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ABSTRACT
The required cold and heat are supplied by recycling the heat lost from the stimulus in combined cooling, 
heating, and power (CCHP) generation system. The present study proposes a new optimal arrangement 
for a CCHP system for annual dynamic simulation. This study uses CCHP system to design a separated 
stand-alone generation system to provide higher effectiveness. The system is then improved by a new 
enhanced metaheuristic technique, namely supply-demand-based optimization algorithm to enhance the 
efficiency of the designed system. The method is implemented on a hospital and its achievements are put 
in comparison with several different newest optimization techniques. The achievements indicate that the 
electricity system purchased from the utility network and fuel consumption for the optimized combined 
cooling, heating, and power system in comparison with the system of separated generation provides a 
decreasing trend.
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1. INTRODUCTION
Today, energy is the most strategic need of 

humankind and its supply has become one of the 
continuous concerns of countries [1]. Considering 
the fossil energy resources’ depletion and their 
environmental destructive impacts, shows the 
significance and requirement of energy generation 
optimization techniques and fossil fuels conversion 
[2, 3]. Electricity, as one of the types of conversion 
energy, plays a vital role in any country’s energy 
basket, and a large quantity of it is provided globally 
by the fossil fuels conversion [4-6]. Due to limited 
resources of fossil fuel, the problem of monitoring 
the energy cost, decreasing the conversion impacts 
and energy use, decreasing wastes and enhancing 

effectiveness in thermal power production is of 
great significance [7]. Increasing efficiency is done 
in different ways [8-11]. In addition to improving 
equipment design, two other solutions are used 
in the modern electricity industry, which are: 
(1) Reuse of thermal energy waste or “combined 
heating and power production”, (2) moving 
production centers near the place of consumption 
or “distributer generation” [12].

Electrical power needed for commercial 
and residential buildings and industrial units, 
is often provided by main power plants (PP) in 
the country [13]. While the required heat of all 
of them is generated in the one location. But the 
other technique that already exists and is highly 
noticed these days is the simultaneous and joint 

http://creativecommons.org/licenses/by/4.0/.


Hamid Asadi Bagal and Maryam Nasseri

Journal of Smart Systems and Stable Energy, 1(4): 286-302 Autumn 2022 287

generation of axial or electrical power and valuable 
heat, and even cooling by a device [14-17]. Thereby, 
besides producing mechanical power or electricity 
by the system, it can be feasible to obtain the heat 
dissipation of the motor or generator as available 
thermal power, and cooling the building by the 
chillers and the wasted heat [18-20]. This method 
is called combined cooling, heating, and power 
(CCHP) that has a positive impact on optimizing 
the energy supply sector and markets.

First, this method has been applied in steam 
cycle power plants, so that the extracted steam has 
been utilized for factory’s heating purposes and 
the nearby units which save the fuel consumption 
as much as possible [21, 22]. Recently, the 
application, more energy efficiency by utilization 
of these systems, was not restricted to steam PPs 
and was extensible to different power generators, 
both electrical and mechanical, thus, today any 
power generating system can be It was designed 
as a common unit with any size and with any 
application [23-26]. The work done in the field 
of distributed generation systems is divided into 
different sections. These sections can include: type 
of system including CHP and CCHP, type of system 
actuator including micro turbine, gas turbine, fuel 
cell, steam turbine, Stirling engine, type of cooling 
system, and the fuel used system-analysis on the 
system [21].

Also, researches in the field of distributed 
generation pursue the following goals: researches 
in the field of increasing the efficiency of cycle or 
work output of the system, researches in the field 
of economic justification of cycles, researches 
in the field of cycle simulation using relevant 
software, researches in the field of environmental 
pollution, researches in the field of optimization 
and management of the desired structures.

Gholamian et al. [27] assessed the economic-
technical condition of a CCHP system. In this 
research, they designed a system that consists of 
the CCHP, the solar-thermal panel, and the micro-
gas turbine using an absorption chiller (AC) in a 
building. The purpose of the designed system, in 
addition to supplying electricity to the building, 
was to obtain the needs for cooling and heating. 
Dynamic simulation of the designed system was 
performed with the help of TRNSYS software. The 
system was also optimized using the TRNOPT 
tool. The research results showed that the designed 
structure can generate 715.32 kWh further 
electricity. Also, the system exergy efficiency 

increased by about 48%.
Lu et al. [28] analyzed the multi-criteria 

optimization of CCHP technique with the help 
of thermal energy storage system. In the present 
study, a designed technique includes energy 
storage system and CCHP system. They also used 
a multi-criteria optimization technique for optimal 
energy storage. They examined the efficiency of the 
proposed technique from an environmental and 
economic perspectives. The results showed that 
the optimized technique increased the structure 
confidence by about 0.49% and save 81 kWh more 
energy.

