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Abstract

In the near future, hydrogen is expected to become a significant fuel, greatly 
contributing to atmospheric air quality. So far, fossil fuels have dominated global 
hydrogen production. Pure hydrogen can be produced by electrolysis of water; 
however, it is an energy-demanding process. In this study, a novel multigeneration 
system is introduced using nanofluid in a solar system. The proposed system includes 
a quadruple effect absorption refrigeration cycle, a thermoelectric generator, a PEM 
electrolyzer, a vapor generator, and a domestic water heater. A parametric study 
was done to consider the effect of significant parameters on the system’s efficiency. 
It was observed that the system generated 18.89 kW of power, and the collector 
energy and exergy efficiency were 82.21% and 80.48%, respectively. Furthermore, 
the results showed that the highest exergy destruction rate occurred in the solar 
system at the rate of 4461 kW. The energy and exergy COPs of the absorption chiller 
were discovered to be 1.527 and 0.936, respectively. The hydrogen production rate 
decreases by increasing the volume concentration of the nanoparticles, the solar 
radiation, and the figure of merit index. 
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NOMENCLATURE

A Area (m2) W
Net output power 
(kW)

pC

Specific heat ca-
pacity (J/kgK) x

The concentration 
of refrigerant in the 
solution

D
Collector diameter 
(m) Z Investment cost ($)

E Energy input (kW)

Ex Exergy rate (W) Subscripts

ex Exergy (J/kg) 0 Ambient

1F
Collector efficiency 
factor 1, 2, ... State points

RF
Heat transfer factor abs Absorber

G
Solar irradiation 
(W/m2) ap Aperture

h
Heat transfer coef-
ficient (W/m2K) ARS

Absorption refriger-
ation cycle

J
Current density (A/
m2) con Condenser 

k
Thermal conductiv-
ity (W/m K) D Destroyed 

L
Collector length 
(m) DWH Domestic water 

heater

M
Molecular weight 
(kg/mol) 

eva Evaporator

m
Mass flow rate 
(kg/s) p Pump

csn
Number of collec-
tors in series

PEM Proton exchange 
membrane

cpn
Number of collec-
tors in parallels PTC Parabolic trough 

collector

N
Outlet flow rate of 
fluid x (kg/s)

r Receiver tube

P Pressure (bar) TEG Thermoelectric gen-
erator

Q
Heat transfer rate 
(W) vg Vapor generator

uQ Useful energy gain G r e e k 
Symbols

S
Absorbed solar ra-
diation

T Temperature (K) η Efficiency

LU

Solar collector’s 
overall heat loss 
coefficient

( )xλ
Water content at lo-
cation x

V Overpotential (V) ρ Density (kg/m3)

