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In this study, renewable energy sources include a high-temperature solar parabolic trough
collector and geothermal water integrated with a modified Kalina cycle, a combined ORC-ERC
cycle, an electrolyzer, an RO desalination unit, and a domestic water heater were investigated.
SiO2 and TiO2 nanoparticles dissolved in Therminol VP1 were applied as the working fluid of the

Keywords: solar collector. A comparative analysis of introduced working fluids is performed from energy,

Geothermal exergy as well as cost analysis point of view to evaluate their efficiencies. Solar irradiation,

Kalina cycle ambient temperature, and collector inlet temperature were the parameters investigated to

I\N’Iu‘tige‘_‘;ration discover their effects on energy and exergy efficiency, solar collector outlet temperature,
anofiun

hydrogen production rate, and freshwater production rate. The highest generated outlet
temperature of the solar collector outlet was 693.8 K obtained by Therminol VP1/SiO:
nanofluid. The maximum energy and exergy efficiencies of the proposed system were 36.69 %
and 17.76 %, respectively. Moreover, it is found that by increasing the solar collector inlet
temperature, the hydrogen production rate decreases while the water production rate

Solar collector

increases.
doi: 10.5829/ijee.2023.14.02.05

NOMENCLATURE
A Area (m?) Z Capital cost rate ($/h)
Co Specific heat capacity (J/kgK) Subscripts
CRF Capital recovery factor 0 Ambient
D Collector diameter (m) 1,2,... State points
E Energy input (kW) a Anode
Ex Exergy rate (W) ap Aperture
ex Exergy (J/kg) avg Average
F Faraday constant (C/mol) c Cathode
Fi Collector efficiency factor ch Chemical
Fr Heat transfer factor con Condenser
G Solar irradiation (W/m?) cooling Cooling
h Heat transfer coefficient (W/m?K) D Destroyed
J Current density (A/m?) DWH Domestic water heater
Jref Pre-exponential factor (A/m?) eje Ejector
Jo Exchange current density (A/m?) eva Evaporator
k Thermal conductivity (W/m K) exv Expansion valve
K The ratio of specific heats (C¢/Cy) HX Heat exchanger
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L Collector length (m) mx Mixer
M Molecular weight (kg/mol) net Net
m Mass flow rate (kg/s) ph Physical
Nes Number of collectors in series p Pump
Nep Number of collectors in parallels PEM Proton exchange membrane
N Outlet flow rate of fluid x (kg/s) PTC Parabolic trough collector
P Pressure (bar) r Receiver tube
0 Heat transfer rate (W) re Recuperator
Q. Useful energy gain RO Reverse osmosis
R Overall ohmic resistance sep Separator
RR Recovery ratio sol Solar
S Absorbed solar radiation spl Splitter
T Temperature (K) t Turbine
TCF Temperature correction factor th Thermal
UL Solar. Cf)llector’s overall heat loss vg Vapor generator
coefficient
Y Overpotential (V) Greek Symbols
Vo Reversible potential (V) o(x) lonic conductivity of the membrane
Vohm Ohmic overpotential of the electrolyte (V) 7 Efficiency
w Collector width (m) A(x) Water content at location x
W Net output power (kW) p Density (kg/m®)
X Salt concentration (g/kg) ¢ Concentration ratio
z Investment cost ($)
INTRODUCTION electricity, hydrogen, heating, and hot water. To find the

Two major concerns of society are increasing energy
claims and applying fossil fuels [1]. Utilizing renewable
energies which are clean and environmentally friendly is
crucial to combat the adverse effects of hydrocarbon.
Solar energy and geothermal energy are two types of
renewable energies that can cope with the global warming
problem [2]. Moreover, the design of novel high-
efficiency systems such as multigeneration systems has
attracted much attention [3]. Both of these sources are
capable of integrating with other cycles to produce power.
Utilizing this technology, due to the reduction of many
losses that occur when converting thermal energy into
mechanical or electrical, can not only significantly
increase efficiency but also reduce environmental impact
and overall system costs [4].