Aghaei et al. [29] optimized the CCHP system to 
generate electricity and supply heating and cooling 
energy of the dairy industry through a main gas 
turbine engine. In this research, the boiler system 
was optimized by three objectives: total yearly 
system cost, comprehensive objective function, 
exergy efficiency. The optimization achievements 
showed that the system without optimization needs 
the air compressor’s high pressure at about 14.8 
while optimization leads to a reduction of the air 
compressor to an appearance of up to about 6.

Yanan et al. [30] improved the operation of 
the CCHP technique by the combined Horizon 
Rolling optimization approach and the matrix 
model framework. In this research, they used 
matrix modeling method to structure the CCHP 
technique. System inputs include multiple power 
sources and system outputs include heating and 
cooling, and power generation. In this research, 
the particle compression optimization technique 
was used to improve system operation. The 
achievements indicate that the cost of heating, 
cooling and electricity generation is reduced by the 
optimization. Also, the energy supply timing was 
reduced. In the summer, access to cooling energy 
was less expensive. 

Lin et al. [31] Optimized the CCHP technique 
with the help of a genetic optimizer. One of the 
weaknesses of this device is the capacitance of 
the power unit and the chiller. Therefore, they 
improved the capacity of the power production unit 
and chiller by presenting a genetic optimization 
technique. The performance of the model was 
evaluated in a project was completed in Changsha. 
The results showed that the genetic optimizer gave 
good results to increase the capacitance of the 
power production unit and also the cost of natural 
gas on the optimum installation capacity is reduced 
by the optimization.
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The present study works an analysis and 
optimizing of the system to provide an improved 
version of the CCHP system in a studied case. as 
concluded from the literature, however, several 
researches have been performed in this area, we 
attempt to provide a system with higher efficiency 
based on an improved metaheuristic approach. The 
ability of the presented technique will be proved by 
comparison with some new newest systems. 

2. MODEL DESCRIPTION
2.1. Traditional separated stand-alone production 
system

In this section, separated production systems 
are reviewed and introduced. Separated production 
systems usually include boilers, heat exchangers, 
and electric chillers or absorption chillers. This 
system supplies electricity from the utility network, 
cooling load through electric chiller, and hot water 
consumption and heating load through boiler. The 
governing equations of this system are as follows:

SP SP SP
G Pmp cheE E E E= + +

 
(1)

The above equation is the power usage equation 
of the system. The power usage of the system 
includes the power consumption of the building, 
including lighting and systems in the building, the 
power usage of the electric chiller and the pumps 
power in the engine room. In Eq. (1), E  describes 
the power usage of the building, SP

GE  describes 
the power usage of the entire production system, 

SP
PmpE  specifies the power consumption of the 

engine room pumps, and SP
cheE  defines the power 

consumption of the electric chiller (EC). Electrical 

power usage of EC is the ratio of the amount of 
cooling required by the building to the coefficient 
of performance, i.e.,

SP cl
che

che

QE
COP

=
 

(2)

where, clQ  specifies the building cooling load 
and cheCOP  defines the EC performance coefficient.

The amount of fuel consumed by this system 
is equivalent to the boiler’s fuel consumption as 
well as the fuel consumption of the grid power 
generation, which is obtained from Eqs. (2) to (5).

SP
SP G

e SP
ep G

EF
η η

=
 

(3)

SP
SP b h

b SP SP SP
b b c

Q QF
η η η

= =
 

(4)

SP SP SP
e bF F F= +  (5)

In the above equations, SP
eF  describes the 

fuel consumption of electricity generation, SP
bQ  

describes the heat produced by the boiler, Gη  
specifies the efficiency of the power generation 
network, SP

epη  defines the efficiency of power 
generation, SP

bF signifies the fuel consumption of 
the boiler, 

hQ  defines the heat load of the building, 
SP
bη is the efficiency of the boiler. Fig. (1) shows the 

overall structure of a separated CHP.

 
Fig. 1. Overall system of a separated CHP system 

   

Fig. 1. Overall system of a separated CHP system
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2.2. CCHP systems
Herein, the model of CCHP system has been 

reviewed and introduced. Fig. (2) shows the overall 
structure of a CCHP system which includes power 
generators, heat coils, boilers, absorption chillers, 
heat exchangers, and ECs.

As the name implies, generator is responsible 
for supplying electricity to the entire system. On 
the other hand, due to the high temperature of 
the exhaust gases and its heat loss, its hot gases are 
used to heat the hot water required by the system, 
including the building’s heating load, the building’s 
hot water and the hot water required for the 
absorption chiller. 

Heat exchangers are applied for transferring 
heat from the hot gas leaving the engine to the water 
needed to heat the system. The boiler also enters 
the circuit when the hot gases from the engine 
cannot supply the heat load required by the entire 
system [13, 32, 33]. The heating coil is also used to 
supply the heat load of the building. Absorption 
chillers and electric chillers are also used to supply 
the building’s cooling load. AC and EC are used at 
the same time to check the cost optimization. Eq. 
(6) indicates the power consumption equation of 
the CCHP systems:

G pgu p cheE E E E E+ = + +
 

(6)

The electricity consumed by this system, like 
the separated generation system, contains the 
electricity used by the building, including lighting 
and systems in the building, the electrical power 
used by the EC, and the electrical power of the 
pumps in the generator room. Instead, the system 
supplies its electricity in addition to the utility grid 
from the power engine.