w Collector width (m) φ Concentration ratio

1. Introduction

Due to the increasing consumption and cost of non-re-
newable energy such as natural gas and electricity, the 
utilization of clean and renewable energy, like solar 
energy, geothermal energy, etc., has attracted the at-
tention of researchers in recent years, resulting in the 
investigation of the possibility of using solar energy 
for cooling and heating in different places. Solar en-
ergy, an endless energy source for the planet, has al-
ways occupied a significant part of scientific research.   
The worldwide utilization of fossil fuels, particularly 
in Iran, has increased dramatically in recent years. In 
addition, the increasing trend of fossil fuel prices and 
their harmful environmental effects, such as pollu-
tion, increasing global temperature, and ozone layer 
destruction, has doubled the desire to use renewable 
and clean energies, such as solar energy. Since a large 
part of the energy used in the summer is dedicated to 
cooling residential and office buildings, leading to an 
energy crisis, solar chillers could be a suitable sub-
stitute for compression chillers with high electricity 
consumption. Therefore, absorption refrigeration sys-
tems have become popular in recent years from an en-
ergy and environmental point of view. Although the 
absorption chiller has a low performance coefficient, it 
can use low-temperature energy, such as solar energy, 
and also consumes much less electrical energy than 
the compression cycle, which consumes a significant 
amount of energy due to the presence of a compressor. 
Another advantage of the solar absorption refrigera-
tion system is the simultaneity of the maximum solar 
radiation and maximum cooling load required for air 
conditioning. 
Hydrogen can be generated in different ways, such as 
steam methane reforming, electrolysis, photo-electro-
catalysis, and thermolysis. Unlike conventional alka-
line technology, a proton exchange membrane (PEM) 
water electrolyzer has benefits like better dynamic 
operation efficiency, high voltage efficiency at higher 
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current densities, and compact design [1]. Electricity 
can be generated through direct heat by using ther-
moelectric generators (TEG). TEGs have no moving 
parts, and therefore, they work silently. Moreover, 
they produce no emissions and have low operating 
costs [2]. 
The use of thermoelectric generators has been inves-
tigated in several studies. For example, Ketfi et al. [3] 
investigated the efficiency of a single-effect lithium 
bromide-water solar absorption refrigeration system 
with two types of solar collectors: vacuum tubes and 
flat plate collectors. They concluded that to provide 
90 kilowatts of input heat to the heat generator, 225.5 
square meters are needed if a flat plate collector is 
used, and 175.1 square meters are needed if a vacu-
um tube collector is used. Tapeh Kaboudy et al. [4] 
analyzed a single-effect absorption refrigeration cycle 
connected to solar flat plate and parabolic trough col-
lectors in the city of Kish from an energy and exergy 
point of view. Their results showed that compared to 
the flat plate collector, the parabolic trough collector 
makes it easier to separate the ammonia refrigerant 
from the water absorber and improves the perfor-
mance of the solar absorption refrigeration cycle by 
absorbing more solar radiation intensity and providing 
more thermal power in the heat generator. Shirazi et 
al. [5] conducted a parametric study of single, dou-
ble, and triple-effect solar absorption chillers utilizing 
common solar collectors found on the market. They 
investigated single-effect absorption chillers with vac-
uum tube collectors and double-effect and triple-effect 
absorption chillers with parabolic trough collectors, 
Fresnel micro concentrators, and vacuum flat plates. 
Their results showed that the double-effect absorption 
chiller combined with the vacuum flat plate collector 
performs better in terms of both energy and economy 
in different climatic conditions. 
Ozlu and Dincer [6] investigated a multigeneration 
cycle operated by solar energy. The proposed system 
produced electricity using the Kalina cycle and cool-
ing via a four-stage absorption refrigeration cycle, and 

hydrogen was produced by applying a PEM electro-
lyzer. Bellos et al. [7] investigated the efficiency of 
a single-effect absorption system using four different 
types of solar collectors. The comparison results made 
it clear that the evacuated tube collector was more 
economical, and the parabolic trough collector led 
to a higher COP compared with the other collectors. 
Ratlamwala and Abid [8] evaluated the performance 
of three absorption chillers (single, double, and tri-
ple-effect absorption cycles) driven by solar PTC col-
lectors using nanofluid as the working fluid. Results 
showed that the COP and exergy efficiency of the tri-
ple effect chiller was about 31.66% and 16% higher 
than the double effect cycle, respectively. Abid et al. 
[9] studied and compared four different absorption re-
frigeration cycles using solar energy from the thermo-
dynamic point of view, and nanofluids were applied 
as the absorbent fluid in the collector. By taking into 
account different parameters, the outcomes showed 
that applying nanofluids led to higher collector 
efficiency. Moreover, it was found that the maximum 
amount of COP and lowest rate of exergy destruction 
were achieved for the quadruple effect absorption 
cycle [9]. 
Rahmani et al. [10] researched a solar-based 
absorption refrigeration cycle to provide the cool-
ing effect of a building. They investigated the effects 
of applying magnetic nanoparticles in the collec-
tors and nano  refrigerants in the absorption chiller 
evaporator. Their results illustrated that 250 kJ/h more 
energy could be absorbed by the solar collectors by 
adding just 0.5 % nanofluid to the base fluid. Ma et al. 
[11] examined a combined solar single/double-effect 
absorption refrigeration system from thermodynam-
ic and thermoeconomic points of view. The system 
was designed on a switching method based on the 
temperature of the solar heat source. The economic 
results proved that the payback period of the proposed 
system was 11.84 years. 
Habibzadeh et al. [12] studied the effect of using SiO2 
and TiO2 nanoparticles on the efficiency of the PTC 