Al-Ali and Dincer [5] proposed a novel geothermal-
solar system producing power, cooling, heating, heat, and
hot water. The results showed a 60% and 10% difference
between energy and exergy efficiencies when considering
sole generation and the proposed multigeneration system.
Waseem et al. [6] analyzed a solar-geothermal
multigeneration system producing hydrogen, power, and
cooling. The proposed cycle included an electrolyzer,
Rankine cycle, and vapor absorption cycle. Two
arrangements were comparatively investigated, and a
0.45% power efficiency difference was observed. Li et al.
[7] developed a system including a geothermal cycle,
solar cycle, and PEM system. The system generated
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irreversibility, energy, and exergy analyses were done.
Compared to the sole geothermal system, the proposed
system can produce 148.3% more power.

To improve the performance of solar collectors,
experts have introduced nanofluids that show high heat
transfer properties. Nanofluids which are innovative heat
transfer fluids are formed by dispersing nanoparticles
smaller than 100 nm in standard working fluids [8]. One
of the first comprehensive studies on the development of
nanofluids was performed by Li et al. [9]. They carried
out a numerical and experimental investigation as well as
tried different preparation techniques to find out the
effects of adding nanoparticles on the heat transfer
properties of the base fluids. Toghyani et al. [10] studied
a solar-based combined system using nanofluid as a
working fluid for cooling and hydrogen production. The
effects of different parameters on the performance of the
system were examined. The results revealed that by using
higher volume fractions of nanoparticles, the amount of
the power and hydrogen produced by the system
increases. Ratlamwala et al. [11] studied applying Al,Os-
and Fe;Os-based nanofluids in the solar-geothermal
multigeneration system. A comprehensive analysis of the
used working fluids showed that Al;Os-based water
nanofluid resulted in higher efficiency. Moreover, by
increasing the nanoparticle percentage, the amount of
hydrogen production rate and power generation
decreased. Three different collector types-bare tube, non-
evacuated receiver, and evacuated receiver- were studied
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by Bellos et al. [12] for investigating the thermal
enhancement by using Syltherm 800/Cu nanofluid.
According to the results, the bare tube showed the highest
performance enhancement compared with other kinds.
Ghasemi and Ranjbar [13] performed a comparative
study between water-based nanofluids and it is
discovered that the water/CuO leads to a 35% heat
transfer coefficient increase, while this amount is 2% for
water/Al,Os. Ibrahim and Kayfeci [14] studied the
thermodynamic analysis of a trigeneration system driven
by a parabolic trough solar collector based on two
different types of nanofluid including graphene and
ferrofluid added to Syltherm 800. The results proved that
the system performance improves by applying
nanofluids. Moreover, graphene nanoparticles show
better results than ferrofluid nanoparticles. The authors
stated that by using Syltherm 800/graphene nanofluid, the
maximum collector outlet temperature is attained.
Alashkar and Gadalla [15] investigated the application of
nanofluid-based solar PTSC to run the Rankine cycle.
They reported a slight increase in the annual energy
output using Syltherm 800 and Therminol VP-1 as the
base fluids and Cu, Al;O3, and SWCNT as the
nanoparticles. The thermodynamic analysis of a PTC
receiver tube using o0il-Al,O3 nanofluid with a
concentration ratio of 86 was investigated by Mwesigye
et al. [16] applying the entropy generation minimization
method. The authors proved that by varying the nanofluid
temperature from 350 to 600 K, the thermal efficiency of
the PTC increased by up to 7.6%. The volume fraction
rising led to a reduction in the optimal Reynolds number.
Khan et al. [17] studied the effect of applying nanofluids
in a solar-based cycle from an energy, exergy, and
exergo-environmental point of view. The influence of
three nanofluids, including Fe,Os/Therminol VP1,
SiOy/Therminol VP1, and Cu/Therminol VP1, were
compared by considering different parameters. The
results showed that among the studied nanofluids,
SiO./VP1 presented better outcomes. Moreover, the
amount of CO, was reduced for all the studied nanofluids.
Increasing nanoparticle concentration leads to an
increment in the exergy efficiency and a decrease in the
nanoparticle thermal conductivity. Ibrahim and Kayfeci
[14] studied using two kinds of nanofluids in a parabolic
trough solar collector of a trigeneration system. The
results showed that by using ferrofluid and graphene as
the nanoparticles, the overall performance of the
proposed system improved. Graphene nanoparticles
indicated better performance in comparison with
ferrofluid nanoparticles. Kalbande et al. [18] studied the
possibility of attaining a higher temperature range of
above 200°C in oil-based thermal energy storage systems.
They used aluminum oxide (Al,O3) and soybean oil
nanofluid as the heat transfer fluid to store and transfer
the sensible heat. After a mathematical analysis, they
could achieve up to 220°C in a parabolic trough solar
collector coupled with a thermal storage system.
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Tonekaboni et al. [19] studied the amount of
enhancement of the solar collectors by adding porous
media and nanofluid. They applied 90% porosity copper,
Cu0, and Al;03 nanofluids to investigate the changing in
the thermal properties of different types of solar
collectors. The results showed that adding porous media
and nano-fluids increased an average of 14.4% collector
energy efficiency and 8.08% collector exergy efficiency.
Moreover, the highest amount of energy and exergy
efficiencies were 60.12% and 18.84%, respectively which
were obtained for parabolic solar collectors. Said et al.
[20] surveyed a nanofluid-based parabolic trough
collector from energy, exergy, economic, and
environmental points of view. The results showed that by
adding TisC, to the silicon oil, the thermal conductivity
of the nanofluid enhances from 70 % to 89%. It is found
that, compared to pure oil, applying nanofluid reduces the
system’s cost by 0.021M$ and increases the gained
energy by 1.51%. For energy analysis, the annual CO;
reduction varies from 2.25 to 2.30 tons CO./year.

