 2.4219e-13 2.3481e-16 
std 77.4872 0.1782 3.4213e-9 0.2941 3.1185e-13 7.4219e-17 

 
 

Table 4. The results of the comparison among the algorithms on the test functions
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dimension is assumed 30, and the minimum value 
for all functions is 0. Table 3 illustrates the adopted 
test functions for verification. 

To determine the capability of each algorithm, 
four-measure indexes have been used. To 
accomplish confident results for the algorithms, 
they have run independently for 45 times. Table 4 
indicates the results of the comparison among the 
algorithms on the test functions.

From Table 4, it is observed that using the 
Modified FFO gives the minimum value for all 
Min, Max, and Mean values that shows the higher 
accuracy of the suggested algorithm. The results 
also indicated that using the proposed MFFO 
algorithm gives the minimum value of the standard 
deviation which shows its higher robustness than 
the others. 

5. PROBLEM STATEMENT
Forgiving an optimal arrangement, several 

design parameters, and constraints throughout 
different conditions have been analyzed. This study 
optimizes the system based on the 4E analysis. Here, 
eight different constraints have been utilized for 4E 
analysis that each of them performs a significant 
impact on the other constraints and accordingly on 
the energy system. The present research suggested 
a method to optimize the size of the gas engine. 
This is designed based on the following objective 
function:

( ) ( )
( ) ( )

i

i

total totalx min
x

total totalmax min

F
η η

η η

−
= +

−

( ) ( )
( ) ( )

( ) ( )
( ) ( )

i i
total total E Emax x x min

total total E Emax min max min

F F

F F

η η

η η

− −
+ +

− −

( ) ( )
( ) ( )

( ) ( )
( ) ( )

2 2

2 2

i i
CO COmax x max x

CO COmax min max min

Em EmDE DE

DE DE Em Em

−−
+ +

− −
 

(45)

( ) ( )
( ) ( )

( ) ( )
( ) ( )

i i
P Px min max x

P Pmax min max min

CDRR CDRR P P

CDRR CDRR P P

− −
+ +

− −

( ) ( )
( ) ( )

i
eu eux min

max min

B B

CDRR CDRR

−

−
   

Such that based on the constraints in the problem,
 max 8

ixF → .
Such that the consumed thermal and electrical 
load for the investigated building over the year by 
considering the gas engine size between 30kW and 
120 kW is:

30 120i GEx E kW≤ = ≤    (46)

The maximum value of the objective function gives 
the best configuration for the CCHP system.

6. RESULTS AND DISCUSSIONS 
6.1.  The 4E analysis

To achieve an efficient configuration of a CCHP 
system, the optimized parameters have been 
implemented to the studied case study during the 
days of the year. The analysis of the system is based 
on 4E analysis considering some constraints. The 
over-all consumed fuel energy by the gas engine 
and boiler in the CCHP system given dissimilar 
sizes for the gas engine is shown in Fig. (5). 

As can be observed, by increasing the engine 
size, the value of the consumed fuel energy 
has been increased. Therefore, the gas engine 
provides more energy demand by reducing the 
value of the needed consumed fuel energy with 
the boiler and its auxiliaries. The results indicate 
that in some months, due to the energy generated 
by the primary mover to the building monthly 
demand, the existence of boilers is not necessary. 
The destruction rate values are shown in Fig. (6). 
This figure includes the exergy efficiency, energy 
efficiency, and destroyed exergy of the suggested 
CCHP system in the presence of different sizes of 
the gas engine. The destroyed exergy determines 
the exergy losses value. By considering Fig. (6), it 
can be concluded that with increasing the engine 
power size, the value of the exergy is increased. 
Reciprocally, with increasing the engine power 
size, the exergy destructed rate has been decreased. 
Then, the highest destroyed exergy value (
1390 /MW year ) and the value for the lowest 
exergy destruction for the analyzed CCHP system 
happens in 130kW. The results also indicate that the 
system increased its energy performance due to the 
engine power size increasing.

Fig. (7) shows the variation of three 
environmental parameters. These variations 
depend on the size of the gas engine variations. 
From Fig. (7), it is observed that by growing the 
size of the engine power, decreases the value of 
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the 2CO  and 
NMCDE  such that the parameter 

value in some cases is negative. At last, it can be 
observed that by adopting 30 kW engine power, the 
minimum value of the 2,TotalCO  and the maximum 
value of the 

2CO  the reduction is 260 /tons year  
and 205 /tons year  and the maximum value for 

NMCDE  is 39% . 
Fig. (8) shows the cash flow, payback period, and 

equivalent uniform annual benefit changes during 
gas engine variations. As can be observed, the power 
size of 120 kW  for the gas engine gives the maximum 
value for the cash flow ( 46,40$ ) and 

euB ( 25,76$ ). 
By observing the results, it is clear that the payback 
period changes are not consistent, but meanwhile in 
the range 70kW to 110 kW, small changes happen, it 
is selected as the optimal gas engine size.