In Eq. (6), GE  defines the power consumption 
of the entire CCHP system, E  is the power 
consumption of the building, cheE  specifies 
the power use of the EC, pE  denotes the power 
consumption of the engine room pumps, and pguE  
is the power consumption of the engine. 

Electrical power use of EC is: the ratio of the 
amount of cooling required by the building to the 
coefficient of performance, in other words:

cl
che

che

QE
COP

=

 
(7)

The CCHP system’s heat load, which includes 
the building’s heat load, the heat load of the AC 
provided by the engine and the boiler, is as follows:

r b rh rcQ Q Q Q+ = +  (8)

where, rQ  describes the heat load generated by 
motors and heat exchangers, rcQ  signifies the heat 
load required by the EC, and rhQ  as the heat load 
required for the heat coil to supply the heat load of 
the building is obtained by the following equations.

( )1r pgu rec elQ F η η= × × −  
(9)

pgu
pgu

el

E
F

η
=

 
(10)

ac
rc

ac

QQ
COP

=
 

(11)

h
rh

h

QQ
η

=
 

(12)

In the above equations, 
pguF  defines the motor 

 
Fig. 2. Overall structure of a CCHP system 

   

Fig. 2. Overall structure of a CCHP system
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fuel consumption, recη  describes the efficiency of 
heat exchangers, hη  is the efficiency of the heat coil, 

acQ  specifies the cooling load provided by the AC, 
and acCOP  defines the AC’s efficiency coefficient. 

To calculate the boiler’s fuel use, the heat 
produced by the boiler must be divided by the 
boiler efficiency, i.e.,

r rh rc
b

b

Q Q QF
η

+ +
=

 
(13)

where, bη  describes the boiler efficiency. 
The building’s cooling load, as mentioned, can 
be achieved by the help of an AC and an electric 
chiller:

c che acQ Q Q= + (14)

che

c

QX
Q

= (15)

In Eq. (15), X  is defined as a parameter that 
defines the cooling load ratio produced by the 
electric chiller to the building’s total cooling load. 
This ratio can be considered between 0 and 1, if X  
is 0, i.e., the cooling load has been supplied only 
by the AC, and if X  is 1, it means that the total 
cooling load has been supplied by the EC. The fuel 
consumption of this system is also obtained by 
means of Eq. (16).

G
pgu b SP

el G

EF F F
η η

= + +
 

(16)

3. OPTIMIZATION PARAMETERS AND 
CRITERIA

To optimize a system, you must first consider 
the parameters that change the system performance 
by parameters’ changing. Now, to achieve the best 
and most optimal operation of that system by 
parameters’ changing, it is necessary to choose the 
right criteria for it. In this study, three important 
parameters and criteria that have a great impact on 
system performance are selected:
- The first parameter is considered to be the 

cooling load ratio of the EC to the cooling load 
of the whole building (As observed in Equation 
(15)).

- The second parameter is considered to be 
the most electricity generated by the power 
generation motor.

- The third parameter is the on and off coefficient 
of the power generation motor, which is a 
number between zero and one.
With these explanations and hypotheses, the 

electric charge generated by the power generator is 
calculated as follows.

0, 0
, 1

, 1

pgu

pgu p che

pgu Max

E f
E E E E f

E E f

α
α

 = ≤ <
 = + + ≤ <
 = ≤  

(17)

where, 
MaxE  describes the second parameter, 

and α  that is the on/off coefficient of the power 
generation motor is as the third parameter.

Also, f  specifies a parameter that is achieved 
based on the following equation:

 
p che

pgu
Max

E E E
F

E
+ +

=
 

(18)

Also, the thermal efficacy of the power 
generation can be obtained as follows:

2 38.94 33.16 27.081 9.99el pgu pgu pguf f fη = + − +  
(19)

In the following, the three optimization criteria 
have been explained:
1) The first optimization criteria is the energy 

storage which is done by changing the separated 
generation system to the CCHP system and can 
be obtained as follows:

1
sp

FPES
F

= −
 

(20)

2) The second optimization criteria is the annual 
cost storage value. This criteria contains two 
parts of fuel costs (electricity and gas), and the 
devices costs which is achieved as follows:

( )365 24

1 1 1

i G e f
j j ik ik ik ikj i k

ATC R N C E C F C
= = =

= × + × + ×∑ ∑ ∑  
(21)

1
sp

ATCATCS
ATC

= −
 

(22)

where, G
ikE  describes the consumed electricity 

from the electricity distribution network, ikF  
defines the consumed gas value, e

ikC  signifies the 
purchase price of the electricity, f

ikC  is the purchase 
price of the consumed gas which are given in Table 
1. jC  is the cost value (kW) of that device and is 
given in Table 2.
3) The second optimization criteria is the carbon 
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dioxide emissions reduction and is achieved by 
the following equations:

2 2
 f e

CO CO GCDE F Eµ µ= +  
(23)

1
sp

CDECDE
CDE

= −
 

(24)

In the above equations, 
2

f
COµ  and 

2

e
COµ  represent 

the carbon dioxide emission coefficients of natural 
gas and electricity grid combustion, respectively. 