https://www.sciencedirect.com/topics/engineering/magnetic-nanoparticle
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solar collector in a multigeneration system. The re-
sults proved that the solar collector efficiency increas-
es when the nanofluid is applied as the absorbent fluid. 
Moreover, the highest outlet collector was achieved 
by using Therminol VP1/SiO2  nanofluid. Habibol-
lahzade et al. [13] proposed a novel system including 
a PTC collector, TEG, Rankine cycle, and PEM. TEG 
replaced the condenser in the studied system to pro-
duce more power. According to the results, the rate 
of hydrogen generated by the system was 2.28 kg/h, 
and the achieved exergy efficiency was 13.29%. It 
was concluded that using TEG instead of a condens-
er increases the system’s efficiency and decreases the 
total cost [13]. Assareh et al. [14] investigated the 
thermodynamic efficiency of two different renewable 
energy-based systems to produce hydrogen and elec-
tricity. Their design included an ORC cycle, a PEM 
unit, and a TEG. They found that when the geothermal 
system was applied as the heat source, the system pro-
duced 11.21% more hydrogen compared with when 
solar energy was used as the energy source. Mushar-
avati et al. [15] proposed a novel combined cycle 
containing a solar pond, a PEM fuel cell, and a TEG. 
In their study, the TEG was used to completely recov-
er the waste heat completely. According to the results, 
the system could generate 2288.8 kW of electricity, 
and 11.26% and 13.17 % energy and exergy efficien-
cies were obtained. 
In summary, the previous studies showed the 
importance of clean cooling, power, and hydrogen 
production. Although a lot of investigations have been 
performed on solar-based absorption refrigeration 
systems, to the best of the authors’ knowledge, no 
study has investigated the solar collector integra-
tion with a quadruple effect absorption refrigeration 
cycle, TEG unit, and PEM electrolyzer from an 
energy and exergy point of view. Moreover, the 
utilization of nanofluids in the solar-based multi‐ef-
fect absorption refrigeration cycles is rarely studied 

in the literature. Therefore, in the present study, a so-
lar-assisted quadruple effect absorption refrigeration 
system for cooling, a TEG as the power generation 
unit, and a PEM electrolyzer unit for hydrogen pro-
duction are proposed and analyzed from an energy and 
exergy point of view. The TEG provides the power 
the PEM electrolyzer needs to produce hydrogen, and 
Al2O3/therminol-VP1 nanofluid is utilized in the solar 
collector as the heat absorbent. Different parameters 
were studied to determine their impact on the perfor-
mance of the proposed cycle. 

2. System description

Figure 1 depicts the schematic of the nanofluid-based 
solar-assisted integrated system. The system can be 
distributed into six parts. The first is the parabolic 
trough collector, which produces the required ener-
gy of the system. The second and third are the vapor 
generator (VG) unit and the domestic water heater 
(DWH) to produce the hot water. The fourth and fifth 
parts are the quadruple effect (QE) absorption refrig-
eration cycle to produce cooling and the TEG unit to 
supply the power needed by the electrolyzer. The sixth 
part is the PEM electrolyzer, which produces hydro-
gen by water electrolysis. Sunlight irradiates on the 
parabolic reflector, and after reflecting on the absorber, 
the nanofluid temperature in the absorption tube be-
comes high. The high-temperature nanofluid enters the 
VG and DWH to present vapor and hot water, respec-
tively. After that, the nanofluid stream enters the VHTG 
of the QE to generate cooling. Since the nanofluid 
leaving the absorption refrigeration system is still 
hot, the TEG unit is used to recover the remaining 
excess heat from the nanofluid before entering the solar 
collector. Finally, the low-temperature nanofluid en-
ters the PTC to be reheated. 
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The working principle of the quadruple effect absorp-
tion refrigeration system is as follows: A strong am-
monia water solution is evacuated from the absorber 
into the pump to increase its pressure. Then, it is ap-
portioned into two flows. One flow enters low, me-
dium, high, and very high-temperature heat exchang-
ers to absorb heat from the returning stream from the 
generators.  The first flow then moves into the VHTG 
to receive heat from the nanofluid to increase the tem-
perature of the strong ammonia water solution to the 
boiling point. Boiling leads to the separation of the 
ammonia from the mixture. The ammonia vapor then 
enters the high, medium, and low-temperature genera-
tors to transfer the heat to the strong solution entering 
the generators. Lastly, the resulting low-heat ammonia 
vapor is discharged from the low-temperature genera-
tor in two streams: one stream directly enters the con-
denser, and the second stream goes into the condenser 
after proceeding through the condenser heat exchang-
er to give its heat to the second strong solution flow 
from the pump. In the condenser, the ammonia refrig-
erant distributes heat to the environment. After mov-
ing through the expansion valve, the refrigerant passes 
into the evaporator to gain heat from the environment. 
The weak solution flowing from the heat exchangers 
and ammonia refrigerant is mixed in the absorber and 
then leave the absorber in the form of a strong com-
bined solution.

