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PAPER INFO ABSTRACT

Paper history: The exploitation of nanofluids is the most noteworthy way to make better the rate of heat
Received 13 May 2023 transfer in solar collectors. Moreover, recently utilizing thermoelectric generators are widely
Accepted in revised form 13 July 2023 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

ﬁ?{ti‘d;gg;ﬁon system thermoelectric generator (power), a PEM electrolyzer (hydrogen), vapor generator and
Nanofluids domestic water heater. A parametric study is accomplished to consider the effect of significant
Solar collector parameters such as the volume concentration of nanoparticles, solar radiation, absorption
The quadruple effect absorption cycle system'’s generator load, strong solution concentration, and TEG’s figure of merit on the overall
Thermoelectric generator 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.
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NOMENCLATURE

A Area (m?) ZT, Figure of merit

Cy Specific heat capacity (J/kgK) Subscripts

D Collector diameter (m) 0 Ambient

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

Ex Exergy rate (W) abs Absorber

ex Exergy (J/kg) ap Aperture

F; Collector efficiency factor ARS Absorption refrigeration cycle
Fg Heat transfer factor bf Base fluid

G Solar irradiation (W/m?) con Condenser

h Entalphy cop Coefficient of performance
J Current density (A/m?) 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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m Mass flow rate (kg/s) i In
Nes Number of collectors in series np Nanoparticle
Nep Number of collectors in parallels p Pump
V Outlet flow rate of fluid x (kg/s) PEM Proton exchange membrane
P Pressure (bar) PTC Parabolic trough collector
0 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
U, Solar collector’s overall heat loss coefficient B Thickness of tp;d?j:g}lﬁge%;erm:e to the initial
%4 Overpotential (V) n Efficiency
w Collector width (m) A(x) Water content at location x
W Net output power (KW) p Density (kg/m?®)
x The concentration of refrigerant in the solution u Dynamic viscosity
VA Investment cost ($) ¢ Concentration ratio
INTRODUCTION electrocatalysis, and thermolysis. Applying a proton

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-
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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 Kkilowatts 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 SiO; and
TiO, 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/SiO; 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]
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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 Al,Os/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
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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.
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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]:

e The pipe and heat losses are ignored.

e The system is analyzed based on the steady-state
conditions and the ammonia-water solution is
considered steady.

e The heat is lost to the environment in the condenser
and absorber.

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

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

e At both ends of the expansion valves, the enthalpy is
the same.

e 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].

Xy =Xm, @

2(mx); = X(mx), @
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Ymmgh; = Nreh, + X Q= XW =0 ©)
qu (1.— ;—Z)+Zmiexi =Y meex, + 4
Z W+ ExD‘K

The exergy of fluid flow is defined as follows:
ex = [(hl - ho) - To(si - So)] (5)

Properties of nanofluids

In the present study, the aluminum oxide-Therminol VP1
nanofluid (Al,Os-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 (p) is presented as follows
[18]:

Pnf = @-Prp + (1 — @). ppy (6)

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

pnp-‘ﬂ-cp,np+pbf(1_fﬂ)-cp,bf
Cp'nf =

Pnf (7)
The thermal conductivity of nanofluid (k) is calculated
using Maxwell's equation as follows [20]:

kng _ np+2kp+2(knp=—kps).(1+8)%0

kbf - knp+2kbf—(knp—kbf).(1+[3)3.(p (8)

In Equation (8), B 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 (u) is estimated
by the following relationship [22]:

tng = tpp- (1 + 2.5¢ + 6.5¢07) )

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]
p (Kg/m?) ¢p (KI/kgK) k (W/mK)
3970 0.765 40

Particle

Al;04
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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]:

Ar
Qu = ncpncsFRAap [S- A_ap Uy (T'r,i —To)l (120)

where n.,, and n are the number of collectors in parallel
and series, respectively. Also, Ag, is the collector
aperture area, A, is the receiver area, and Fy is the heat
removal factor. In addition, U, expresses the heat loss
coefficient of the entire collector. S shows the absorbed
solar radiation and is defined as follows:

S =Gpny (11)

Nr = VT Tpa (12)
The areas of the aperture and receiver of the collector are:

Agp = (W—D)L (13)

A, = DL (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 F;:

_ Meper, _AULR
Fr =2, 1 —exp( =252 )] (15)
L
Fp=—-"Y 16
LT T, D (16)

The input heat to the parabolic solar collector is expressed
as follows:

Qs = Aap Gy

The energy output of the solar collector is determined
from the equations proposed by Duffy and Beckman [24]
as follows:

(A7)

Qu
Nenpre = (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]:

Qhot = Qcald + WTEG

where, Qpo: and Qo4 are the TEG’s hot and cold side
rate of heat transfer and Wy, is the amount of the
power produced by the TEG unit which can be calculated

by:

Wree = N1 X Qcola

(19)

