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A B S T R A C T  

 

The exploitation of nanofluids is the most noteworthy way to make better the rate of heat 
transfer in solar collectors. Moreover, recently utilizing thermoelectric generators are widely 
studied to direct the conversion of heat into electricity. The objective of the present study is to 
deal with a novel multigeneration system that includes a nanofluid-based parabolic trough 
collector integrated with a quadruple effect absorption refrigeration cycle (cooling), a 
thermoelectric generator (power), a PEM electrolyzer (hydrogen), vapor generator and 
domestic water heater. A parametric study is accomplished to consider the effect of significant 
parameters such as the volume concentration of nanoparticles, solar radiation, absorption 
system’s generator load, strong solution concentration, and TEG’s figure of merit on the overall 
system performance, hydrogen production rate, cooling load, COP and useful energy obtained 
by the collector. It is observed that the power generated by the system is 18.78 kW and the 
collector energy and exergy efficiency are 82.21% and 80.48%, respectively.  Furthermore, the 
results showed that the highest exergy destruction rate occurs in the solar system at the rate of 
4461 kW. The energy and exergy COPs of the absorption chiller are discovered to be 1.527 and 
0.936, respectively. By increasing the concentration of nanoparticles and the amount of solar 
radiation, the amount of collector useful energy increases while the hydrogen production rate 
and the generated power in the TEG decreased. The cooling capacity and COPs of the absorption 
system increased with an increase in VHTG load and decreased with an increase in 
concentration of the strong solution.  

doi: 10.5829/ijee.2024.15.01.08 
 

NOMENCLATURE 

𝐴  Area (m2) 𝑍𝑇𝑚  Figure of merit 

𝐶𝑝  Specific heat capacity (J/kgK) Subscripts  

𝐷  Collector diameter (m) 0  Ambient 

𝐸  Energy input (kW) 1,2, . ..  State points 

�̇�𝑥  Exergy rate (W) 𝑎𝑏𝑠  Absorber 

𝑒𝑥  Exergy (J/kg) 𝑎𝑝  Aperture 

𝐹1  Collector efficiency factor 𝐴𝑅𝑆  Absorption refrigeration cycle 

𝐹𝑅  Heat transfer factor 𝑏𝑓  Base fluid 

𝐺  Solar irradiation (W/m2) 𝑐𝑜𝑛  Condenser 

ℎ  Entalphy 𝐶𝑂𝑃  Coefficient of performance 

𝐽  Current density (A/m2) 𝐷  Destroyed 

𝑘  Thermal conductivity (W/m K) 𝐷𝑊𝐻  Domestic water heater 

𝐿  Collector length (m) 𝑒  Out 

𝑀  Molecular weight (kg/mol) 𝑒𝑣𝑎  Evaporator 
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�̇�  Mass flow rate (kg/s) 𝑖  In 

𝑛𝑐𝑠  Number of collectors in series 𝑛𝑝  Nanoparticle 

𝑛𝑐𝑝  Number of collectors in parallels 𝑝  Pump 

�̇�  Outlet flow rate of fluid x (kg/s) 𝑃𝐸𝑀  Proton exchange membrane 

𝑃  Pressure (bar) 𝑃𝑇𝐶  Parabolic trough collector 

�̇�  Heat transfer rate (W) 𝑟  Receiver tube 

𝑄𝑢  Useful energy gain 𝑇𝐸𝐺  Thermoelectric generator 

𝑆  Absorbed solar radiation 𝑡ℎ  Thermal 

𝑠  Entropy 𝑣𝑔 Vapor generator 

𝑇  Temperature (K) Greek symbols 

𝑈𝐿  Solar collector’s overall heat loss coefficient 𝛽  
Thickness of the nano-layer relative to the initial 

radius of the particle 

𝑉  Overpotential (V) 𝜂  Efficiency 

𝑤  Collector width (m) 𝜆(𝑥)  Water content at location x 

�̇�  Net output power (kW) 𝜌  Density (kg/m3) 

𝑥  The concentration of refrigerant in the solution 𝜇  Dynamic viscosity 

𝑍  Investment cost ($) 𝜙  Concentration ratio 

 
INTRODUCTION 

 

Due to the increasing consumption and cost of non-

renewable energy such as natural gas and electricity, the 

utilization of clean and renewable energy like solar 

energy, geothermal energy, etc. has attracted the attention 

of researchers in recent years. A significant investigation 

has been done on the possibility of using solar energy for 

cooling and heating of different places. Solar energy, as 

an endless source of energy for the planet, has always 

occupied a significant part of scientific research. In the 

last years, the utilization of fossil fuels in the world and 

Iran has increased dramatically. In addition, an increase 

in trend of fossil fuel prices and their harmful 

environmental effects such as pollution, increasing global 

temperature, and ozone layer destruction has doubled the 

desire to use renewable and clean energies, such as solar 

energy. Also, considering that a large part of the energy 

used up in the summer season is dedicated to the cooling 

of residential and office buildings and this problem has 

led to the energy crisis. Therefore, solar chillers can 

become a suitable substitute for compression chillers, 

which have high electricity consumption. Absorption 

refrigeration systems have become famous and popular in 

recent years from an energy and environmental point of 

view. Although the absorption chiller has a low 

coefficient of performance (COP), it can use low-

temperature energy such as solar energy, and it also 

consumes much less electrical energy than the 

compression cycle, which consumes a great amount of 

energy due to the presence of a compressor. Another 

advantage of the solar absorption refrigeration system is 

the simultaneity of the maximum solar radiation and the 

maximum cooling load required for air conditioning.  