The above three criteria must reach their 
maximum value to achieve the most optimal 
system. So, the general criterion of optimization 
can be considered as follows:

1 2 3max F w PES w ATCS w CDER= × + × + ×  (25)

where, 1 2 3 1w w w+ + = . Because of the priority 
of all three weights in the study, the value for all 
weights is considered equal, i.e., 1 2 3

1
3

w w w= = = .

Because of the minimization nature of the 
optimization solvers, we can consider the main 
function as below:

1min PI
F

=
 

(26)

In this study, we utilize an improved 
metaheuristic optimization algorithm to minimize 
Eq. (26).

4. AMENDED SUPPLY-DEMAND-BASED 
OPTIMIZATION (SDO)

Exploitation is done in the price and quantity 
of goods due to maintaining its stability and 
according to the supply and demand mechanism 
of the equilibrium point neighborhood [34]. 

However, in a state of instability, the quantity and 
price of goods explore new areas that are far from 
the equilibrium spot. The stability condition gently 
reducing instabilities in the supply-demand process 
can be presented to supply-demand optimization 
as exploitation to conduct a local search in an 
optimistic area [35]. Also, the instability condition 
can be introduced to supply-demand optimization 
as exploration to globally conduct a search in the 
solution space [36]. 

In the suggested optimization algorithm, it is 
first assumed that there are n  market and in each 
market has s  types of goods with a certain quantity 
and quality [37]. The variables of the optimization 
problem are the same candidate solutions that are 
illustrated by the prices of s  goods in a market, 
and the  s  merchandise amounts of a market are 
examined as a probable candidate solution. Given 
that this algorithm is based on the swarm, if the 
probable candidate solution is better than the 
candidate solution, it will be replaced [38]. Two 
matrices related to the price of goods and the 
quantity of goods are provided. The price matrix of 
goods in the market is as follows:

2
11

1 1 12
1 2

2 2 2

2
1

s

s

sn
n n n

x
x x x

xX x x x

xx x x

   
   …   
   = = …
   
   
   …   



   

 

(27)

where, the number of variables (number 
of commodity prices) and candidate solutions 
(number of markets) are expressed in s  and n
, respectively. ( )1, , ; 1, ,j

ix i n j s= … = …  is the jth  
merchandise value in the ith  market. merchandise 
value vector related to a candidate solution is 
indicated by ( )1, ,ix i n= … . The following matrix 
shows the quantity of goods in the markets:

Table 1. Electricity and gas fuel costs 
 

Electricity purchase cost (05:00-22:00) Electricity purchase cost (06:00-21:00) Gas purchase cost 
0.455 𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌 0.972 𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌 0.215 𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌 

 
  

Table 1. Electricity and gas fuel costs

 
Table 2. System required devices cost 

 
Electric chiller Absorption chiller Boiler Thermal coils Generator 

985 𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌 1420 𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌 350 𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌 180 𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌 7100 𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌 
 
  

Table 2. System required devices cost
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1 1 12
1 2

2 2 2

2
1

s

s

sn
n n n

y
y y y

yY y y y

yy y y

   
   …   
   = = …
   
   
   …   



   

 

(28)

In each market the number of commodity 
quantities is indicated by s , the jth  commodity 
quantity in the jth  market is represented by 

( )1, , ; 1, ,j
iy i n j d= … = …  and the ith  merchandise 

quantity vector related to a probable candidate 
solution is expressed by ( )1, ,iy i n= … .

The evaluation of commodity prices and 
quantity vectors is performed utilizing the fitness 
function. The fitness amount computed via price 
vector is saved as the return amount of the fitness 
function for all markets [32]. Also, to replace a 
market solution based on its quality, the fitness 
value reserve computed via any merchandise 
quantity vector is used. An array is provided to 
store the amount of fitness of the commodity price 
vectors in n  market:

[ ]1 2   T
nFx Fx Fx Fx= …

 
(29)

The array provided below to store values is a 
function of the quantity vectors of the commodity:

[ ]1 2   T
nFy Fy Fy Fy= …  

(30)

The transpose of the array is signified by T .
The methods of updating and dealing with the 

quantity and price vector of goods in each market 
are different during iterations. It should be noted 
that in supply-demand optimization, both stability 
and instability are used in supply and demand 
opinion to explore and exploit. 