3. Modeling

First, this section presents the assumptions considered 
for accomplishing the simulation. Then, the methodol-
ogies and governing equations for the energy, exergy 
analysis, and the capital investment cost rate of each 
component are discussed.

Assumptions

Mathematical modeling and calculation of the inte-
grated system are carried out based on the following 
assumptions:
•	 The pipe and heat losses are ignored.
•	 The system is analyzed based on the steady‐

state conditions, and the ammonia-water solu-
tion is considered steady.

•	 The heat is lost to the environment in the con-
denser and absorber.

•	 At the outlet of the condenser, the refrigerant is 
saturated liquid.

•	 At the outlet of the evaporator, the refrigerant 
is saturated vapor.

•	 At both ends of the expansion valves, the en-
thalpy is the same.

•	 Sudden changes in solar radiation have not 
been assumed in the analysis.

For the thermodynamic investigation of the studied 

Fig1. Schematic of the nanofluid-based solar multigeneration system.
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system, the laws of mass conservation and the first 
and second laws of thermodynamics are used for each 
component of the proposed cycle. Each component 
can be used as a control volume for input and output 
flow, heat transfer, and work interaction [16]. 
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The exergy of fluid flow is defined as follows:

( ) ( )[ ]i o o i oex h h T s s= − − − (5

Properties of nanofluids

In the present study, the aluminum oxide‐Therminol 
VP1 nanofluid (Al2O3‐Therminol VP1) is considered 
as the heat transfer fluid in the collector. The previous 
studies proved that applying nanofluids results in bet-
ter thermophysical properties compared with the base 
fluids. Table 1 shows the thermodynamic properties of 
the studied nanoparticle:

Table 1. Properties of the studied nanoparticle [17].

Particle ρ (kg/m3) cp (kJ/kgK) k (W/mK)

Al2O3 3970 0.765 40

To identify the increase in heat transfer using nanoflu-
ids, it is necessary first to evaluate the thermophysical 
properties of nanofluids, such as thermal conductivity, 
density, viscosity, and specific heat capacity, which 

must be calculated in the design conditions.
The density of nanofluids ( ρ ) is presented as follows 
[18]:  

( ). 1 .nf np bfρ ϕ ρ ϕ ρ= + − (6

where ϕ  is the nanoparticle volume concentration.
The specific heat capacity of nanofluid ( pc ) can be 
expressed as follows [19]:

( ), ,
,

. . 1 .np p np bf p bf
p nf

nf

c c
c

ρ ϕ ρ ϕ
ρ

+ −
=

(7

The thermal conductivity of nanofluid ( k ) is calculat-
ed using Maxwell’s equation as follows [20]:

( ) ( )
( ) ( )

3

3

2 2 . 1 .

2 . 1 .
np bf np bfnf

bf np bf np bf

k k k kk
k k k k k

β ϕ

β ϕ

+ + − +
=

+ − − +

(8

In equation (8) β  is defined as the thickness of the 
nano-layer relative to the initial radius of the particle, 
and this parameter is usually considered to be 0.121] ].
The dynamic viscosity of nanoparticle (µ) is estimat-
ed by the following relationship [17]:

