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ABSTRACT
A new technique is prsented in this paper for optimum design of a combined cooling heating and power 
(CCHP) system. The prime mover in this study is a gas turbine and this is designed for a rural area in 
Zhaoping County, Guangxi, China. The effectiveness of the method is assessed based on four main 
parameters: exergetic, energetic, economic, and environmental features. A Modified Group Teaching 
Optimization Algorithm (MGTO)is utilized for achieving resuls with better accuracy and convergence. The 
achievements of the suggested MGTO-based technique are put in comparison with genetic optimizer-
based method and improved owl optimization algorithm-based method to illustrate the method higher 
efficiency.
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1. INTRODUCTION
An energy saving method in which electricity 

and heat are generated simultaneously is combined 
cooling, heating, and power (CCHP) system [1, 2]. 
The CCHP system is utilized in process industries 
or for district heating [3]. The process of electricity 
and heat production simultaneously is based on the 
utilization of combustion engines or steam and gas 
turbines (GT), and the initial energy resource also 
contains a large interval that can be biomass, solar 
energy, fossil fuels, or geothermal [4]. Centrally, 
the heat energy is produced in the district heating 
system (DHS) and is sold to a number of users that 
can be performed by a distributing network, which 
utilizes steam or hot water as a carrier of thermal 
energy [5-8]. In general, the characteristics of a 
DHS is examined in the following six main groups:

1) Increasing the efficiency and energy 

efficiency: losses are minimized in cogeneration 
units [9]. In these units, the overall effectiveness 
varies from 80% to 90%; considering that in a 
customary gas combustion engine power station, 
the effectiveness of the power plant is between 
30% to 40% and in a conventional gas turbine 
power station, the efficiency of the power station is 
estimated between 20 to 30%.

2) Provide reliable heat and flexibility: due 
to the fact that cogeneration units (CHP) use the 
heat generated by power plants, the production 
of thermal energy in them is done without 
interruption [10]. Also, the amount of electricity 
and heat production can be changed according to 
their demand [11].

3) Environment: The high effectiveness of CHP 
and CCHP have designed these units a suitable 
solution for energy transformation; Moreover, the 
high effectiveness of them decreases the generation 
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of CO2 and different contaminants like nitrogen 
oxides and sulfur compounds [12, 13]. On the other 
hand, in countries where strict environmental laws 
apply, decreasing the units’ number transformating 
fuel into utilitarian heat will make it easier to 
control polluting production units [14].

4) Lower costs: financial constraints must be 
carefully considered in justifying CHP units. In 
all fields, competing energies with simultaneous 
production units need to be carefully compared 
and decided [15]. CHP systems often need higher 
investment compared to customary energy 
transformation units, but notably, the energy 
is used much lesser in this system; that is to say, 
the average costs  of transformation of an energy 
system in these units are lesser compared with 
different apprroaches.

5) Use as much space as possible in buildings: 
with the use of simultaneous production units, 
the equipment installed in the heating facilities of 
buildings is practically reduced; For this reason, 
more space can be used in buildings [16].

6) Lower maintenance costs: due to the fact that 
in order to use the generated heat in a cogeneration 
unit, less equipment is required in each building, 
consequently, the costs of repairing and maintaining 
the equipment will be lower [17-19]. Many useful 
products are produced in process industries such as 
oil, gas and petrochemical industries, power plants, 
chemical industries, pharmaceuticals and the like 
[20]. The noteworthy point in these industries is 
that due to the continuous nature of the process, 
due to any cessation of production in any of the 
sub-processes, other process units will also be 
disrupted [21].

There are several researches abour optimal 
configuration of the CHP systems. For example,    
Wang et al. [22] designed an optimum hybrid CHP 
unit assuming the uncertainty of electricity demand 
and renewable energy resources. To optimize 
the designed hybrid system, a multi-objective 
optimization process based on the non-dominant 
sort-II genetic algorithm was used. The purpose of 
optimizing the system was to achieve the most ideal 
energy, economic and environmental situation. The 
Pareto frontiers results displayed, minimal system 
reliability leads to increased energy storage and 
reduced CO2 emissions. Apparently, by reducing 
the system reliability from 0.99 to 0.50, the optimal 
hybrid system can save 13.7% of energy and prevent 
about 80% of CO2 emissions.

Chen et al. [23] improved the effectiveness 

of the energy unit by combining CHP units to 
estimate vacillations in electricity demand. In 
this research the rigours nonlinear programming 
technique applied for improvement of the efficiency 
of the designed unit. In the suggested unit, power-
generating components generate electricity and 
heat dissipation. With the help of this distributed 
heat, it can provide heating and cooling energy of 
buildings by absorbing thermal models and chillers. 
The results showed, the process of optimization 
could decrease the deviations and limitations of 
heat recovery. Also, the optimization process was 
able reduce vacillations of electricity demand by 
about 12.8% and increased the credibility and 
capability of the system

Li et al. [24] improved system effectiveness by 
combining cooling and heating tools and power 
system using the optimization process. The purpose 
of optimizing was to improve system economic, 
environmental, and energy performance by the 
Multifunctional Seagull Optimization Algorithm 
(MOSOA). The hybrid system included a heat 
storage reservoir, batteries, micro turbines and 
a solar panel. The results of improved system 
effectiveness led to initial energy storage by about 
31.18%, a reduction in CO2 emissions by about 
41.74%, and an increase in the energy efficiency by 
about 55.64%.

Mahian et al. [25]  evaluated the size and 
efficiency of the combined unit to store the 
residential buildings’ energy. The combined unit 
includes solar panels, wind turbine, and diesel 
generator for electricity and heat generation. To 
search optimal size used the Grey Wolf Optimization 
(GWO) process. The results indicated, in the 
optimized system, a diesel generator generates 
about 4.1 kilowatts of electricity and provides about 
half of the heat required, and the rest of the heat 
needs are met by natural gas (NG). The finding 
showed, the maximum power generation belonged 
to autumn and winter. The optimized system has 
the least energy and Net Present Cost (NPC).