Equilibrium price of goods and equilibrium 
quantity ( 0 0,x y ) are two important components 
that must be determined first. According to the 
constant equilibrium price and the constant 
equilibrium quantity, the demand and supply 
function of a product is updated during the 
algorithm. To avert the algorithm from getting 
caught in the local search and early convergence as 
a result of this updating, the equilibrium quantity 
of each commodity and the equilibrium price of 
each merchandise are variable in all iterations. 
For all iterations, all markets choose a commodity 

quantity vector as its quantitative equilibrium 
vector through its probability and from the 
quantity array. The finest fitness amount of the 
quantity vector in a market, the more likely it is to 
choose. Meanwhile, all markets select a price vector 
from the price array based on its opportunity or the 
mean of merchandise cost vectors of all the markets 
as the balance cost vector to enhance exploration. 
The balance quantity vector 0y  is given below:

1

1 n

i i i
i

N Fy Fy
n =

= − ∑
 

(31)

1

n
ii

NQ
N

=

=
∑  

(32)

( )0 ,      ky y k Roulette WheelSelection Q= =  
(33)

The equilibrium price vector 0x  is given below:

1

1 n

i i i
i

M Fx Fx
n =

= − ∑
 

(34)

1

n
ii

MP
M

=

=
∑  

(35)

( )

1
1

0
.                                          0.5

,              0.5

n
i

k

x
r if randx n

x k RouletteWheelSelection P if rand


 <= 
 = ≥

∑

 

(36)

( )

1
1

0
.                                          0.5

,              0.5

n
i

k

x
r if randx n

x k RouletteWheelSelection P if rand


 <= 
 = ≥

∑

In above equation, 1r  indicate a random 
number between 0,1. Corresponded to Eq. (36), in 
supply-demand optimization, it is considered that 
there is a likelihood of 50% to select the mean of 
goods price vector or a cost vector according to 
its likelihood in the cost array as the balance cost 
vector. According to the balance cost vector and 
the balance quantity vector presented above, the 
following equation present the supply function and 
the demand function:

( ) ( )( )0 01 .i iy t y x t xα+ = + −
 

(37)

( ) ( )( )0 01 . 1i ix t x y t yβ+ = − + −
 

(38)
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The ith  merchandise cost vector at the time t  
is indicated by ( )ix t , the ith  merchandise quantity 
vector at the time t  is indicated by ( )iy t , the 
supply weight and demand weight are specified by 
α  and β . 

Using Eq. (37), and according to the balance 
cost vector and the balance quantity vector, the 
quantity vector of goods in each market can be 
updated. The demand equation is a combination of 
equations (11) and (12) as follows.

( ) ( )( )0 01 .i ix t x x t xαβ+ = − −
 

(38)

In other words, the merchandise cost vector 
is updated with regard to its present price vector 
correspondent to the balance cost vector. To 
obtain various merchandise cost vectors, it is 
recommended to adjust the amounts of weights α  
and β . The formulas for supply weight and demand 
weight are given below that are used to explore and 
exploit supply and demand optimization.

( ) ( )2. 1
.sin 2

T t
r

T
α π

− +
=

 
(38)

( )2.cos 2 rβ π=  
(39)

Where r  is a random vector between 0,1, the 
maximum number of iteration is indicated by T . 
It is assumed that the variable D  equal the product 
of weights:

( ) ( ) ( )4. 1
.sin 2 cos 2

T t
D r r

T
αβ π π

− +
= =

 
(40)

1D < , describes the stability state, various 
merchandise cost vectors near the balance cost 

0x  can be received with regard to the present cost 
vector using adjust the weights α  and β . These 
cost vectors can be altered by the random vector r 
and among the balance cost vector and the present 
cost vector. In this mechanism, the exploitation 
of the algorithm is emphasized and, in the supply, 
and demand optimization algorithm, local search 
is performed. 1D > , describes the instability state, 
that the merchandise cost vector in all markets can 
transfer far away from the balance cost vector, in 
this mechanism, the exploration of the algorithm 
is emphasized and in the suggested optimization 
algorithm, global search is performed.

In the initial iterations, the amount of D  

is bigger than 1 or smaller than -1 with a great 
possibility. As the number of iterations increases, 
this high probability starts to reduce. In subsequent 
iterations, the amount of D  are in [-1, 1] with an 
increasingly elevated possibility. In general, in 
the supply-demand optimization algorithm, high 
explorations are performed in the early stages of 
iterations, and high exploitation is performed in 
the later stages of the iterations.

By evaluating the two vectors of merchandise 
cost and quantity of merchandise in all iterations by 
fitness, the results are saved in the corresponding 
arrays. when the fitness amount of the ith  
merchandise quantity vector is superior than 
that of the ith  merchandise cost vector, the ith  
merchandise cost vector will be substituted with 
this quantity vector as a candidate solution.