( )2. 1 2.5 6.5nf bfµ µ ϕ ϕ= + + (9

Parabolic trough solar collector

As parabolic collectors have a high acceptance an-
gle, they can absorb both beam and scattered radia-
tion. The nanofluid used as the absorbent fluid passes 
through the collectors, absorbs the heat of the solar 
energy, and is directly fed to other subsystems to gen-
erate electricity and other outputs. The actual useful 
energy absorbed in the collector is expressed as fol-
lows [22]:
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, 0[ ( )]r
u cp cs R ap L r i

ap

AQ n n F A S U T T
A

= − − (10

where cpn  and csn  are the number of collectors in 
parallel and series, respectively. Also, apA  is the col-
lector aperture area, rA  is the receiver area, and RF  is 
the heat removal factor. In addition, LU  expresses the 
heat loss coefficient of the entire collector. S  shows 
the absorbed solar radiation and is defined as follows:

b rS G η= (11

r c pη γτ τ α= (12

The areas of the aperture and receiver of the collector 
are:

( )apA w D L= − (13

0rA D Lπ= (14

where w is the width, D  is the external diameter of 
the glass cover, and L  is the length of the collector.
The following equations can be used to find RF and 

lF :

(15

(16

The input heat to the parabolic solar collector is ex-
pressed as follows:

s ap bQ A G= (17

The energy output of the solar collector is determined 
from the equations proposed by Duffy and Beckman 
[23] as follows:

(18

The input data required for the simulation of the col-
lector is presented in Table 2.

Table 2. Input data considered in the simulation of the PTC 
collector.
Parameters Unit Value
SOLAR [24,25]

Collector width ( )m
5.76

Collector length ( )m
99

Absorber outside diameter ( )m
0.07

Absorber inside diameter ( )m
0.066

Heat loss coefficient of the 

collector ( )2
/W m C



3.82

The heat transfer coefficient 
in the inner side of the re-
ceiver ( )2

/W m C


300

The receiver’s thermal con-

ductivity ( )2
/W m C



16

Solar radiation intensity ( )2
/W m C



850

Cover glazing transmissivity - 0.96
Effective transmissivity - 0.94
Receiver absorptivity - 0.96
Correction factor for diffuse 

radiation 
- 0.95

Nanoparticle volumetric

concentration ( )%
4

4. Thermoelectric generator

The energy balance formula for the TEG unit is exhib-
ited as [26]:  

hot cold TEGQ Q W= +   (19

where, hotQ  and coldQ  are the TEG’s hot and cold side 
rate of heat transfer and TEGW  is the amount of the 

,

,

[1 exp( )]p c r L l
R

r L p c

mc A U FF
A U mc

= − −




1
,0 ,0 ,0

,

1

1 ( ln )
2

L

r r r

L fi r i

UF D D D
U h k D

=
+ +

,
u

th PTC
s

Q
Q

η =
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power produced by the TEG unit which can be calcu-
lated by:

TEG TEG coldW Qη= ×  (20

where TEGη  is the efficiency of the TEG unit and is 
defined as [27]:

( )

( )

0.5

0.5

1 1

1

m
TEG carnot

cold
m

hot

ZT
TZT
T

η η

 
 + − =
  

+ −  
   

(21

where, mZT is the figure of merit which is between 0.2 
to 1.6 depending on the material property [28]. The 
Carnot efficiency and cold and hot temperatures are 
presented as:

1 cold
carnot

hot

T
T

η
 

= − 
 

(22

11 121
2 2cold

T TT + =  
 

(23

6 11
2 2hot

T TT + =  
 

(24

The equations required for modeling the PEM unit are 
exhibited in Table 3.

Table 3. Equations required for the modeling of the PEM unit.
PEM [29]
Electrical energy 

consumption electricE JV=

Electrolyzer voltage
0 , ,act c act a ohmV V V V V= + + +

Reversible equation
0 1.229 0.00085( 298)PEMV T= − −

Activation overpo-

tential

Ohmic overpotential

Rate of produced H2

By using fundamental equations for all system types 
of equipment, the energy, exergy formulas, and cost 
functions for all types of equipment of the studied sys-
tem can be determined as described in Tables 4 and 5.