Hydrogen can be generated in different ways such as 

steam methane reforming, electrolysis, photo-

electrocatalysis, and thermolysis. Applying a proton 

exchange membrane (PEM) water electrolyzer compared 

with conventional alkaline technology has some benefits 

like better dynamic operation efficiency, high voltage 

efficiency at higher current densities, and compact design 

[1]. Electricity can be generated through direct heat by 

using thermoelectric generators (TEG). TEGs have no 

moving part and therefore they work silently. Moreover, 

they produce no emissions and they have low operating 

costs [2].  

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 tube 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 

vacuum tube collector is used. Tapeh Kaboudy et al. [4] 

analyzed a single-effect absorption refrigeration cycle 

connected to solar flat plate and parabolic trough 

collectors for the city of Kish from an energy and exergy 

point of view. The results of their research show that the 

parabolic trough collector compared to the flat plate 

collector, by absorbing more solar radiation intensity and 

providing more thermal power in the heat generator, 

makes it easier to separate the ammonia refrigerant from 

the water absorber and causes a better performance of the 

solar absorption refrigeration cycle. Shirazi et al. [5] 

conducted a parametric study of single, double, and triple-

effect solar absorption chillers utilizing common solar 

collectors in the market. They investigated single-effect 

absorption chillers with vacuum 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 
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vacuum flat plate collector performs better both in terms 

of energy and economy in different climatic conditions. 

Ozlu and Dincer [6] investigated a multigeneration cycle 

operated by solar energy. The proposed system produced 

electricity by using the Kalina cycle and cooling via a 

four-stage absorption refrigeration cycle. Moreover, 

hydrogen was produced by applying a PEM electrolyzer. 

Bellos et al. [7] investigated the efficiency of a single-

effect absorption system using four different types of 

solar collectors. The results of the comparison made it 

clear that the evacuated tube collector was more 

economical and the parabolic trough collector led to a 

higher COP compared with other collectors. Ratlamwala 

and Abid [8] evaluated the performance of three 

absorption chillers (single, double, and triple-effect 

absorption cycles) driven by solar PTC collectors using 

nanofluid as the working fluid. Results showed that the 

COP and exergy efficiency of the triple effect chiller was 

about 31.66% and 16% higher than the double effect 

cycle, respectively. Bellos et al. [7] studied and compared 

four different absorption refrigeration cycles using solar 

energy from the thermodynamic point of view. 

Nanofluids are applied as the absorbent fluid in the 

collector. By taking into account different parameters, the 

outcomes exhibited 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. Abid et al. [9] researched a solar-based 

absorption refrigeration cycle to provide the cooling 

effect of a building. The effects of applying magnetic 

nanoparticles in the collectors and nano  refrigerants in the 

absorption chiller evaporator have been investigated by 

Rahmani et al. [10]. The results depicted that 250 kJ/h 

more energy could be absorbed by the solar collectors by 

just adding 0.5 % nanofluid to the base fluid. Ma et al. 

[11] investigated a combined solar single/double-effect 

absorption refrigeration system from thermodynamic and 

thermoeconomic points of view. The system is 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 solar 

collector in a multigeneration system. The results proved 

that the solar collector efficiency increases when the 

nanofluid is applied as the absorbent fluid. Moreover, the 

highest outlet collector is achieved by using Therminol 

VP1/SiO2 nanofluid. Habibollahzade et al. [13] proposed 

a novel system including a PTC collector, TEG, Rankine 

cycle, and PEM. In the studied system, the condenser was 

replaced by TEG to produce more power. According to 

the results, the rate of hydrogen generated by the system 

was 2.28 kg/h and the exergy efficiency was achieved to 

be 13.29%. Finally, it was concluded that using TEG 

instead of a condenser increases the efficiency of the 

system and decreases the total cost. Assareh et al. [14] 

investigated the thermodynamic efficiency of two 

different renewable energy-based systems to produce 

hydrogen and electricity. Their system included an ORC 

cycle, a PEM unit, and TEG. The outcomes presented that 

when the geothermal system was applied as the heat 

source, the system produced 11.21% more hydrogen 

compared with the case solar energy used as the energy 

source. Musharavati et al. [15] proposed a novel 

combined cycle containing a solar pond, PEM fuel cell, 

and TEG. In their study, the TEG was used to recover 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 efficiencies were 

obtained. Gebreslassie et al. [16] investigated on exergy 

analysis of multieffect water–LiBr absorption systems. 

Aghagolzadeh Silakhor et al. [17] introduced a Combined 

Cooling Heating Power (CCHP) system to recover the 

waste heat of an RK215 heavy diesel engine. The 

proposed system applied the absorption chiller to produce 

cooling. For the studied system the energy and exergy 

efficiencies were 50.46% and 30.8%, respectively. 