Farahnak et al. [26] investigated the optimal 
potential of the Power Generation Unite (PGU) in 
a hybrid system including cooling, heating devices, 
and power production system in various residential 
buildings. To search most suitable performance 
of PGU used the optimization process to reduce 
energy prices and increase energy storage. The 
finding indicated, the combined system was more 
efficient than the separate system to storage energy. 
The investigations showed, in small buildings with 
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a PGU potential of 15 kW about 17.2% and in large 
buildings with a PGU potential of 30 kW about 
1.5% energy was saved. Also, the results of surveys 
in a 30-unit building with a potential of 350 kW 
saved about 51.18% in energy consumption.

In this study, we aimed to optimal parameter 
selection of a CCHP system, concerning prime 
movers, the gas engines (GE) is used for a 
residential case. Here, constrained 4E analysis 
has been also considered along with fuel energy 
consumption efficiency, environmental analysis, 
and overall energy effectiveness constraints, 
economic evaluation limitations like CDE and CO2 
decrease ratio (CO@RR), payback period (PB), 
exergy evaluation limitations like exergy efficiency 
and exergy destruction rate (EDR), and equivalent 
uniform annual benefit (EUAB). Then, to choose 
the gas engine optimized volume for the CCHP 
system, the evaluation factor (EF) is utilized. The 
system optimization is based on a new modified 
metaheuristic Algorithm. Final results indicate that 
the presented method has higher efficacy for the 
considered purpose.

2. METHODOLOGY
2.1. The structure of the CHP unit 

A CCH is a unit for supplying heating, cooling, 
and electric energy of the customers. The main 
structure of the investigated combined CHP unit is 
depicted in Fig. (1). As it is clear, by considering 
a gas engine as primary mover and using it by 
the boiler, the building heating demand has been 

supplied.
Based on considering the gas engine as primary 

mover, the main fuel is natural gas, which is utilized 
for supplying sufficient energy of the boiler and gas 
turbine in generating cooling, heating, electricity  
energies. In this condition, if there is a lack in 
generating the needed energy for the demand, the 
required value has been supplied by the network, 
and if there is an extra generated energy by the 
proposed CCHP system in low demand times, the 
additional energy can be selled out to the network. 
Here, the oil cooling energy, exhausting gas, and 
gas turbine jackets are utilized to supply the energy 
of the consumer.

2.2. The studied case
In this study, the Huangyao is considered as 

the study case. This area is a rural area placed in 
Zhaoping County, Guangxi, China. Huangyao is 
an ancient area that has a history about a thousand 
years. Most of the buildings are stayed from the 
Qing dynasty . The latitude and the longitude of 
this area is Coordinates: 24°14′52″N 111°12′04″E 
[27]. Fig. (2) shows the studied case location based 
on satellite illustrations achieved by google map.

For providing a suitable design for the the 
CCHP system, we need full information from the 
customer containing the building and its auxiliaries. 
The current studied case has been considered as 
a simple building including absorption chiller, 
cooling tower fan, and boilers. The applied 
parameters of the studied case is stated Table 1. 

 
 

Fig.1. Main structure of the investigated combined CHP unit 

   

Fig. 1. Main structure of the investigated combined CHP unit
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2.3. Exergy, energy, environment-related and 
economic evalution of the combined CHP unit

The main idea here is to provide an optimum 
methodology for size selection of GE in the CCHP 
as primary mover to get the best results with 
considering system defined by energy, exergy, 
environment-related and economic terms of view 
(4E). using these four terms can provide more 
efficient system for using in the building. For 
exergy analysis, its efficiency and its destruction 
rate (EDR) have been analyzed. For energy 
evaluation, the entire fuel use and effectiveness 
are analyzed. Economic analysis includes PB and 
EUAB as limitations. Finally, the environmental 
is considered by considering Electrochemical CO2 

reduction reaction (CO2RR) and Carbon Dioxide 
Emissions (CDE) as constraints. 

The diagram of the annual consumed thermal 
and electrical loads have been depicted in Fig. (3). 
As can be seen, in December, the maximum annual 
thermal consumption happens and in January the 
maximum annual electrical consumptions.

3. THE 4E ANALYSIS
Energy generating of the suggested combined 

CHP unit is by organic Rankin cycle. In the 
following, the equations for energy, exergy, 
environment-related and economic evaluation of 
the suggested gas turbine-based combined CHP 
system have been provided. 

 
 

Fig.2. The map position of the Huangyao area based on google satellite illustration 

   

Fig. 2.The map position of the Huangyao area based on google satellite illustration

Table 1. Utilized parameters of the investigated case 
 

Parameter Value Unit 
The dead state temperature 20 °C 
Feed gases’ humidification temperature 25 °C 
Operating temperatures of the cells 118.85, 138.85, 156.85, 176.85 °C 
Heat loss ratio (rHL)  18 % 
Oxigen utilization ratios 49 % 
H2 utilization ratios 74 % 
Dead state pressure  1 atm 
The Exergy pressure 
for the analysis 

1, 2 and 3 atm 

The range of current density  [0.01, 1.3] A×cm2 
 

  

Table 1. Utilized parameters of the investigated case
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3.1. Energy evaluation 
The energy evaluation assesses all attempts 

of the system during energy consumption and 
energy generation based on thermodynamic rules 
[28]. As mentioned before, the needed heat ( rH ) 
and electricity ( rE ) demands are provided by the 
GE ( GEE ) and when the lack of energy exist, this 
shortcoming will be supplied by the power grid (

GE ), and if there is an extra generated energy 
by the combined CHP unit, it will be sold to the 
network.