Previous literature reviews have shown that there is an
increasing interest in using different types of nanofluids
in solar collectors to enhance their thermal efficiencies.
Moreover, a few studies have been performed on the
effects of SiO, and TiO, nanoparticles on multigeneration
systems. On the other hand, publications about the
efficiency study of nanofluids in high-temperature PTCs
are rare. Moreover, to the best knowledge of the authors,
there is no study of the combination of high-temperature
Kalina cycle and nanofluid applied parabolic trough solar
collectors. Therefore, this research aims to investigate an
integrated system including solar and geothermal sources
in which SiO; -based and TiO,-based Therminol VP1
nanofluids have been applied as the PTC working fluids.
This proposed design uses a high-temperature PTC, a
geothermal water source, a modified Kalina cycle
combined with an electrolyzer, a combined organic
Rankine cycle and ejector refrigeration cycle, an RO
desalination unit, and a domestic water heater.

A summary of the main goals and innovations of this
study is presented below:
e Introducing a new multigeneration energy system
using solar and geothermal renewable sources.
e Applying a modified high-temperature Kalina cycle
for retrieving the solar source energy.
o Energy and exergy analysis of the proposed systems
are applied to perform a comprehensive evaluation of the
system.
e Comparing the use of three working fluids to analyze
the performance of the system.
e Producing hydrogen and fresh water from the novel
energy system.

SYSTEM DESCRIPTION

Figure 1 illustrates the schematic diagram of the proposed
novel geothermal-solar multigeneration system. The
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presented system integrates solar parabolic collectors and
a geothermal source with a modified Kalina cycle, a
combined ORC-ERC cycle, an RO desalination unit, a
PEM electrolyzer, and a domestic water heater. The solar
collectors transform solar irradiation into useful heat by
applying TherminolVP1- SiO; and TherminolVP1- TiO;
nanofluids as absorption medium and operates as the
energy source of the Kalina cycle. In the Kalina cycle,
two recuperators are employed to increase internal heat
recovery and enhance the overall system efficiency. The
thermal energy of the solar collector is transferred to the
ammonia-water mixture in the evaporator. The
superheated ammonia-water mixture expands through the
turbine and goes to mixer 1 after passing the recuperators
1 and 2. In mixer 1 it gets mixed with the ammonia lean
liquid from the separator to reduce the ammonia mass
fraction in condenser 1. After passing the condenser and
pump, a part of the basic solution goes to the splitter
where it is separated into vapor and liquid streams. The
remaining part of the basic solution is mixed with the