In summary, the previous studies showed the 

importance of clean cooling, power, and hydrogen 

production. To the best knowledge of the authors, 

although a lot of investigations have been performed on 

solar-based absorption refrigeration systems, no study 

investigates the solar collector integration 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‐effect absorption refrigeration cycles is rarely 

studied in the literature. Therefore, in the present study, a 

solar-assisted quadruple effect absorption refrigeration 

system for cooling, a TEG as the power generation unit, 

and a PEM electrolyzer unit for hydrogen production are 

proposed and analyzed from an energy and exergy point 

of view. The TEG provides the power needed by the PEM 

electrolyzer to produce hydrogen. The Al2O3/therminol-

VP1 nanofluid is utilized in the solar collector as the heat 

absorbent. Different parameters were studied to find their 

effects on the performance of the proposed cycle.  

 

 

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 part is the parabolic 

trough collector which produces the required energy of 

the system. The second part is the vapor generator (VG) 

unit. The third part is the domestic water heater (DWH) 

to produce the hot water. The fourth part is the quadruple 

effect (QE) absorption refrigeration cycle to produce 

cooling. The fifth part is the TEG unit to supply the power 

needed by the electrolyzer. The sixth part is the PEM 

electrolyzer which produces hydrogen by water 

electrolysis.  Sunlight irradiates on the parabolic reflector 

https://www.sciencedirect.com/topics/engineering/magnetic-nanoparticle
https://www.sciencedirect.com/topics/engineering/magnetic-nanoparticle
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Figure 1. Schematic figure of the nanofluid-based solar multigeneration system 

 

 
and after reflecting on the absorber, the temperature of the 

nanofluid in the absorption tube becomes high. The high-

temperature nanofluid enters the VG and DWH to present 

vapor and hot water, respectively. 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, so the TEG unit is used to 

recover the remaining excess heat from the nanofluid 

before entering the solar collector. Finally, the low-

temperature nanofluid enters the PTC to reheat.  

The working principle of the quadruple effect 

absorption refrigeration system is as follows: The strong 

ammonia water solution evacuating the absorber gets into 

the pump to increase its pressure.  Then it is apportioned 

into two flows. One of the flows enters low, medium, 

high, and very high-temperature heat exchangers to get 

heat from the returning stream from the generators and 

finally, it gets into the VHTG to get heat from the 

nanofluid to increase the temperature of the strong 

solution to the boiling point. Boiling leads to the 

separation of the ammonia from the mixture and then the 

vapor enters the high, medium, and low-temperature 

generators to transfer the heat to the strong solution 

entering the generators. The low-heat ammonia vapor is 

discharged from the low-temperature generator in two 

streams: one of the streams directly enters the condenser 

and the second flow gets into the condenser after 

proceeding through the heat exchanger of the condenser 

and giving the heat to the strong solution flows from the 

pump. In the condenser, the ammonia refrigerant 

distributes heat to the environment. After moving 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 solution. 

 

MODELING 
 
In this section, first, the presumptions considered for 

accomplishing the simulation are presented. Then, the 

methodologies and governing equations for energy, 

exergy analysis, as well as the capital investment cost rate 

of each component, are discussed. 

 
Assumptions 
Mathematical modeling and calculation of the integrated 

system are carried out based on the following 

assumptions [17]: 

• The pipe and heat losses are ignored. 

• The system is analyzed based on the steady‐state 

conditions and the ammonia-water solution is 

considered steady. 

• The heat is lost to the environment in the condenser 

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 enthalpy is 

the same. 

• Sudden changes in solar radiation have not been 

assumed in the analysis. 

For the thermodynamic investigation of the studied 

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 [17].  

∑ �̇�𝑖 = ∑�̇�𝑒  (1) 

∑(�̇�𝑥)𝑖 = ∑(�̇�𝑥)𝑒  (2) 
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∑ �̇�𝑖ℎ𝑖 −∑�̇�𝑒ℎ𝑒 + ∑ �̇� − ∑�̇� = 0  (3) 

∑ �̇�𝑘 (1 −
𝑇0

𝑇𝑘
) + ∑ �̇�𝑖𝑒𝑥𝑖 = ∑ �̇�𝑒𝑒𝑥𝑒 +

∑�̇� + �̇�𝑥𝐷,𝐾 
(4) 

The exergy of fluid flow is defined as follows: 

𝑒𝑥 = [(ℎ𝑖 − ℎ𝑜) − 𝑇𝑜(𝑠𝑖 − 𝑠𝑜)]  (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 compared with the base fluids, applying 

nanofluids results in better thermophysical properties. 

Table 1 shows the thermodynamic properties of the 

studied nanoparticle: 

To identify the increase in heat transfer through 

nanofluids, it is necessary to first 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]:   

𝜌𝑛𝑓 = 𝜑. 𝜌𝑛𝑝 + (1 − 𝜑). 𝜌𝑏𝑓  (6) 

where 𝜑 is the nanoparticle volume concentration . 