Although, original Supply-demand-based 
optimization algorithm is a new well-organized 
algorithm for solving optimization issues, in some 
cases, it may face some issues for example getting 
clung to the local optimum or delivering weak 
convergence speed [39-41]. This study employs 
a modification to enhance the efficiency of the 
Supply-demand-based optimization algorithm. 
Here, a sine-cosine mechanism has been utilized as 
chaos theory to provide an algorithm with higher 
speed and a rather good global optimization results. 
Firstly, the price of goods that define the worst cost, 
are somewhat chosen to be updated and the new 
candidate is achieved by the following:

( )
( )

1 2 3 4

1 2 3 2

X sin X X                               0.5
X

X cos X X                              0.5
worst best worst

worst
worst best worst

a a a a
a a a a

 + × × × − < =  + × × × − ≥  
 

(41)

              ( )

1
1

0
.                                          0.5

,              0.5

n
i

k

x
r if randx n

x k RouletteWheelSelection P if rand


 <= 
 = ≥

∑

where, 1a , 2a , 3a  and 4a  are some coefficients 
achieved by the following equation:

( )1 /curr maxa iter iterα γ= − ×   
(42)

2 2a randπ= ×  (43)

3 2a rand= ×  (44)

4a rand=  (45)

where, γ  is a constant and curriter  and üiter  
represent the present and the maximum iterations, 
respectively.
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To authenticate the effectiveness of the suggested 
technique, it is performed to several standard 
test functions, including Schwefel, Ackley, Booth 
function, Matyas function, Bukin function n. 6 and 
the results were put in comparison with several 
latest techniques that are Lion optimizer (LOA) 
[42], Wildebeest herd optimization (WHO) [43], 
Whale Optimization Algorithm (WOA) [44], and 
the original Supply-demand-based Optimization 
(SDO) [38]. Table 3 states the parameter set of the 
studied algorithms.

Table 4 shows the mathematical definition of 
the benchmark functions, their dimension (Dim), 
their limitation (Range), and their minimum value 
( üF ).

The size of population and maximum iteration 
value are respectively 50 and 150 for all optimizers. 
Also, each algorithm has been performed 25 

times independently to each benchmark function 
to compare properly [45]. To validate the 
proposed ASDO algorithm, its mean value and 
standard deviation are put in comparison with 
the investigated optimizers. Table 5 indicates the 
method authentication through comparison with 
some latest optimizers.

Based on Table 5, the suggested amended 
Supply-demand-based optimization algorithm 
with lowest amount of the mean, indicates 
that during 25 different runs, provides the best 
confirmation with the desired value. Moreover, 
the lowest amount of standard deviation, indicates 
that during 25 different runs, the method has the 
highest consistency in its results. 

As can be observed, the proposed amended 
Supply-demand-based optimization algorithm 
shows better results in both accuracy and precision 

Table 3. Set parameter of the analyzed optimizers 
 

Algorithm Parameter Value 

LOA [42] 

Prides number  5 
Nomad lions percent 0.3 
Percent of Roaming  0.4 
Mutate probability 0.1 

Rate of Sex  0.85 
Mating probability 0.4 
Rate of immigrate  0.5 

WHO [43] 𝛼𝛼� 0.9 
𝛽𝛽� 0.3 
𝛼𝛼� 0.2 
𝛽𝛽� 0.8 

WOA [44] �⃗�𝑎 2 
𝑟𝑟 1 

 
  

Table 3. Set parameter of the analyzed optimizers

Table 4. Mathematical definition of the benchmark functions  
 

Type Name Function Dim Range 𝑭𝑭𝒎𝒎𝒎𝒎𝒎𝒎
Multimodal 
Benchmark 
Functions 

Schwefel 𝐹𝐹��𝑥𝑥� ���𝑥𝑥���� ��|𝑥𝑥�|�
�

���
 30 [-500,500] -418.9829 

Ackley 

𝐹𝐹��𝑥𝑥� � ��� ���������1𝑛𝑛�𝑥𝑥��
�

���
� 

� ���� �1𝑛𝑛���� ���𝑥𝑥�
�

���
�� � �� � � 

30 [-32,32] 0 

fixed- 
dimension 
multimodal 
benchmark 
functions 

Booth 
function 𝐹𝐹��𝑥𝑥� � �𝑥𝑥� � �𝑥𝑥� � ��� � ��𝑥𝑥� � 𝑥𝑥� � ���  [10,-10] 0 

Matyas 
function 𝐹𝐹��𝑥𝑥� � �����𝑥𝑥�� � 𝑥𝑥��� � ����𝑥𝑥�𝑥𝑥�  [10,-10] 0 

Bukin 
function n. 
6 
 

𝐹𝐹��𝑥𝑥� � 1����𝑥𝑥� � ���1𝑥𝑥��� � ���1|𝑥𝑥� � 1�|  
 

[-5,15] 
0 

 
  

Table 4. Mathematical definition of the benchmark functions
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toward the other comparative algorithms. So, this 
algorithm can be a good selection for optimal 
CCHP systems configuration. Therefore, this 
algorithm is used to minimized the Eq. (26). 