Table 4. The cost functions applied for the different parts of 
the studied system.
Components The cost functions [30-31]

PTC 240PTC aZ A= ×

Absorption chiller 0.671144.3 ( )ARS evaZ Q= × 

Vapor generator 0.891397 ( )vg vgZ A= ×

PEM 1000PEM pemZ W= × 

DWH
0.78130 ( )

0.093
DWH

DWH
AZ = ×

TEG 1500TEG TEGZ W= × 
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Table 5. Energy and exergy equation of the proposed system.
Components Energy equations Exergy equations

PTC 
2 2 3 3um h Q m h+ =  , 2 3D PTC sunEx Ex Ex Ex= + −   

Vapor generator
3 3 4 7 8 7( ) ( )  vgQ m h h m h h= − = −

  , 3 7 4 8  D vgEx Ex Ex Ex Ex= + − −    

DWH
4 4 5 9 10 9( ) ( )DWHQ m h h m h h= − = −

  4 9 5 10DWHEx Ex Ex Ex Ex= + − −    

TEG
6 6 1 11 12 11( ) ( )TEGQ m h h m h h= − = −

  6 11 1 12TEGEx Ex Ex Ex Ex= + − −    

PEM ( )10 10 14 14 15 15PEMW m h m h m h= − −
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14 15
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5. Results and Discussion

Model validation

After describing all the needed equations to simulate 
the nanofluid-based parabolic trough collector as well 
as the other integrated systems, the conclusions of 
the investigated system are described by using differ-
ent figures according to the varying parameters. EES 
software [32] was applied to perform all thermody-
namic calculations, especially the thermal properties 
of the ammonia–H2O solution. The cycle proposed 
by Ratlamwala and Abid [8] was used to validate the 
study’s absorption system. The exergetic COP of the 
triple effect absorption system was validated when the 
evaporator temperature was assumed to be 13℃. The 
temperature of the generator varies between 127 to 
177 ℃. The comparative analysis in Figure 2 shows a 
reasonable agreement. 

125 130 135 140 145 150 155 160 165 170 175 180

T
gen [℃]

0.18

0.2

0.22

0.24

0.26

0.28

0.3

0.32

0.34

0.36

CO
P ex

This study REF [8]

Fig2. A comparison of the exergetic COP of the triple effect 
absorption refrigeration system with Ref [8].

Results of parametric study

Table 6 depicts the overall performance of the pro-
posed system under the basic defined conditions.

Table 6. The main results of the proposed multigeneration system.

Parameters enCOP exCOP

Results 82.21 80.48 10240 161.3 30.07 445.7 18.78 1.527 0.936 0.000742 69055

Figure 3 depicts the relative amounts of exergy de-
struction rate for the subsystems of the proposed mul-
tigeneration cycle. The figure shows that the solar col-
lector’s highest exergy destruction rate is 4461 kW. 
The primary reason for the solar collector’s higher 
exergy destruction rate is the higher rate of the PTC’s 
heat loss. The second and third highest exergy de-
struction rates occurred in the absorption refrigeration 
system and vapor generator, respectively.  It can be 
inferred that the lowest exergy destruction rate among 
different subsystems refers to the domestic water 
heater.
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Fig 8. The share of each subsystem to the total amount of ex-
ergy destruction.
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Figure 4 shows the changes in the hydrogen production 
rate and power produced by the TEG unit against the 
varying percentage of Al2O3 nanoparticles. According 
to the graphs, the increase in the   Al2O3 nanoparticles 
percentage decreases the amount of power produced 
by the TEG unit and the amount of hydrogen produced 
by the PEM electrolyzer. The reason for the decrease 
is that when the nanoparticle percentage goes up, the 
outlet temperature of the collector decreases, reduc-
ing the amount of TEG efficiency. A reduction in the 
amount of TEG efficiency causes a decrease in the 
amount of power generated in the TEG unit. As the 
energy source of the PEM electrolyzer is the TEG unit, 
the decrease in the TEG power leads to a decrease in 
the amount of the system’s generated hydrogen.  
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Fig 4. The effect of the nanoparticle volume concentration 
on the hydrogen production rate and generated power in the 

TEG unit.