The specific heat capacity of nanofluid (𝑐𝑝) can be 

expressed as follows [19]: 

𝑐𝑝,𝑛𝑓 =
𝜌𝑛𝑝.𝜑.𝑐𝑝,𝑛𝑝

+𝜌𝑏𝑓(1−𝜑).𝑐𝑝,𝑏𝑓

𝜌𝑛𝑓
  (7) 

The thermal conductivity of nanofluid (𝑘) is calculated 

using Maxwell's equation as follows [20]: 

𝑘𝑛𝑓

𝑘𝑏𝑓
=

𝑘𝑛𝑝+2𝑘𝑏𝑓+2(𝑘𝑛𝑝−𝑘𝑏𝑓).(1+𝛽)
3.𝜑

𝑘𝑛𝑝+2𝑘𝑏𝑓−(𝑘𝑛𝑝−𝑘𝑏𝑓).(1+𝛽)
3.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 0.1  [21]. 

The dynamic viscosity of nanoparticle (µ) is estimated 

by the following relationship [22]: 

𝜇𝑛𝑓 = 𝜇𝑏𝑓 . (1 + 2.5𝜑 + 6.5𝜑2)  (9) 

 
Parabolic trough solar collector 

As parabolic collectors have a high acceptance angle, 

they can absorb both beam and scattered radiation. The 

nanofluid used as the absorbent fluid passes through the 

 

 
Table 1. Properties of the studied nanoparticle [22]   

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

Al2O3 3970 0.765 40 

collectors, absorbs the heat of the solar energy, and is 

directly fed to other subsystems to generate electricity and 

other outputs. The actual useful energy absorbed in the 

collector is expressed as follows [23]: 

𝑄𝑢 = 𝑛𝑐𝑝𝑛𝑐𝑠𝐹𝑅𝐴𝑎𝑝[𝑆 −
𝐴𝑟

𝐴𝑎𝑝
𝑈𝐿(𝑇𝑟,𝑖 − 𝑇0)]  (10) 

where 𝑛𝑐𝑝 and 𝑛𝑐𝑠 are the number of collectors in parallel 

and series, respectively. Also, 𝐴𝑎𝑝 is the collector 

aperture area, 𝐴𝑟 is the receiver area, and 𝐹𝑅 is the heat 

removal factor. In addition, 𝑈𝐿 expresses the heat loss 

coefficient of the entire collector. 𝑆 shows the absorbed 

solar radiation and is defined as follows: 

𝑆 = 𝐺𝑏𝜂𝑟  (11) 

𝜂𝑟 = 𝛾𝜏𝑐𝜏𝑝𝛼  (12) 

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

𝐴𝑎𝑝 = (𝑤 − 𝐷)𝐿  (13) 

𝐴𝑟 = 𝜋𝐷0𝐿  (14) 

where 𝑤is 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 𝐹𝑅and 𝐹𝑙: 

𝐹𝑅 =
�̇�𝑐𝑝,𝑐

𝐴𝑟𝑈𝐿
[1 − 𝑒𝑥𝑝( −

𝐴𝑟𝑈𝐿𝐹𝑙

�̇�𝑐𝑝,𝑐
)]  (15) 

𝐹1 =

1

𝑈𝐿
1

𝑈𝐿
+
𝐷𝑟,0

ℎ𝑓𝑖
+(

𝐷𝑟,0

2𝑘
𝑙𝑛

𝐷𝑟,0

𝐷𝑟,𝑖
)
  (16) 

The input heat to the parabolic solar collector is expressed 

as follows: 

𝑄𝑠 = 𝐴𝑎𝑝𝐺𝑏  (17) 

The energy output of the solar collector is determined 

from the equations proposed by Duffy and Beckman [24] 

as follows: 

𝜂𝑡ℎ,𝑃𝑇𝐶 =
𝑄𝑢

𝑄𝑠
  (18) 

The input data required for the simulation of the collector 

is presented in Table 2. 

 
Thermoelectric generator 

The energy balance formula for the TEG unit is exhibited 

as [25]: 

�̇�ℎ𝑜𝑡 = �̇�𝑐𝑜𝑙𝑑 + �̇�𝑇𝐸𝐺   (19) 

where, �̇�ℎ𝑜𝑡 and �̇�𝑐𝑜𝑙𝑑  are the TEG’s hot and cold side 

rate  of  heat  transfer  and  �̇�𝑇𝐸𝐺  is  the  amount  of  the 

power produced by the TEG unit which can be calculated 

by: 

�̇�𝑇𝐸𝐺 = 𝜂𝑇𝐸𝐺 × �̇�𝑐𝑜𝑙𝑑  (20) 

where 𝜂𝑇𝐸𝐺 is the efficiency of the TEG unit and is 

defined as [26]: 
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Table 2. Input data considered in the simulation of the PTC 

collector 

Parameters Unit Value 

SOLAR [27, 28] 

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 
(𝑊/𝑚2∘𝐶)  3.82 

The heat transfer coefficient in 

the inner side of the receiver 
(𝑊/𝑚2∘𝐶)  300 

The receiver’s thermal 

conductivity 
(𝑊/𝑚2∘𝐶)  16 

Solar radiation intensity (𝑊/𝑚2∘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 