5.  SIMULATION RESULTS
 This study aims to analyze a separated energy 

generation system and an equivalent CCHP system 
for it to get more optimized results. For validation 
of the effectiveness of the proposed technique, in 
this study, a hospital has been considered for as the 
case study. Table 6 illustrates the characteristics of 
separated and CCHP generation system devices, 

including efficiencies, coefficients of performance 
and constant coefficients of the mentioned 
equations, are introduced. 

Figure (3) shows the electricity consumption, 
heat load and refrigeration of the hospital during a 
year for different hours:

According to Fig. (3), the power use is shown 
in black, the heat charge is shown in red, and the 
refrigeration charge is shown in blue. As can be 
observed, electricity consumption has a fixed range 
throughout the year, but instead, they bear more 
heat and cold load in one part of the year and less 
load in another part of the year.

Table 5. Method authentication through comparison with some latest optimizers. 
 

 
  

Algorithm 
Function 

LOA [42] WHO [43] WOA [44] 
Mean Std Mean Std Mean Std 

Schwefe -129.637 52.58 -213.824 50.71 -304.431 46.37 
Ackley 10.25e-8 2.17e-8 23.64e-9 10.21e-9 13.63e-10 7.32e-10 

Booth function 5.18e-9 1.84e-9 9.53e-10 4.63e-11 10.56e-11 5.35e-11 
Matyas function 6.18e-7 8.24e-8 9.71e-8 9.85e-9 10.48e-9 12.14e-10 

Bukin function n. 6 9.47e-12 2.23e-12 10.64e-13 8.76e-13 6.14e-14 9.86e-15 
Algorithm 

Function 
SDO [38] ASDO 

Mean STD Mean STD 
Schwefe -398.361 34.82 -415.531 22.39 
Ackley 9.29 e-11 2.36e-11 7.62e-12 3.07e-12 

Booth function 6.18e-11 12.53e-12 10.12e-13 3.01e-13 
Matyas function 9.36e-10 10.29e-11 13.35e-11 8.52e-12 

Bukin function n. 6 7.81e-15 11.31e-16 8.45e-16 1.67e-16 

Table 5. Method authentication through comparison with some latest optimizers.

Table 6. Characteristics of the separated and CCHP generation system devices 
 

System Characteristic Value 

CCHP system 

𝐶𝐶𝐶𝐶𝐶𝐶��� 0.85 
𝜂𝜂� 0.65 
𝜂𝜂� 0.30 
𝜂𝜂���� 0.85 

𝐶𝐶𝐶𝐶𝐶𝐶��� 0.80 

Traditional 
separated 

system 

𝜂𝜂��� 0.30 
𝜂𝜂��� 0.25 
𝜂𝜂� 0.75 
𝜇𝜇����  0.80 
𝜇𝜇���� 0.90 

 
  

Table 6. Characteristics of the separated and CCHP generation system devices

Table 4. The achievements of the comparative methods are reported in  
 

Optimization parameters 𝐦𝐦𝐦𝐦𝐦𝐦𝐦𝐦𝐦𝐦 𝜶𝜶 𝑬𝑬𝑴𝑴𝑴𝑴𝑴𝑴 𝑴𝑴 
Proposed method 3.403 0.48 349 349 

OSA [46]  3.406 0.52 288 288 
GA [4] 3.409 0.31 305 305 

MHHO [47] 3.408 0.28 311 311 
 

Table 7. The achievements of the comparative methods are reported in
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To provide a fair validation of the proposed 
method, it has been also optimized by three other 
algorithms, including owl search algorithm (OSA) 
[46], genetic algorithm (GA) [4], and modified 
Harris Hawks optimization (MHHO) [47]. Fig. 
(4) shows the optimization trend of different 
methodologies.

As can be seen in Figure (4), the objective 
function was accompanied by a sharp drop first 
and then a small drop until no change was made 
from 44 iterations onwards. So, we can say that it 
has reached the optimal state from 44 iterations. 
The achievements of the comparative methods 
have been reported in Table 4.

Based on Table 4, the suggested method gives 
the minimum amount of the PI  which indicates 

its better efficiency than the compared techniques. 
In the following, the parameters that are 

considered for optimization are examined. In 
Fig. (5), the diagrams of the three parameters 
considered on different days are shown. As can be 
seen, the maximum and minimum optimal criteria 
are to reduce carbon dioxide emissions and save 
annual costs, respectively. 

But in Fig. (6), where 1 is optimized for a CCHP 
system, the lowest value of the optimization criteria 
is related to the energy storage criterion.

In order to be able to compare the values of the 
optimized criteria for both optimized and non-
optimized CCHP systems, the graphs of the values 
of each criterion are shown separately as follows.