(20)

where nrge 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 W /m?C) 382
collector
The heat transfer coefficient in 2
the inner side of the receiver W/m*C) 300
The receiver’s thermal 20
conductivity W/m*0) 16
Solar radiation intensity (W /m?C) 850
Cover glazing transmissivity - 0.96
Effective transmissivity - 0.94
Receiver absorptivity - 0.96
Correction factor for diffuse

e - 0.95
radiation
Nanoparticle volumetric
concentration %) 4

_ (1+ZT)%5-1
NTEG = Ncarnot [(1+ZTm)°-5—(TTC"ld>] (21)
hot

where, ZT,,is 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:

Ncarnot = (1 - %) (22)
Teota = ;(@) (23)
Thor = 3 (22) (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
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Table 3. Equations required for the modeling of the PEM unit
PEM [30]

Electrical energy . _
consumption Eetectric =V
Electrolyzer voltage V = Vo + Vacre + Vacta + Vorm

Reversible equation Vo = 1.229 — 0.00085(Tpgy — 298)

Activation ref gy (7Em,i) i—ac
overpotential a P\l )50
L d.

Voim = JRpgm, Rpem = fo d[l?x)]'/l(x) =
Ohmic Aa=Ac _ _
overpotential 5 X+ A olA(0)] = [0'1513?}‘(’()

0.326] exp[1268 (= - )]

Rate of produced H, Ny, 0ut = 37 = Nityorreactea

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

Components

The cost functions [31, 32]

PTC Zpre = 240 X A,

Absorption chiller Zars = 1144.3 X (Qpp)*¢’

Vapor generator Zyg = 1397 X (A,5)*%°

PEM Zpgy = 1000 X Wpeyp
_ ADWH~0.78

DWH Zpwn = 130 x (222

TEG Zrge = 1500 X Woge

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°C. The temperature of the generator
varies between 127 to 177 °C. 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 Al,Os; 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

Vapor generator

mhyhy + Qu = mzh;

Qvg =1y (hy — hy) = My (hg — h7)

DWH Qpwa = My (hy — hs) = Mg (hyo — ho)
TEG Qric = Me(hg — hy) = 11 (hyy — hyy)
PEM Wiy = (yohyg — Myghys — Myshys)
ARC absorber Qubs.ars = Msehss + Maghsy — Miihie

ARC condenser

ARC evaporator

Qcon.ars = Ms1hsy + Mgshss — Msyhsy

Qeua,ARS = 1hgs (hse — hss)

Expprc = EXgun + Ex; — Ex;
ExD,,,g = Ex3 + Ex7 - E'x4 - Exs
ExDWH = Ex4 + Exg - Exs - Exlo
Exppe = Exg + Ex;; — Ex; — Exy,
Exppgy = Exig + Wpgy — Ex;4 — Ex;5
Expapsars = EX1y + Exyg — Ex; — (1 - %) Qabs

X . . . To\ -
ExD,can,ARS = Exg5y + EXs3 — Exgy — (1 - Eo‘l) Qcon

. X X T\ -
ExD,eva,ARS =Exjo—Ex;; + (1 - {06) Qeva

ARC VHTG Qvire.ars = Maohzo + Tashyy — Tyghyg Expyure.ars = Exzg — EXpg — Exyy + (1 - %) Quare
ARC HTG QHTG,ARS = Myghyy — Myshys ExD,HTG,ARS = Ex27 - Ex32 - Ex% - (1 - %) QHTG
ARC MTG QMTG,ARS = My7hy7 — Myghag EXD,MTG,ARS = Ex“ - Ex35 - Ex49 - (1 - %) QMTG
ARCLTG QLTG,ARS = Msohso — Ms1/isg ExD,LTG,ARS = Ex43 - Exsz - Ex38 - (1 - %) QLTG
ARC Pump Wp,ARS = 1iy6(h17 — hye) ExD,p,ARS =Ex;6+ Vi/p - Exy,
_ Qeva — Exth,eva
cop COFer = QvHTG+Wp COFex ExenvHTc+Wp
B-B This study @-@ REF [8] decreases. By raising the percentage of nanoparticles, the
036 exit temperature of the collector reduces which causes a
034 reduction in the amount of TEG efficiency. Reduction in
\ the amount of TEG efficiency causes a decrease in the
032 ® amount of power generated in the TEG unit.
0s Figure 4 demonstrates the tendency of useful energy
obtained by PTC and hydrogen production rate when the
n_ﬁ 0.28
(o]
o

e

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

Ty [°C]

gen

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
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Table 6. The main results of the proposed multigeneration
system

Parameters Results
Nen,prc (%) 82.21
Nex,prc (%) 80.48
Qu(kW) 10240
Que (kW) 161.3
Qown (kW) 30.07
Qcooting (kW) 445.7
Wrpe (kW) 18.78
COF,, 1.527
COF,, 0.936
Tz (g/s) 0.000742
Z($) 69055
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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/m?
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/m?, the amount of useful energy
obtained by Al,Os-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
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Figure 4. The effect of solar radiation on the useful energy
obtained from the collector and the hydrogen production rate
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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
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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.
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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 wvolume 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 Al,Os-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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