 
 

𝜂𝑇𝐸𝐺 = 𝜂𝑐𝑎𝑟𝑛𝑜𝑡 [
(1+𝑍𝑇𝑚)

0.5−1

(1+𝑍𝑇𝑚)
0.5−(

𝑇𝑐𝑜𝑙𝑑
𝑇ℎ𝑜𝑡

)
]  (21) 

where, 𝑍𝑇𝑚is the figure of merit which is between 0.2 to 

1.6 depending on the material property [29]. The Carnot 

efficiency and cold and hot temperatures are presented as: 

𝜂𝑐𝑎𝑟𝑛𝑜𝑡 = (1 −
𝑇𝑐𝑜𝑙𝑑

𝑇ℎ𝑜𝑡
)  (22) 

𝑇𝑐𝑜𝑙𝑑 =
1

2
(
𝑇11+𝑇12

2
)  (23) 

𝑇ℎ𝑜𝑡 =
1

2
(
𝑇6+𝑇1

2
)  (24) 

The equations required for the modeling of the PEM unit 

are exhibited in Table 3. 

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 system 

can be determined as described in Tables 4 and 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   different 

Table 3. Equations required for the modeling of the PEM unit 

PEM [30] 

Electrical energy 

consumption �̇�𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 = 𝐽𝑉  

Electrolyzer voltage 𝑉 = 𝑉0 + 𝑉𝑎𝑐𝑡,𝑐 + 𝑉𝑎𝑐𝑡,𝑎 + 𝑉𝑜ℎ𝑚
  

Reversible equation 𝑉0 = 1.229 − 0.00085(𝑇𝑃𝐸𝑀 − 298)  

Activation 

overpotential 𝐽𝑎
𝑟𝑒𝑓

𝑒𝑥𝑝 (
−𝐸𝑎𝑐𝑡,𝑖

𝑅𝑇
) , 𝑖 = 𝑎, 𝑐  

Ohmic 

overpotential 

𝑉𝑜ℎ𝑚 = 𝐽𝑅𝑃𝐸𝑀, 𝑅𝑃𝐸𝑀 = ∫
𝑑𝑥

𝜎[𝜆(𝑥)]

𝐿

0
, 𝜆(𝑥) =

𝜆𝑎−𝜆𝑐

𝐷
𝑥 + 𝜆𝑐 𝜎[𝜆(𝑥)] = [0.5139𝜆(𝑥) −

0.326] 𝑒𝑥𝑝 [1268(
1

303
−

1

𝑇
)] 

Rate of produced H2
 �̇�𝐻2,𝑂𝑢𝑡 =

𝐽

2𝐹
= �̇�𝐻2𝑂,𝑟𝑒𝑎𝑐𝑡𝑒𝑑

  

 

 
Table 4. The cost functions applied for the different parts of the 

studied system 

Components The cost functions [31, 32] 

PTC  𝑍𝑃𝑇𝐶 = 240 × 𝐴𝑎  

Absorption chiller 𝑍𝐴𝑅𝑆 = 1144.3 × (�̇�𝑒𝑣𝑎)
0.67  

Vapor generator 𝑍𝑣𝑔 = 1397 × (𝐴𝑣𝑔)
0.89  

PEM 𝑍𝑃𝐸𝑀 = 1000 × �̇�𝑝𝑒𝑚  

DWH 𝑍𝐷𝑊𝐻 = 130 × (
𝐴𝐷𝑊𝐻

0.093
)0.78  

TEG 𝑍𝑇𝐸𝐺 = 1500 × �̇�𝑇𝐸𝐺  

 

 

figures according to the varying parameters. To perform 

all thermodynamic calculations and especially the 

thermal properties of the ammonia–H2O solution, EES 

software [33] was applied. To validate the absorption 

system investigated in the present study, the cycle 

proposed by Ratlamwala and Abid [8] is applied. The 

exergetic COP of the triple effect absorption system is 

validated for the case the evaporator temperature is 

assumed to be 13℃. The temperature of the generator 

varies between 127 to 177 ℃. The comparative analysis 

is shown in Figure 2 which shows a reasonable 

agreement.  

 

Results of parametric study 
Table 6 depicts the overall performance of the proposed 

system under the basic defined conditions. 

One of the factors that affect the increase in useful 

energy produced by the solar collector is the volume 

percentage of nanoparticles. Figure 3 shows the changes 

in useful energy obtained and power produced by the 

TEG unit against the percentage of Al2O3 nanoparticles. 