The formula for this conception are given 
below:

,  
,         

G r GE GE r

E GE r GE r

E E E E E
E E E E E

= − <
 = − >

 (1)

When there is needing for additional heating, an 
auxiliary boiler ( bQ ) is utilized, i.e.,

,         b B R R BQ Q Q Q Q= − <  (2)

where, BQ  is the boiler heat, and the GE’s 
recoverable heat can be achieved as follows [29]:

0.5 0.35 0.15r EH j OQ Q Q Q= × + × + ×  (3)

where, jQ , OQ , and EHQ  represent the produced 
heat from the jacketing system, cooling system, and 
output exhaust heat.

The boiler auxiliary efficiency is achieved by the 
following equation:

/ü Q Fη =  (4)

where, bF  defines the boiler consumption and is 
achieved by the following equation [30]:

b b fF m LHV= ×  (5)

where fLHV  describes the fuel heating value.

A) Total efficiency for energy
The total energy efficiency is formulated below 
[31]:

( ) / 100 T r E E B PE E Q Q Eη = + + + ×  (6)

 where,  PE  is the consumption energy of the GT 
which is obtained by the following formula:

( )( ) ( )P GE b GE F F FCF E ECF= + × + ×  
 (7)

where, FCF  and ECF  define the national 
conversion factors to calculate source energy for 
natural gas and electrical power, respectively. 

The energy use of  GT fuel ( GEF ) can be obtained 
as below:

( ) /GE GE R GEF E Q η= +  
 (8)

B) Overall fuel energy use
The overall fuel energy use is another variable 

for energy investigation of the consumed fuel 
energy. The total fuel energy consumption contains 
two parts of fuel for gas engine and boiler, i.e., 

Total GE bF F F= +   (9)

3.2. Environmental Analysis 
One other parameter in analyzing the CCHP 

system is to consider environmental analysis. 
This terms show how much carbon dioxide has 
been emmited in the atmosphere due to the NG 
combustion in the boiler and GE. So, minimizing 
this parameter has a specific effect on the 
greenhouse emission.

A) The rate of 2CO  decrease
The ratio of 2CO  decrease ( 2CO RR ) is another 

term which defines the carbon dioxide emission 
ratio difference between the normal mode (NM) 
and the CCHP system. In the NM, the network is 
used for supplying the load demand. The carbon 
dioxide reduction ratio has been achieved by the 
following equation:

( )( )2 / 100NM NMCO RR CDE CDE CDE= − ×  (10)

where, the size for generated 2CO is defined by 
NMCDE  by the following equation:

2 2, ,NM CO E B CO NG BCDE E Fµ µ= × + ×  (11)

where, µ  defines the efficiency factor.

B) The carbon dioxide emissions 
The size of the carbon diaxide is formally achieved 
by the following equation: 

2, 2,  2,Total gas engine gridCO CO CO= +

2, 2,Boiler excessCO CO+ −  (12)
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Also, the carbon dioxide emissions (
2COEm ) 

capacity is achieved by the following equation:

 
2 2 2, ,bCO CO f b CO f GEEm F Fµ µ= × + ×

2 , ( ) CO E G EE Eµ+ × −  (13)

where, the conversion factor for the employed 
fuel in the GE and the boiler equals to the NG, i.e.,

2 2 2, , ,  
b GECO f CO f CO NGµ µ µ= =  (14)

3.3. Exergy Analysis 
Another parameter for analyzing the CCHP 

system is based on exergy assessment. This terms 
shows the positive energy generated by the system. 
here, we consider two parts of exergy efficiency and 
its destruction ratio.

A) Exergy efficiency
Based on the thermodynamics second law, 

the efficiency of exergy for a considered system is 
achieved as follows [32]:

1 E
ex

Sup

Loss
E

η = −  (15)

where, ELoss  and SE  represent the exergy loss 
and exergy supplied.

With observing to Fig. (1), the formulation of 
the exergy efficiency can be redeveloped as follows:

( )100
b Rex E r Q Q

G

E E Ex Ex
E

η = × + + +  (16)

where, the recoverable heat exergy of the gas 
engine is defined by 

RQEx  as follows:

 01
RQ O EH

O

TEx Q Q
T

 
= × − + 

 

0 0

/

1 1j
EX GE j

T TQ
T T

  
× − + × −       

 (17)

And the fuel exergy (
fxE ) is achieved by the 

following eqution:

f f fEx m LHV= ×  (18)

Also, the produced heat exergy based on the 
boiler, i.e., 

bQEx , is achieved by the equation below:

/ 0

/

 
b

Ex b
Q b

Ex b

T TEx Q
T

 −
= × 
 

 (19)

And:

( ) ( )f f fBoiler GE
Ex Ex Ex= +  (20)

B) Rate of exergy destruction
The rate of exergy destruction is an indicator for 

measuring the resource degradation. The exergy 
destruction ratio analyses the degraded resources, 
and defines the system elements in places that 
destruction happens. The following equation shows 
the method of finding this term:

( ) 1% 100d L
S

E E
E

= × ×    (21)

3.4. Economic Analysis
A) The annual cash flow

The annual cash flow of the CCHP system 
can be considered as another measurement of the 
system. The annual cash flow ( Acf )  shows the yearly 
evaluated measuring for defining the net profit of 
the system over during its lifetime. This term states 
the difference between the earning function ( earF ) 
and expenses function ( expF ) that is [33]:

( )
1 1

, 
j N

A ear exp
i j

cf F F
= =

= −∑∑  (22)

where,

( )ear env E H GEF F F F= + +  (23)

( ) ( )exp OM I F G FBoiler GE
F F C F F F= + + + +  (24)

where, IC  defines the initial cost obtained at the 
first year.