From Fig. (7), the amount of this criterion has 

 
Fig. 3. Electricity consumption, heat load and refrigeration of the hospital 
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Fig. 4. Optimization trend of different methodologies 
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Fig. 5. Diagram of different criteria considered for optimization in different days for the conventional 

CCHP system 

   

Fig. 5. Diagram of different criteria considered for optimization in different days for the conventional CCHP system

 
Fig. 6. Diagram of different criteria considered for optimization in different days for the optimized CCHP 

system 
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Fig. 6. Diagram of different criteria considered for optimization in different days for the optimized CCHP system

 
Fig.7. Comparison of fuel storage for non-optimized and optimized cogeneration system 
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Fig. 8. Comparison of annual cost savings for non-optimized and optimized cogeneration system 
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Fig. 9. Comparison of carbon dioxide emission reductions for non-optimized and optimized cogeneration 

systems 
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Fig. 10. Graphs of electricity purchased from the network on different days of the year for three different 

systems 
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Fig. 11. Annual fuel consumption graphs for three optimized, non-optimized and separate cogeneration 

systems 
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Fig. 11. Annual fuel consumption graphs for three optimized, non-optimized and separate cogeneration systems

increased with optimization, and this has been 
favorable for optimization. The improvement of 
this criterion has been between 0 and 20%.

As can be seen in Fig. (8), this criterion plays 
a more effective role in optimization than the 
energy storage criterion. Because the values of 
this criterion have changed a lot before and after 
optimization. This criterion has been increased by 
about 18.42% to 23.08% with optimization, which 
is very desirable.

As shown in Figure (11), this criterion plays 
the most effective role in optimization. The criteria 
before and after optimization had more changes 
than other existing criteria. This criterion has been 
increased by about 25 to 40 with optimization, 
which is very desirable.

In the following, the CCHP system obtained 
from optimization with a separated generation 
system and also an unoptimized system in terms 
of fuel and electricity consumption are compared. 
First, the CCHP generation system is compared with 
the separated generation structure. In Fig. (10), it is 

observed that the difference between a separated 
generation system and a CCHP generation system 
in electricity purchase is very different and about 
7200 kW per day, which is about 44.29% reduction 
in daily electricity purchase.

After comparing the electricity purchasing 
between the two optimized systems and the 
separated generation system, the comparison of 
the electricity purchasing from the city network 
for the two optimized and non-optimized CCHP 
generation systems is discussed. For the non-
optimized system, it is assumed that an EC has 
been applied to supply the cooling load, and the 
maximum power generation by the 250 kW motor 
is considered. According to these hypotheses, the 
difference between two CCHP generation systems 
is much less than the difference between a separated 
system and the optimized system. It is observed 
from the above that an optimized generation system 
has 44.29%  less electricity purchases per day than 
a CCHP generation system. An optimized CCHP 
system consumes about 17.01% less electricity than 



300

Hamid Asadi Bagal and Maryam Nasseri

Journal of Smart Systems and Stable Energy, 1(4): 286-302 Autumn 2022

a grid compared to a non-optimized cogeneration 
system. Fig. (11) shows Annual fuel consumption 
graphs for three optimized, non-optimized and 
separate cogeneration systems.

As shown in Fig. (11), the monthly fuel 
consumption is about 103,400 kWh to 53,780 
kWh for a separated generation system, with the 
difference between the maximum and minimum 
fuel consumption being about 49,640 kWh per 
day. Fuel consumption per day for the optimized 
CCHP system 37,340 to 89,990 kWh optimized 
for a CCHP system, which is about a 58.50% 
reduction in fuel consumption in comparison 
with a separated generation structure. Also, the 
difference between the maximum and minimum 
fuel consumption is about 41,000 kilowatt hours 
per day. Fuel consumption per month for the 
traditional CCHP is about 43,340 kWh up to 
68,100 per day not optimized for a cogeneration 
system, i.e., about about 36.35% decreasing in fuel 
consumption compared to the generation system.

Correspondingly, the difference between 
the maximum and minimum fuel consumption 
is about 24,760 kilowatt hours per day. The co-
generation system has the lowest fuel consumption 
and the separated generation system has the 
highest. The optimized CCHP system has a 17.98% 
reduction in fuel consumption compared to the 
stand-alone separated generation system and a 
37.86% reduction in fuel consumption compared 
to the traditional CCHP system. 

6. CONCLUSIONS
Because of the scarcity of energy sources, a 

system was needed that, in addition to save energy 
consumption, can generate energy in its system. 
According to this awareness of requirement, a 
design of a system able to produce a combined 
cooling, heating, and power (CCHP) is proposed 
by developed countries. This system is the 
thermodynamic production of more than two 
energy forms simultaneously by a simple original 
resource. Recently, the application of these systems, 
leading to high energy efficiency, was not limited to 
steam power plants and was developed to different 
power generators, both electrical and mechanical, 
thus, today all power generation system will be 
in all sizes and designed with each utilization 
as a common unit and thus, besides producing 
mechanical or electrical power by the system, the 
wasted heat by the motor or generator can be used 
and made possible as thermal energy. In this study, 

a separated stand-alone generation system was 
considered and a CCHP generation system was 
designed for it using a newly amended version of 
supply-demand-based optimization algorithm. The 
results showed that the electricity system purchased 
from the utility network and fuel consumption for 
the optimized cogeneration system compared to 
the separated generation system was a decreasing 
trend.
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