It is inferred that an increase in the percentage of 

nanoparticles leads to an increase in the useful energy 

obtained from the PTC collector. According to defined 

equations, changing the concentration of nanoparticles 

only   changes   the   coefficient   of   heat   transfer.   By 
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Table 5. Energy and exergy equation of the proposed system 

Components Energy equations Exergy equations 

PTC �̇�2ℎ2 + �̇�𝑢 = �̇�3ℎ3  �̇�𝑥𝐷,𝑃𝑇𝐶 = �̇�𝑥𝑠𝑢𝑛 + �̇�𝑥2 − �̇�𝑥3  

Vapor generator �̇�𝑣𝑔 = �̇�3(ℎ3 − ℎ4) = �̇�7(ℎ8 − ℎ7)  �̇�𝑥𝐷,𝑣𝑔 = �̇�𝑥3 + �̇�𝑥7 − �̇�𝑥4 − �̇�𝑥8  

DWH �̇�𝐷𝑊𝐻 = �̇�4(ℎ4 − ℎ5) = �̇�9(ℎ10 − ℎ9)  �̇�𝑥𝐷𝑊𝐻 = �̇�𝑥4 + �̇�𝑥9 − �̇�𝑥5 − �̇�𝑥10  

TEG �̇�𝑇𝐸𝐺 = �̇�6(ℎ6 − ℎ1) = �̇�11(ℎ12 − ℎ11)  �̇�𝑥𝑇𝐸𝐺 = �̇�𝑥6 + �̇�𝑥11 − �̇�𝑥1 − �̇�𝑥12  

PEM �̇�𝑃𝐸𝑀 = (�̇�10ℎ10 − �̇�14ℎ14 − �̇�15ℎ15)  �̇�𝑥𝐷,𝑃𝐸𝑀 = �̇�𝑥10 + �̇�𝑃𝐸𝑀 − �̇�𝑥14 − �̇�𝑥15 

ARC absorber �̇�𝑎𝑏𝑠,𝐴𝑅𝑆 = �̇�56ℎ56 + �̇�40ℎ40 − �̇�16ℎ16  �̇�𝑥𝐷,𝑎𝑏𝑠,𝐴𝑅𝑆 = �̇�𝑥11 + �̇�𝑥16 − �̇�𝑥1 − (1 −
𝑇0

𝑇16
) �̇�𝑎𝑏𝑠 

ARC condenser �̇�𝑐𝑜𝑛,𝐴𝑅𝑆 = �̇�51ℎ51 + �̇�53ℎ53 − �̇�54ℎ54  �̇�𝑥𝐷,𝑐𝑜𝑛,𝐴𝑅𝑆 = �̇�𝑥51 + �̇�𝑥53 − �̇�𝑥54 − (1 −
𝑇0

𝑇54
) �̇�𝑐𝑜𝑛 

ARC evaporator �̇�𝑒𝑣𝑎,𝐴𝑅𝑆 = �̇�55(ℎ56 − ℎ55)  �̇�𝑥𝐷,𝑒𝑣𝑎,𝐴𝑅𝑆 = �̇�𝑥10 − �̇�𝑥11 +(1 −
𝑇0

𝑇56
) �̇�𝑒𝑣𝑎 

ARC VHTG �̇�𝑉𝐻𝑇𝐺,𝐴𝑅𝑆 = �̇�29ℎ29 + �̇�44ℎ44 − �̇�28ℎ28  �̇�𝑥𝐷,𝑉𝐻𝑇𝐺,𝐴𝑅𝑆 = �̇�𝑥28 − �̇�𝑥29 − �̇�𝑥44 + (1 −
𝑇0

𝑇44
) �̇�𝑉𝐻𝑇𝐺 

ARC HTG �̇�𝐻𝑇𝐺,𝐴𝑅𝑆 = �̇�44ℎ44 − �̇�45ℎ45  �̇�𝑥𝐷,𝐻𝑇𝐺,𝐴𝑅𝑆 = �̇�𝑥27 − �̇�𝑥32 − �̇�𝑥46 − (1 −
𝑇0

𝑇32
) �̇�𝐻𝑇𝐺 

ARC MTG �̇�𝑀𝑇𝐺,𝐴𝑅𝑆 = �̇�47ℎ47 − �̇�48ℎ48  �̇�𝑥𝐷,𝑀𝑇𝐺,𝐴𝑅𝑆 = �̇�𝑥24 − �̇�𝑥35 − �̇�𝑥49 − (1 −
𝑇0

𝑇35
) �̇�𝑀𝑇𝐺 

ARC LTG �̇�𝐿𝑇𝐺,𝐴𝑅𝑆 = �̇�50ℎ50 − �̇�51ℎ51  �̇�𝑥𝐷,𝐿𝑇𝐺,𝐴𝑅𝑆 = �̇�𝑥43 − �̇�𝑥52 − �̇�𝑥38 − (1 −
𝑇0

𝑇38
) �̇�𝐿𝑇𝐺 

ARC Pump �̇�𝑝,𝐴𝑅𝑆 = �̇�16(ℎ17 − ℎ16)  �̇�𝑥𝐷,𝑝,𝐴𝑅𝑆 = �̇�𝑥16 + �̇�𝑝 − �̇�𝑥17  

COP 𝐶𝑂𝑃𝑒𝑛 =
�̇�𝑒𝑣𝑎

�̇�𝑉𝐻𝑇𝐺+�̇�𝑝
  𝐶𝑂𝑃𝑒𝑥 =

�̇�𝑥𝑡ℎ,𝑒𝑣𝑎

�̇�𝑥𝑡ℎ,𝑉𝐻𝑇𝐺+�̇�𝑝
  

 

 
 

 
Figure  2. A comparison of the exergetic COP of the triple 

effect absorption refrigeration system based on literature [8] 

 

 
increasing the concentration of nanoparticles, the mass 

flow rate of nanofluid increases while the specific heat 

transfer decreases. By changing the ratio from 0 to 0.06, 

the useful energy increases from 9965 to 10376 kW. On 

the other hand, when the nanoparticle concentration goes 

up, the amount of generated power in the TEG unit 

decreases. By raising the percentage of nanoparticles, the 

exit temperature of the collector reduces which causes a 

reduction in the amount of TEG efficiency. Reduction in 

the amount of TEG efficiency causes a decrease in the 

amount of power generated in the TEG unit.  