B) Payback periods
Payback period is a parameter for validation of 

the system in economic terms of view. The payback 
period has been utilized for demonstrating the 
needed time to recompense the initial annual 
capital costs. This parameter has been achieved by 
the the equation below [34]:

/Play IT C cf=  (25)

C) Yearly equivalent uniform benefit
This term ( ubY ) represents the real value of 

the money by analyzing the system yearly costs 
and profits versus the time. The yearly equivalent 
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uniform benefit has been mathematicaly modeled 
as follows:

ub ub ubY I C= −  (26)

where, 
EUC  and 

ubI  represent the annual cost of 
equivalent uniform and annual equivalent uniform 
income and areachieved by the following equations, 
respectively [29]:

( )
( )

( ) ( )1

1 1

n
I

ub G OM F Fn Boiler GE

C i i
C F F F F

i

× × +
= + + + +

+ −
 (27)

( )
( )

1 1
I

ub env E H GEn
C iI F F F

i
×

= + + +
+ −

  (28)

The needed variables for the energy, exergy, 
environment-related and economic evaluation of 
the suggesed gas turbine-based combined CHP 
unit is indicated in Table 2.

4. MODIFIED GROUP TEACHING OPTIMI-
ZATION ALGORITHM

Here, first the principal concept of Group 
Teaching Optimizer (GTO) has been presented. 
Afterwards, the structure of the determined 
method is comprehensively exhibited. 

4.1. Principle concept
The suggested GTO is motivated by group 

teaching (GT) technique. Duo to better 

Table 2. The needed variables for the 4E analysis of the proposed combined CHP unit 
 

Notation Parameter Value Unit 

𝑥𝑥𝑥𝑥 The project lifetime [35] 16 $
𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘ℎ

 

𝐹𝐹𝐹𝐹𝑓𝑓𝑓𝑓 The NG cost [34] 0.03 $
𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘ℎ 

𝐹𝐹𝐹𝐹ℎ The cost of produced heat [34] 0.03 $
𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘ℎ 

𝐹𝐹𝐹𝐹𝑃𝑃𝑃𝑃 The cost of pollutant emitted  [36] 0.019 $
𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘ℎ 

𝐹𝐹𝐹𝐹𝑠𝑠𝑠𝑠 The exported electrical power cost to the power network [34] 0.03 $
𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘ℎ 

𝐹𝐹𝐹𝐹𝑏𝑏𝑏𝑏 The cost of imported electricity from the gird [34] 0.95 $
𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘ℎ 

𝑇𝑇𝑇𝑇𝑂𝑂𝑂𝑂 The oil temperature in the engine [29] 57 °𝐶𝐶𝐶𝐶 
𝑇𝑇𝑇𝑇𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑏𝑏𝑏𝑏 The temperature of the exhaust in the boiler [37] 253 °𝐶𝐶𝐶𝐶 
𝑇𝑇𝑇𝑇𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝐺𝐺𝐺𝐺𝐸𝐸𝐸𝐸   The exhaust temperature in the engine [29] ۵44 °𝐶𝐶𝐶𝐶 
𝑇𝑇𝑇𝑇𝑗𝑗𝑗𝑗  The jacketing water temperature in the engine [29] 98 °𝐶𝐶𝐶𝐶 
𝑖𝑖𝑖𝑖 The Interest rate [29] 19 % 
𝜂𝜂𝜂𝜂𝑏𝑏𝑏𝑏 Boiler performance [38] 82 % 
𝜂𝜂𝜂𝜂𝐺𝐺𝐺𝐺𝐸𝐸𝐸𝐸 Gas turbine performance [37] 86 % 

𝐹𝐹𝐹𝐹𝐶𝐶𝐶𝐶𝐹𝐹𝐹𝐹 
The national conversion factors to calculate source energy  

 for natural gas [31] 
0.96 - 

𝐸𝐸𝐸𝐸𝐶𝐶𝐶𝐶𝐹𝐹𝐹𝐹 
The national average site to source energy conversion  

factors for electrical power [31] 
2.91 - 

𝜇𝜇𝜇𝜇𝐶𝐶𝐶𝐶𝑂𝑂𝑂𝑂2,𝑁𝑁𝑁𝑁𝐺𝐺𝐺𝐺  The conversion factor of 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2 emission for NG [39] 0.17 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝐶𝐶𝐶𝐶𝑂𝑂𝑂𝑂2
𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘ℎ  

𝜇𝜇𝜇𝜇𝐶𝐶𝐶𝐶𝑂𝑂𝑂𝑂2,𝑒𝑒𝑒𝑒  The conversion factor of 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2 emission for electrical power [39] 0.7 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝐶𝐶𝐶𝐶𝑂𝑂𝑂𝑂2
𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘ℎ  

𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑉𝑉𝑉𝑉𝑓𝑓𝑓𝑓 The fuel lower heating amount [36] 49,950 
𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘
𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 

 

  

Table 2. The needed variables for the 4E analysis of the proposed combined CHP unit
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understanding, a short description of the principle 
of GT is introduced as following:

Confucius, a prominent philosopher and 
politician, was the first one to come up with the 
concept of    “training students based upon their 
abilities”. In plain English, this training concept 
states that a tutor should express different teaching 
methods for dissimilar students according to their 
abilities. In order to further understandings, we 
show you an appealing instance from Analects of 
Confucius. What is complete virtue? Confucius was 
asked the same question by three students, whereas 
Confucius’s answers differently depend upon their 
characteristics:
(1) Hui Yan’s is the first student, who is an 

enthusiastic and bright person. He told him, 
“Mastering yourself and returning to merit is 
the complete virtue.” 

(2) The Niu Sima is the next student, who was 
talkative and impulsive, was told by Confucius 
that “to be cautious and reticent is perfect 
virtue.”