ammonia-rich vapor coming from the separator in mixer
2 to form the working fluid again. This working fluid goes
through the condenser 2 and pump to attain the high
pressure required at the turbine inlet. The power produced
in the turbine is applied to the electricity supply of a
residential area and the source power of the RO
desalination unit to generate freshwater. The temperature
of the geothermal water rises by passing through the solar
system heat exchanger. Then it enters the vapor generator
of the combined ORC-ERC cycle and domestic water
heater before discharging to the reinjection well. The
ORC-ERC subsystem uses Isopentane as the working
fluid. In the ORC-ERC cycle, the saturated liquid
working fluid is pumped to the turbine after its
temperature is increased by passing through the preheater
and vaporized by absorbing heat from the geothermal heat
source in the vapor generator. The partially expanded
extracted vapor enters the ejector. The stream leaving the
ejector is mixed with the fully expanded stream leaving
the turbine and the resulting low-pressure vapor is cooled

Pump 1

22 16
Mixer 2

Splitter

Production
wells

Combined ORC-EJR cyde

AAAAAAA

34

Preheater

Pump 4
° 41

Oxygen Hydrogen

1

Reinjection
wells

Figure 1. Schematic diagram of the proposed multigeneration system
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in the preheater and liquefied by rejecting heat to the Table 2. Input data used in the simulation

cooling water. The working fluid leaves the condenser as Parameters Unit Value
a saturated liquid and is divided into two streams. One G
eothermal [25, 26]
stream returns to the pump and the other enters the
evaporator after a pressure reduction in the expansion Production well temperature (c) 120
valve. The flow that enters the evaporator is vaporized by
absorbing heat from the cooling medium to produce the Production well Pressure (bar) 7
required cooling effect and is then entrained into the
ejector. The power generated by the ORC is employed in Solar [27-29]
a residential area and delivered to a PEM electrolyzer to Collector width (m) 576
supply the required energy for hydrogen production. The
results of the proposed system are electricity, fresh water, Collector length (m) 12.27
hydrogen, hot water, heating, and cooling.
Receiver outside diameter (m) 0.07
THERMODYNAMIC MODELING Receiver inside diameter (m) 0.066
The current section presents the required mathematical Collector heat loss (w /m2°c) 3.82
equations for the simulation of the integrated system. EES coefficient '
software [21] has been applied to formulate and solve o .
X . . . . Receiver inlet temperature ( C) 180
equations. The following considerations are considered to
simplify the modeling process [22]: The heat transfer coefficient (w rn’c) 300
e The system functions at a steady state. inside the receiver
e The pressure losses through the pipes and other The thermal conductivity of 2
; . (w/m*c) 16
components are ignored. the receiver
e The outlet streams of the condensers and evaporators Solar radiation intensit (w1 zcc) 850
are saturated liquid and saturated vapor, respectively. olar raciation intensity "
e Therich vapor and the weak solution outlets frO_m the Cover g|azing transmissivity - 0.96
separatprs are saturated vapor and saturated liquid, PTC effective transmissivity i 0.94
respectively. _ o
e Solar radiation is considered to be uniform and Receiver absorptivity - 0.96
geothermal water is presumed to be net water. Correction factor for diffuse i 0.95
Table 1 indicates the nanoparticles' thermodynamic radiation '
properties. In addition, Table 2 exhibits the primary input volumetric nanoparticle
data used for coding, and Table 3 shows the equations concentration (%) 6
required for modeling the different components of the )
Kalina [30]
proposed cycle.
Thermodynamic m_odeling is carried out by a_pplying Turbine inlet ammonia ) 0.49
the conservation equations, the energy conservation, and concentration
the exergy balance equation [38]. Turbine inlet temperature (c) 330
> =D 'm =0 (1)
Turbine inlet pressure (bar) 120
m.h —> m h + -S>'W=0 2
>omh =3 h +> Q- @ RO [31, 32]
) To . Recovery ratio - 0.3
sz 1-— |+ Z mex; = Number of elements - 7
Ty @3)
) . . Number of pressure vessels - 42
D mgex, + > W+ EXg
' Seawater salinity (g/kg) 43
Table 1. Thermophysical properties of the studied nanoparticles ORC-ERC [33-35]
Nanoparticle p(kg/m?) kW /mK)  C,(3/kgK) Turbine inlet pressure (bar) 6.5
SiO; [23] 2220 1.4 745 .
Evaporator temperature ( C) -5
TiO, [24] 4250 8.9 686