Figure 4 demonstrates the tendency of useful energy 

obtained by PTC and hydrogen production rate when the  

 

 
Table 6. The main results of the proposed multigeneration 

system 

Parameters Results 

𝜂𝑒𝑛,𝑃𝑇𝐶(%)  82.21 

𝜂𝑒𝑥,𝑃𝑇𝐶(%)  80.48 

𝑄𝑢(𝑘𝑊)  10240 

�̇�𝑉𝐺(𝑘𝑊)  161.3 

�̇�𝐷𝑊𝐻(𝑘𝑊)  30.07 

�̇�𝑐𝑜𝑜𝑙𝑖𝑛𝑔(𝑘𝑊)  445.7 

�̇�𝑇𝐸𝐺(𝑘𝑊)  18.78 

𝐶𝑂𝑃𝑒𝑛  1.527 

𝐶𝑂𝑃𝑒𝑥  0.936 

�̇�𝐻2(𝑔/𝑠)  0.000742 

𝑍($)  69055 
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Figure 3. The effect of volume concentration of 

nanoparticles on the useful energy obtained from the 

collector and generated power in the TEG unit 

 

 

amount of solar radiation changes from 400 to 850 W/m2 

and the percentage of nanoparticles is fixed at 0.04. When 

the amount of solar radiation increases, the amount of 

power generated by the TEG is decreased, which 

decreases the rate of hydrogen produced. In addition, the 

absorbed solar radiation increases with the rise in the solar 

radiation which causes an increase in the useful energy 

obtained by the collector. As the solar radiation changes 

from 400 to 850 W/m2, the amount of useful energy 

obtained by Al2O3-based nanofluid changes from 4813 to 

10240 kW.  

Figure 5 exhibits the effect of alternation in the very 

high-temperature generator load on the cooling content 

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 

 

 

 
Figure  4. The effect of solar radiation on the useful energy 

obtained from the collector and the hydrogen production rate 

of the system 

 
Figure  5. The effect of VHTG load on the cooling content 

and COPs of the absorption refrigeration system 

 
 
of cooling generated by the system decreases from 446.2 

to 396.3 kW. The main reason for the decrease in the 

cooling capacity is that increase in VHTG capacity leads 

to a higher outlet ammonia vapor temperature which 

enters the evaporator. Lower 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, negatively influences the efficiency of the 

system and for that, both COPs are reduced. 

The variation of the concentration of the strong 

solution on the amount of produced cooling and energy 

and exergy COPs are exhibited in Figure 6. One of the 

main factors which considerably affects the performance 

of refrigeration systems is the concentration of the strong  

 
 

 
Figure  6. The effect of the concentration of the strong 

solution on the cooling content and COPs of the absorption 

refrigeration system 
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solution which is the amount of the refrigerant vaporizes 

and enters the evaporator. By increasing the concentration 

of the strong solution, the rate of produced cooling 

changes from 342.1 to 443.2 kW. A higher quantity of 

ammonia is vaporized from VHTG when an increase in 

the strong solution concentration happens and eventuates 

in the production of more cooling capacity in the 

evaporator. On the other hand, energy and exergy COPs 

of the refrigeration system tend to have an increasing 

trend by increasing solution concentration. It should be 

noted that the COPs of the system are straightly relevant 

to the cooling generation load of the system. 

The figure of merit (ZT) is a dimensionless parameter 

that is used to show the performance and efficiency of the 

TEG and a higher amount of ZT proves better 

performance of TEG. The variation of TEG performance 

and output power with the figure of merit is depicted in 

Figure 7.  According to the graphs, it can be inferred that 

rising ZT leads to an increase in the amounts of TEG 

efficiency and generated power. It can be observed that 

with an increment in ZT from 0.2 to 2, the value of the 

generated power in TEG changes from 104.4 to 216 kW 

while the efficiency of TEG varies between 0.56 to 

1.17%. 

Figure 8 shows the relative amounts of exergy 

destruction rate for the subsystems of the proposed 

multigeneration cycle. The figure depicts that solar 

collector has the highest amount of exergy destruction 

rate which is 4461 kW. The main reason for the higher 

exergy destruction rate in the solar collector is the higher 

rate of the PTC’s heat loss. The second and third highest 

exergy destruction rates happen in the absorption 

refrigeration system and vapor generator, respectively. 

Moreover, it can be inferred that the lowest exergy 

destruction rate among different subsystems refers to the 

domestic water heater. 