(3) The Ci Duanmu is the last student, who was 
ambitus but weak, was told by Confucius that 
“not only to be enlarge himself, but also to 
enlarge others is perfect virtue.”
Currently, dominant GT is considered a special 

practice of “ training pupils based upon their 
abilities”. In particular, group training highlights 
students’ mentality, i.e. education of school adapts 
to the difference between pupils by suggesting 
different training approaches and courses. As 
matter of fact, there are many dissimilarities 
between pupils, like financial conditions, 
cleverness, learning approaches. Therefore, despite 
group training is an efficient way to develop the 
excellence of students generally, we cannot use any 
identical practical method of group training.

4.2. The structure of the suggested GTO
The determined GTO idea aims to simulate the 

group teaching mechanism, promoting all students’ 
knowledge. Due to the diversity among students, 
group performance in practice is very complex. 
To  match GT to use as a method of optimization, 
it is imagined that the cost value, population, and 
decision-making variables are in the same order 
as students, student’s knowledge and subjects 
offered to students. Afterwards, a plain group 
training methodology without losing publicity is 
constructed on the rules below:
a. The merely difference between pupils 

considered as the aptitude to accept knowledge. 
The bigger the differences in ability of students 
for knowledge acceptance , the greater the 
teacher’s challenge in formulating a training 
method.

b. A good teacher pays less attention to stronger 
students to accept knowledge than weaker 
students.

c. In leisure time, a student can achieve education 
through contact with other students and self-
learning.

d. A suitable teacher allocation method is so 
useful for enhancing students’ education.
There are four stages in the suggested group 

teaching method, including student stage, teacher 
allocation stage, teacher stage and abilities grouping 
stage as presented in Fig 1. Then, four steps are 
described in detail with four determined rules:

4.3. Ability grouping stage
The normal distribution is assumed for the 

knowledge of all students without the loss of 
publicity, which is calculated as given below:

( )
( )2

221x
2

x u

f e δ

πδ

− −

=  (29)

In which u  demonstrates all students’ average 
knowledge, x  shows the value required for normal 
distribution and δ  refers to standard deviation 
(STD). STD δ indicates the difference between 
students. In fact, the higher the amount of δ
, the larger the difference in students’ knowledge. 
Moreover, a great tutor assumes to enhance the 
average knowledge u  as well as lessening the STD 
of δ . To accomplish the target, the tutor must 
prepare a suitable educational program for the 
pupils.

All pupils have been seperated into two minor 
groups based upon their feature for knowledge 
acceptance in group teaching optimization 
algorithm in order to great demonstration of 
the characteristics of GT, with no losing totality. 
Consider that these two groups are of the same 
importance in group teaching optimization 
algorithm. Therefore, the number of students in 
the two groups is equal. We can call a group with 
a great ability to accept knowledge as elite group 
and a group with a poor ability to accept knowledge 
as the intermediate group. Taking into account the 
rule (a), it is difficult for the teacher to take the 
traditional teaching method instead the ability 
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grouping method in terms of training method. To 
deal with this, grouping abilities is an active process 
in group teaching optimization algorithm that is 
done again after an education cycle.

4.4. Teacher stage
It means that a pupil learns from his or her tutor 

that is defined in accordance with the rule (b). In 
fact, the teacher develops dissimilar educational 
programs for the intermediate group and the 
leading group in the suggested group teaching 
optimization algorithm.

Teaching Stage 1: Due to the great ability for 
knowledge acceptance, the tutor concentrates on 
developing the distinguished group’s knowledge 
in general at the determined group teaching 
optimization algorithm made at the TLBO. In 
particular, the teacher can do his best to enhance 
the average level of all students’ knowledge. 
Besides, the knowledge acceptance differences 
among pupils should also be addressed. Therefore, 
the pupil of the distinguished group can acquire 
their knowledge using it as follow:

( )( )1
,

t t t t t
teacher i i ix x a T F b M c x+ = + × − × × + ×  (30)

1

1 N
t t

i
i

M x
N =

= ∑  (31)

b c 1+ =  (32)

Where t  shows the present iterations number, 
N  shows the students number, t

ix  shows the 
knowledge of student i  at time t , tT  shows the 
knowledge of the teacher at time t , tM  shows that 
group’s average value of knowledge in  t time, F  
shows the factor of teaching that defines the teacher 
teaching outcomes, 1

,
t
teacher ix + , shows the student i ’s 

knowledge at time t  that learns from their tutors, 
a , b  and c  denote randomly chosen amounts 
between 0 and 1. The value of F  is 1 or 2.

Teaching Stage 1: Due to the insignificant ability 
to accept knowledge, the tutor pays further attention 
to the intermediate group under the second rule 
than the elite group, which tends to improve pupils 
from the individuals’ view. Hence, the intermediate 
group pupil can gain their knowledge using it by:

( )1
, 2t t t t

teacher i i ix x d T x+ = + × × −  (33)

In which, d  demonstrates a randomly chosen 
amount between 0 and 1. Furthermore, a pupil 
might not get information at the tutor stage, is 
solved as follows: (at least consider the problem as 
an instance)

( ) ( )
( ) ( )

1 1
, ,1

, 1
,

, 

, 

t t t
teacher i teacher i it

teacher i t t t
i teacher i i

x f x f x
x

x f x f x

+ +

+

+

 <= 
≥

 (34)

4.5. Student stage
This phase, covering both phases 1 and 2, 

related to the law (c) that is mentioned. A student 
can acquire his or her knowledge in leisure time 
in two dissimilar approaches: contact with other 
students and self-learning, which can be achieved 
by:

𝑥𝑥𝑥𝑥𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝑖𝑖𝑖𝑖
𝑠𝑠𝑠𝑠+1 =

⎩
⎪
⎨

⎪
⎧ 𝑥𝑥𝑥𝑥𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡ℎ𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒,𝑖𝑖𝑖𝑖