 
Fig. 5. The over-all consumed fuel energy by the gas engine and boiler in the CCHP system given 

dissimilar sizes for the gas engine 
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Fig. 5. The over-all consumed fuel energy by the gas engine and boiler in the CCHP system given dissimilar sizes for the gas engine

 
Fig. 6. The exergy efficiency, energy efficiency, and destroyed exergy of the suggested CCHP system in 

the presence of different sizes of the gas engine. 
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6.2.  Comparison analysis
For more analysis, the suggested MFFO-based 

method has been compared with the FFO-based 
and GA-based methods and the results are shown 
in Fig. (9). Since the main configuration of the 
FFO-based algorithms and GA-based algorithms 
is minimization, to maximize the cost function, 
the inverse values for the cost functions have been 
achieved as 1/

ixF F= .

As can be observed, based on the results, 
the proposed MFFO algorithm has the fastest 
convergence such that it converges after 25 
iterations, whereas the optimal value for the GA-
based method and FFO-based method is achieved 
in iteration 50 and 35, respectively. The best values 
for the cost function based on the GA-based 
method are achieved 0.192 and for the FFO and 
IFFO is reached 0.191. 

 
Fig. 7. The variation of three environmental parameters including 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2 reduction, 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐸𝐸𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁, and 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2,𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 

based on engine power variations 
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Fig. 7. The variation of three environmental parameters including  reduction, , and  based on engine power variations

 
Fig.8. The cash flow, payback period, and equivalent uniform annual benefit changes during gas engine 

variations 
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7. CONCLUSION
A new method was proposed for optimal 

sizing of a gas engine as a primary mover on a 
CCHP-based building. Due to the complexity of 
the gas engine sizing, it was optimized based on 
metaheuristics. Here, a modified version of the 
Farmland Fertility Optimization (FFO) Algorithm 
was used to provide an efficient system. The main 
idea of using this new algorithm is to resolve the 
premature convergence and the local optimum of 
the basic algorithm. After designing of the system, 
4E (Exergy, Energy, Economic, and Environment) 
analysis was performed to the system by 
considering some constraints including fuel energy 
consumption, exergy efficiency, exergy destruction 
rate, total energy efficiency, the capacity of CO2 
emissions, carbon dioxide emission, equivalent 
uniform annual benefit, and primary energy 
saving payback period to show its efficiency in 
different terms. The results of the proposed MFFO 
algorithm were compared with the GA algorithm 
as a well-defined metaheuristic and also basic 
FFO algorithm to show its effectiveness. The final 
results indicated that with the help of the suggested 
MFFO-based sizing system, the optimal cost value 
for the MFFO, FFO, and the GA are 0.191, 0.191, 
and 0.192, respectively that are achieved after 25, 
35, and 50 iterations. In future work, the ability 
of the proposed methodology on a different area 
will be analyzed and more improvements will 
be performed on the algorithm and the CCHP 
structure to increase the system’s efficiency.

Fig. 9. The 4E analysis of the suggested MFFO-based method with FFO-based and GA-based methods for the studies CCHP system
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8.  NOMENCLATURE

RQEx The recoverable heat exergy of the gas 
engine

bQEx Generated heat exergy using boiler

rH Required heat

GE Energy of main grid

jQ Generated heat from the jacketing system

EHQ Output exhaust heat

ECF Energy conversion factors electricity

GEF Gas turbine fuel energy consumption

2COEm Capacity of the CO2 emissions

earF Earning function

euB Yearly equivalent uniform benefit

EUC Cost of equivalent uniform

jX Higher bounds

localM Number of stored solutions in the local 
memory

MGlobalX A random value over the global solutions

α A constant value between 0 and 1

2r A random value between 0 and 1

 GlobalBest Best global solutions
l dimension of the map
Ex Exergy of the fuel

rE Required electricity
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GEE Energy of gas engine

bQ Auxiliary boiler heat

OQ Produced heat from the oil cooling system

PE Gas turbine consumption energy

FCF Energy conversion factors natural gas

NMCDE Size for generated 2CO  in the normal 

mode

Acf Annual cash flow

expF Expenses function

EUI Yearly Equivalent uniform income

Ä A random value between 0 and 1

jX Lower bounds

GlobalM Number of stored solutions in the global 

memory

ijX A worst-case which is used for updating

1r A random value between -1 and 1

β A constant between 0 and 1
ν Farmland parameter fertility

( )j
if X Generator function for the chaotic model
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