 
 

 
Figure  7. Effects of ZT on the efficiency and produced 

power of TEG unit 

 
Figure  8. The share of each subsystem to the total amount of 

exergy destruction  

 

 

CONCLUSION 
 
Solar energy conversion systems using nanofluids as the 

working fluid in solar thermal systems solve the problem 

of low thermal performance of these systems. This is 

considered an innovative approach to ameliorate thermal 

performance and make the systems more stable. The 

present investigations deal with the energy and exergy 

analysis of a multigeneration system in which solar 

energy is used as the energy source to meet the needs of 

the combined cycle. The proposed system can produce 

cooling, power, hydrogen, vapor, and hot water. 

Aluminum oxide is used as nanoparticles in the therminol 

VP1 as the base fluid in the solar collector. Several 

parameters such as the volume concentration of 

nanoparticles, the intensity of solar radiation, VHTG 

load, the concentration of the strong solution, and the 

figure of merit of the TEG unit were investigated 

separately to evaluate their efficacy on the overall system. 

System modeling was done by the EES program under the 

specified conditions. The summary of the main outcomes 

can be described: 

❖ The total energy and exergy efficiency of the solar 

collector using Al2O3-Therminol VP1 nanofluid fluid 

was 82.21% and 80.48%, respectively. 

❖ The highest amount of exergy destruction in overall 

systems occurred in the solar system which is 

followed by the absorption refrigeration system and 

vapor generator. Therefore, the overall exergy 

performance of the multigeneration system can be 

improved by modifying the components with higher 

exergy degradation rates. 

❖ The results showed that by increasing the percentage 

of nanoparticles and solar irradiation, the useful 

energy obtained from the collector is increased while 

the power generated by the TEG unit and the 

hydrogen production rate is decreasing. 

❖ When the HTVG load changes from 290 to 340 kW, 

the cooling generated by the system and the COPs of 

the absorption system decrease. 
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❖ Increasing the concentration of the strong solution has 

a positive effect on the system performance and 

increases the cooling load and COPs of the studied 

system. 

❖ The power produced by the TEG unit and the 

efficiency of the TEG unit has an upward trend when 

the figure of merit rises. 
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Persian Abstract 
 چکیده 

  یاستفاده از ژنراتورها  راًیاخ  ن، یباشد. علاوه بر ا یم  یدیخورش  یبهتر کردن سرعت انتقال حرارت کلکتورها  یراه برا  ن یتر ها قابل توجهالیاز نانوس  یبرداربهره

برا  کی ترموالکتر الکتر  میمستق  لی تبد  یبه طور گسترده  به  ا   تهیسیگرما    د یولت  د یجد   ستمیس  کی مطالعه    قیتحق  ن یمورد مطالعه قرار گرفته است. هدف از 

  کی ژنراتور ترموالکتر  کی (،  ش یسرما   دیتول  یچهار اثره )برا  دیتبر  ستمیس  کی شده با    بیترک  الیبر نانوس  یمبتن  یکلکتور سهمو  کیچندگانه است که شامل  

در نظر    ی برا  یمطالعه پارامتر  ک یباشد.  یم  یخانگ  رمکن(، مولد بخار و آبگدروژنیه  د یتول  ی تبادل پروتون )برا  یبا غشا  زریالکترولا  کی توان(،    د یتول  ی)برا

  کی ژنراتور ترموالکتر  یستگیو رقم شا   یو غلظت محلول قو  ی جذب   ستمیبار مولد س  ، یدینانوذرات، تابش خورش  یمهم مانند غلظت حجم  ی پارامترها  ریگرفتن تأث

مشاهده    یسازهیشب  جی بدست آمده توسط کلکتور انجام شده است. از نتا  دیمف  ی عملکرد و انرژ  بیضر   ،یشیبار سرما   دروژن،یه  دی نرخ تول  ستم،یس  ی بر عملکرد کل

باشد.  یم % 48/80و  %21/82 بیکلکتور به ترت  یو اگزرژ یوات و بازده انرژ لویک 78/18شده  ف یتعر  هی پا  طی در شرا ستمیشده توسط س د یشود که توان تولیم

  یو اگزرژ  یانرژ  یعملکردها  ب یدهد. ضریرخ م  لوواتیک  4461با نرخ    یدیخورش  ستمیدر س  یاگزرژ  بی زان تخریم  نی شترینشان داد که ب   جینتا   ن،ی علاوه بر ا 

  زان یکه م یدر حال ابدییم شی کلکتور افزا دیمف یمقدار انرژ د،ی تابش خورش زانیغلظت نانوذرات و م شی است. با افزا  0/ 936و  527/1 بیبه ترت  یجذب  ستمیس

  ار یبس  یبار ژنراتور با دما  شی با افزا   ی جذب   ستمیس  ی عملکرد  ی هابیو ضر   یش ی. بار سرما ابدی یکاهش م  ک یدر ژنراتور ترموالکتر   ی دیتولو توان    دروژن یه  دیتول

 . ابدی یکاهش م  یغلظت محلول قو ش یو با افزا  ابدییم شی بالا افزا

 