𝑠𝑠𝑠𝑠+1 + 𝑒𝑒𝑒𝑒 × �𝑥𝑥𝑥𝑥𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡ℎ𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒,𝑖𝑖𝑖𝑖
𝑠𝑠𝑠𝑠+1 − 𝑥𝑥𝑥𝑥𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡ℎ𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒,𝑗𝑗𝑗𝑗

𝑠𝑠𝑠𝑠+1 �
+𝑔𝑔𝑔𝑔 × �𝑥𝑥𝑥𝑥𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡ℎ𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒,𝑖𝑖𝑖𝑖

𝑠𝑠𝑠𝑠+1 − 𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖𝑠𝑠𝑠𝑠�, f�𝑥𝑥𝑥𝑥𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡ℎ𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒,𝑖𝑖𝑖𝑖
𝑠𝑠𝑠𝑠+1 � < 𝑓𝑓𝑓𝑓(𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖𝑠𝑠𝑠𝑠)

𝑥𝑥𝑥𝑥𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡ℎ𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒,𝑖𝑖𝑖𝑖
𝑠𝑠𝑠𝑠+1 − 𝑒𝑒𝑒𝑒 × �𝑥𝑥𝑥𝑥𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡ℎ𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒,𝑖𝑖𝑖𝑖

𝑠𝑠𝑠𝑠+1 − 𝑥𝑥𝑥𝑥𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡ℎ𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒,𝑗𝑗𝑗𝑗
𝑠𝑠𝑠𝑠+1 �

+𝑔𝑔𝑔𝑔 × �𝑥𝑥𝑥𝑥𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡ℎ𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒,𝑖𝑖𝑖𝑖
𝑠𝑠𝑠𝑠+1 − 𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖𝑠𝑠𝑠𝑠�, f(𝑥𝑥𝑥𝑥𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡ℎ𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒,𝑖𝑖𝑖𝑖

𝑠𝑠𝑠𝑠+1 ) ≥ 𝑓𝑓𝑓𝑓(𝑥𝑥𝑥𝑥𝑖𝑖𝑖𝑖𝑠𝑠𝑠𝑠)

   (35)

In which, e  and g  are randomly chosen 
amount between 0 and 1, 1

,
t
student ix +  demonstrates the 

student i s′  knowledge at time t  which is learned 
from the student stage and 1

,
t
teacher ix +  demonstrates the 

student 'j s  knowledge at time t  which is learned 
from the teacher. For the students j , the number 
demonstrates randomly chosen. In Eq. (7), the 
third case and the second one on the right hand 
respectively means self-learning and learning from 
the other student.

Besides, a student may not get information at 
the student stage, which can be solved with it (at 
least consider the problem as an instance)

( ) ( )
( ) ( )

1 1 1
, , ,1

1 1 1
, , ,

, 

, 

t t t
teacher i teacher i student it

i t t t
student i teacher i student i

x f x f x
x

x f x f x

+ + +

+

+ + +

 <= 
≥

 (36)

Which 1t
ix +  demonstrates the student i ’s 

knowledge at time 1t +  next on a learning cycle.

4.6. Student stage
Under the fourth defined law, how to establish a 

great teacher allocation methodology is crucial for 
enhancing students. In grey wolf optimization, the 
three achieved solutions so far have been saved that 
have been applied to lead the hunting of wolves. 
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Motivated by performance of hunting at grey wolf 
optimization, teacher assignment in the suggested 
approach can be exhibited as follows:

( )

( )
t

,

3
T

, 
3

3

t t
first first

t t t
first second third

t t t
first second third t

first

t t t
first second third

x f x

x x x
f

x x x
f x

x x x
f



  + +
 ≤     =  + +


  + + >     

 
(37)

Where t
firstx , t

secondx  and t
thirdx  demonstrate the 1st, 

2nd and 3rd top pupils, respectively. Besides, to 
boost the determined group teaching optimization 
algorithm’ convergence, the distinguished group 
and the intermediate group have an identical 
teacher.

4.7. Modified GTO
While the GTO provides good results by its 

original paper [40], its weakness in premature 
convergence and lower accuracy in solving 
some problems can be considered as some 
of its disadvantages. This study presents two 
improvements to modify the drawbacks of the 
GTO. The first amendment is performed based on 
the opposition-based learning (OBL) technique 
[41]. This mechanism is inspired by the oriental 
philosophy conception [42, 43]. The mechanism 
can be assumed as a proper mechanism for 
improving the algorithm  exploration. In OBL 

mechanism, all feasible solutions have an opposite 
pair [44]. When performing the OBL, one of the 
candidate or its opposite value are selected as the 
better candidate [45]. By assuming  jX as a solution 
in the range ,j j jX X X ∈    and its opposite value 

ijX
, the formulation is modeled as follows:

t t t t
i i i ix x x x= + −  (38)

where, , t t
i ix x ∈  i . 

To determine about which one of the original 
or its opposite value are better candidate, if 
( ) ( )t t

i if x f x>  , t
ix  is considered as the candidate 

and the original t
ix  is removed. If ( ) ( )t t

i if x f x> , the 
t
ix  will be considered as the candidate. here, 25% 

of the initial population is generated by the OBL 
mechanism.

The present study also us sinusoidal chaotic 
map to get better results with higher speed [46]. 
This mechanism helps to generate pseudo-random 
amounts rather than random amounts which 
increase the method speed properly [47, 48]. 

Here, we used sinusoidal chaotic map for 
updating the following equations:

( )2
1 sini i i ia a δ πδ+ = ×  (39)

( )2
1 sini i i ib b δ πδ+ = ×  (40)

( )2
1 sini i i ic c δ πδ+ = ×  (41)

( )2
1 sini i i id d δ πδ+ = ×  (42)

Table 3. Functions used in this study. 
 