Figure 5 shows the variation of power generation by 
TEG unit and hydrogen production rate of the sys-
tem when the percentage of nanoparticles is fixed at 
0.04. According to the results, when the solar radi-
ation changes from 400 to 850 W/m2, the generated 
hydrogen decreases from 0.003136 to 0.00066 g/s. 
The trend for the power produced by the TEG unit is 
different. By changing the amount of solar radiation, 

the amount of power first decreases from 79.38 to 
0.3668 kW and then increases to 18.78 kW. The turn-
ing point happens between 600 to 650 K. 
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Fig 5. The effect of solar radiation on the power generation 
amount and the hydrogen production rate of the system.

Figure 6 exhibits the effect of changes in the very 
high-temperature generator load on the cooling con-
tent and energy and exergy COPs of the quadruple 
effect absorption refrigeration system. It is observed 
that by increasing the VHTG load from 290 to 340 
kW, the rate of cooling generated by the system de-
creases from 446.2 to 396.3 kW. The main reason for 
the decrease in the cooling capacity is that an increase 
in VHTG capacity leads to a higher outlet ammonia 
vapor temperature, which enters the evaporator. Low-
er cooling capacity is produced when there is a small 
temperature distribution between the evaporator inlet 
and outlet. Moreover, the energy and exergy COPs are 
decreased by rising VHTG load. The reduction in the 
cooling load, with the rise in the VHTG capacity, neg-
atively influences the system’s efficiency, and for that, 
both COPs are reduced.
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Fig 6. The effect of VHTG load on the cooling content and 
COPs of the absorption refrigeration system.

The effects of the increase in ambient temperature 
(T0) on the absorption system are presented in Fig. 7.  
The results show the exergy COP rises from 0.56 to 
0.92 when the ambient temperature varies from 270 
to 290 K while the energy COP is constant at 1.53 
for all ambient temperatures. The constant trend of the 
energy COP shows that the energy analysis results are 
not sensitive to environmental temperature variation. 
The increasing trend of the exergy COP indicates the 
lower exergetic heat loss from the system to the envi-
ronment because of the lower temperature difference 
between the system and the environment.
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Fig 7. The effect of the concentration of the strong solution on 
the cooling content and COPs of the absorption refrigeration 

system.

The figure of merit (ZT) is a dimensionless param-
eter used to show the performance and efficiency of 
the TEG, and a ZT higher amount indicates the better 
performance of the TEG. The variation of hydrogen 
production amount and TEG output power with the 
figure of merit is depicted in Figure 8. According to 
the graphs, it can be inferred that a rising ZT leads 
to an increase in the amounts of TEG-generated pow-
er and the amount of hydrogen produced by the PEM 
electrolyzer. The amount of hydrogen produced by the 
system is directly linked to the rate of the generated 
power in the TEG unit. The reason for this relationship 
is that the TEG unit supplies the energy source of the 
PEM electrolyzer. Therefore, the more power generat-
ed in the TEG unit, the more hydrogen the PEM elec-
trolyzer produces.
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Fig 8. Effects of ZT on the hydrogen production amount and 
produced power of TEG unit.

Conclusion

The low thermal efficiency of solar systems can be 
improved by using nanofluids. In this study, thermo-
dynamic analysis of a multigeneration system was 
investigated using EES software. A therminol VP1-
AL2O3 nanofluid was used as the working fluid in the 
solar system. The multigeneration system includes 
a quadruple effect absorption refrigeration cycle for 
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cooling generation, a TEG unit for power generation, 
a PEM electrolyzer for hydrogen production, a vapor 
generator for vapor, and a domestic water heater for 
hot water production. Different parameters were in-
vestigated, and the following results were obtained:
•	 The proposed system’s first and second law 

efficiencies were 82.21% and 80.48%, respec-
tively.

•	 The solar system possesses the highest amount 
of exergy destruction rate.

•	 Increasing the volume concentration of the 
nanoparticles decreases the power produced 
by the TEG unit and the hydrogen production 
amount.

•	 Increasing the solar radiation decreases the hy-
drogen production rate, but the power produc-
tion amount first decreases and then increases.

•	  Increasing the temperature of the very 
high-temperature generator decreases the ener-
gy and exergy COPs of the system.

•	 Increasing the ambient temperature, energy 
COP remains constant while the exergy COP 
increases.

•	 Figure of merit increases lead to an increase in 
the amount of power generation and hydrogen 
production.
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