Function Range 𝑓𝑓𝑓𝑓𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 

𝐹𝐹𝐹𝐹1(𝑥𝑥𝑥𝑥) = �𝑥𝑥𝑥𝑥𝑚𝑚𝑚𝑚2
𝑚𝑚𝑚𝑚

𝑚𝑚𝑚𝑚=1

 [-100,100] 0 

𝐹𝐹𝐹𝐹2(𝑋𝑋𝑋𝑋) = �[(𝑥𝑥𝑥𝑥𝑚𝑚𝑚𝑚 + 0.5)2]
𝑚𝑚𝑚𝑚−1

𝑚𝑚𝑚𝑚=1

 [−100,100]𝑚𝑚𝑚𝑚 0 

𝐹𝐹𝐹𝐹3(𝑥𝑥𝑥𝑥) =  �[100�𝑥𝑥𝑥𝑥𝑚𝑚𝑚𝑚+1 − 𝑥𝑥𝑥𝑥𝑚𝑚𝑚𝑚2�
2 + (𝑥𝑥𝑥𝑥𝑚𝑚𝑚𝑚 − 1)2]

𝑚𝑚𝑚𝑚−1

𝑚𝑚𝑚𝑚=1

 [-30,30] 0 

𝐹𝐹𝐹𝐹4(𝑥𝑥𝑥𝑥) = ∑ 𝑖𝑖𝑖𝑖𝑥𝑥𝑥𝑥𝑚𝑚𝑚𝑚4 + 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟[0,1)𝑚𝑚𝑚𝑚
𝑚𝑚𝑚𝑚=1    [-128,128] 0 

𝐹𝐹𝐹𝐹5(𝑋𝑋𝑋𝑋) = �𝑥𝑥𝑥𝑥2 −
5.1
4𝜋𝜋𝜋𝜋2

𝑥𝑥𝑥𝑥12 +
5
𝑟𝑟𝑟𝑟
𝑥𝑥𝑥𝑥1 − 6�

2

+ 10 �1 −
1

8𝜋𝜋𝜋𝜋
� cos 𝑥𝑥𝑥𝑥1 + 10 

[−5, 15]2 3979 

 

  

Table 3. Functions used in this study.
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( )2
1 sini i i ie e δ πδ+ = ×  (43)

( )2
1 sini i i ig g δ πδ+ = ×  (44)

when, [ ] [ ] [ ]0 0,1 , , , , , , 0,1 a b c d e gδ ∈ ∈

4.8. Validation of the Modified Group Teaching 
Optimization Algorithm

In this section, we attempt to validate the 
proposed MGTO and prove its efectiveness 
in solving global optimization problems. Two 
Unimodal and two Multimodal Basic problems 
have been tested [49]. The results are then compared 
against some other metaheuristic algorithms, 
including Black hole (BH) [50], Emperor penguin 
optimization (EPO) algorithm [51], Locust Swarm 
Optimization (LS) [52], and the basic Group 

Teaching Optimizer (GTO) [40]. All of the test 
functions should be minimized. Table 3 lists the 
functions used in this study [7].

where, Range defines the function’s boundary 
in the solution space and minf defines the global 
optimum. Table 4 illustrates the alternative 
parameters of optimizers.

To validate the algorithms’ efficiency, all of the 
optimizers run 30 times independently on each of 
the  functions and their average amount and their 
STD amount are evaluated based on these runs to 
provide consistant results [53, 54]. The comparison 
achievements between the proposed MGTO and 
studied optimizers on the benchmark functions is 
stated in Table 5.

As seen in Table 5, the suggested technique 
gives the lowest amount for the mean measure 

Table 4. The alternative parameter of optimizers 
 

Algorithm Parameter Value 
BH [50] 𝑟𝑟𝑟𝑟 [0, 1] 

Stars number  100 

LS [52] 
F 0.6 
L 1 
g 20 

EPO [51] 

𝐴𝐴𝐴𝐴 [-1.5, 1.5] 
Value of temperature (𝑇𝑇𝑇𝑇′) [1, 1000] 

𝑀𝑀𝑀𝑀 2 
𝑓𝑓𝑓𝑓 [2, 3] 
S [0, 1.5] 
𝑙𝑙𝑙𝑙 [1.5, 2] 

 

  

Table 4. The alternative parameter of optimizers

Table 5. Results of comparison between the proposed MGTO and investigated optimizers on the benchmark functions 
 

Benchmark function Metric EPO [51] LS [52] BH [50] GTO [40] MGTO 

𝐹𝐹𝐹𝐹1 
AVE 5.36E-9 3.14 E-10 6.76 E-11 7.23 E-11 9.13E-12 

STD 3.65E-10 4.77E-11 4.41E-12 8.24E-12 10.15E-13 

𝐹𝐹𝐹𝐹2 
AVE 112.143 101.576 97.712 53.473 32.361 

STD 90.271 87.618 77.544 42.384 22.122 

𝐹𝐹𝐹𝐹3 
AVE 35.851 23.228 12.147 11.543 8.115 

STD 29.412 18.935 8.445 7.225 2.354 

𝐹𝐹𝐹𝐹4 
AVE 12.45 9.04 4.85 3.73 2.01 

STD 8.195 5.123 3.014 2.949 1. 935 

𝐹𝐹𝐹𝐹5 
AVE 5.942 3.834 1.618 1.512 0.933 

STD 1.213E-2 2.214E-3 1.128E-4 6.268E-3 9.334E-3 

 

Table 5. Results of comparison between the proposed MGTO and investigated optimizers on the benchmark functions
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which indicates its better accuracy agaist the 
compared techniques in achieving the lowest result. 
Also, using the suggested optimizer provides the 
lowest amount for the STD that indicates its higher 
consistency during different runs toward the other 
algorithms.

5. PROBLEM STATEMENT
As aforementioned, the major target of this 

paper is to provide a best configuration for the 
presented CCHP system. There are different 
approaches for designing optimal purpose. Here, 
eight design constraints and parameters through 
various conditions defined by exergy, energy, 
environment-related and economic analysis have 
been studied. In this study, we attempted to to 
optimize the gas engine size by the following 
formula:

i i

i

x xmin max
total total total total

x max min max min
total total total total

F FF
F F

η η
η η

− −
= + +

− −

 
ii xx maxmin

d dE E
max min max min
E E d d

E E
E E

η η
η η

−−
+ +

− −
 

2 2

2 2

i

i

i

xmax
x minCO CO

xmax
CO CO max min

CDRR CDRREm Em
Em Em CDRR CDRR

−−
+ +

− −

( ) ( )
ii xx minmax

ub ubP P
max min

P P ub ubmax min

Y YP P
P P Y Y

−−
+

− −
      (45)

It should be nored that max 8
ixF → .

So that the annual used thermal and electrical 
demnd for the investigated case with assuming the 
GE size in the following constraint:

 
30 , 120i GEx E kW≤ ≤  (46)

Where, the maximum value of the 
ixF  provides 

the best configuration of the CCHP system.

6. RESULTS AND DISCUSSIONS
To provide a well-organized configuration for 

 
(A) 

 
(B) 
 

 

Fig. 3. The column diagram of the for (A) thermal, and (B) electrical consumed demands 
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Fig. 3. The column diagram of the for (A) thermal, and (B) electrical consumed demands
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the proposed methodology, it hs been applied to a 
CCHP case study, and the system has been analyzed 
during a yearly assessment. This assessment 
considered energetic, exergetic, environmental, 
and economic and some constraints for the 
analysis. Fig. (4) shows the overall expended fuel 
energy using the GE and boiler in the combined 
CHP system. 

As it is clear from Fig. (4), with engine size 

 
 

Fig. 4. Overall used fuel energy by the GE and boiler in the combined CHP system basd on various GE 

sizes 
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Fig. 4. Overall used fuel energy by the GE and boiler in the combined CHP system basd on various GE sizes

 
 

Fig. 5. Destruction rate profile of the combined CHP unit 
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Fig. 5. Destruction rate profile of the combined CHP unit

growing, the consumed fuel energy value has 
been enlarged. Consequently, with decreasing the 
used fuel by the GE, more energy demand can be 
supplied. As can be observed from the results, the 
produced energy generated by the gas engine in 
some months is enough to supply the load demand 
and there is no need to the boilers. Fig. (5) shows 
the destruction rate profile of the CCHP system.

Fig. (5) indicates the exergy effectiveness, 

 
 

Fig. 6. Carbone dioxide environmental effects on the system under engine power variations 
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Fig. 6. Carbone dioxide environmental effects on the system under engine power variations
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Fig. 7. Economic analysis of the system under engine power variations  
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Fig. 8. Comparison results of the 4E analysis for the proposed MGTO-based method against FFO-based 
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Fig. 8. Comparison results of the 4E analysis for the proposed MGTO-based method against FFO-based and GA-based methods

exergy distructive rate, and destroyed exergy by 
assuming various engine’s power sizes. As observed, 
growing the engine‘s power size, increases tshe 
exergy efficiency. Also, growing the engine’s power 
size, decreases the destruction rate of the exergy. 
Consequently, we can conclude that however, by 
increasing the power size of engine, exergy losses 
has been increased, its distructive rate with a higher 
rate than the system input exergy. Fig. (6) shows 
Carbone dioxide environmental effects on the 
system under engine power variations. 

As can be observed from Fig. (6), increasing 
of the engine power size makes the 2CO  and 2CO  
reduction rate values decreasing. Also, obviously, 
the lowest amount of the total carbon dioxide (220.6 
Ton/year) is achieved when the size of engine power 
is 1 kW, and the maximum 2CO  reduction rate (40 
%) has been happened when the size of engine power 
is 120 kW. The economic analysis of the system 
under engine power variations is shown in Fig. (7). 

It is clear that the maximum value for the cash 
flow, i.e., 49840 $ is achieved when the size of 

engine power is 118.9 kW , where, ubY  is 31970 $
. Also, however, the payback period variation is not 
reliable, there is small changes in the range between 
60kW to 100 kW.

Finally, to provide a more better evaluation 
of the suggested method, its achievements have 
been completely put in comparison with several 
newest techniques, which are GA-based [55] and 
Improved owl search algorithm (IOSA)-based [56] 
methods. Fig. (8) shows the results of comparison 
of the 4E evaluation for the proposed MGTO-
based method against GA-based [55] and IOSA-
based [56] methods.

Based on Fig. (8), the proposed MGTO provides 
the lowest amount of the solution in iteration 1250 
which is the fastest convergence among the others, 
whereas the optimal value for the GA-based method 
and IOSA-based approaches is achieved in iteration 
1750 and 2400, respectively. The best values for the 
cost function based on the GA-based method and 
IOSA-based method are achieved about 0.21 and 
0.20, respectively.
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7. CONCLUSION
The conventional CCHP systems often operate 

in the power sector and increase their power under 
the application of force after thermal force. To 
improve energy efficiency in CCHP systems, a new 
configuration has been proposed. Here, an optimal 
sizing technique was proposed for optimal design 
of the gas engine-based combined CHP unit. 
Because of the complicated nature of the gas engine 
sizing, an improved metaheuristic technique, called 
Modified Group Teaching Optimization Algorithm 
was introduced and utilized. The main purpose 
of using this new design of Group Teaching 
Optimizer is to obtain resuls with higher accuracy 
and convergence. The designed system was then 
performed to a studied case and analyzed based 
on Exergy, Environment, Economic, and Energy 
terms of view.  Final achievements of the suggested 
unit have been put in comparison with some latest 
approaches, which are genetic algorithm-based 
method and improved owl optimization algorithm-
based method to prove the efficiency of method.
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