131




A. Habibzadeh et al./ Iranian (Iranica) Journal of Energy and Environment 14(2): 127-138, 2023

where, Expy, X Qx (1 —;—Z) and Y Ware the exergy

destruction rate, heat transfer, and power exergy,
respectively. The physical and chemical exergies are
calculated as follows:

ex = ex,, +eXg, 4

ex, =[(h-h)-T (s -s,)] )

X o 1-x o
eXch = [[ jex ch,NH 3 +( }ex ch,HZO} (6)
MNH3 I\/IHZD

where, x is the molar fraction of ammonia [39].
Moreover, the amount of investment for each
component of the cycle can be defined as follows [40].

. VA CRF
7 = Lk XPxERE @
N
where, ¢ is the operation and maintenance factor which is
assumed as 1.06. The annual time operation of the system
is shown with N, which is assumed as 8000.
In addition, CRF is the capital recovery factor and is
expressed by [31].
i, (1+i)
cre - -0k) ®
(1+i)" -1

here, i presents the interest rate and is 0.15 and n presents
the expected life of the cycle elements and is n=20 years.
By applying fundamental equations to all system
components, the energy, exergy equations, and cost
functions for all components of the proposed
multigeneration system can be defined as listed in Tables
4 and 5.

RESULTS AND DISCUSSION

After defining all required equations and constants for
simulating the high-temperature nanofluid-based PTC
combined with a geothermal source system, in the
following section, the outputs and results of the studied
system assessment are presented through different tables
and diagrams under varying different parameters. EES
software was utilized to accomplish all thermodynamic
computations. As the proposed multigeneration system is
novel, therefore, to certify the accuracy of the modeling,
some of the main parts of the system have been validated
by previous studies. The verification of the PTC cycle
was performed with the corresponding test results from
SNL [41]. Table 6 summarizes a good coincidence
between the present modeling and the previous findings.
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Table 3. Equations required for modeling the components

Parabolic trough collector [29, 36]

Useful
energy
obtained by
the fluid

The surface
area of PTC

The recovery
ratio

Saline water
flow rate
Osmotic
pressure
Average
Osmosis
pressure
Temperature
correction
factor

Membrane
water
permeability
High-
pressure
pump power

Electrical
energy
consumption
Electrolyzer
voltage
Reversible
equation

Activation
overpotential

Ohmic
overpotential

Rate of
produced H,

cp ¢ R ap

A
,=n_nFAI[S-——U (T, -T)I
A ‘

ap

AVE
roL mcp,c

1

u

L
o,r DOr Dcr
7+7‘+(7‘|n7')
u h 2k D

A =(w-D)L
RO unit [31]

&

RR=—

1

2

!

P =P

net avg, f

~75.85x X,

P, +P
=22 -37.92x(X,, +X,)
2

avg, f

1 1
TCF =exp {2700><( ——)}
T+273 298

 6.84x10° x(18.6865—-0.177x X, )
(T +273)
m,, x AP
p.RO =
Pos X1,
PEM [37]

W

=JV

‘electric

V=V +V__ +V__ +V

act,a ohm

V, =1.229 —-0.00085(T,,, —298)
RT 3
A =—sinh"| — |=
" F 23,
ref _Eacll H
J. ex p[ j i=ac
RT
Vuhm = JRPEM ! RF—'EM =
L stom "4
[ﬂ(x)]

o[4(x)]=[0.51391 (x) -0.326]
exp [1268(%3 - %ﬂ

H,.0ut - NHZO‘reacted
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Table 4. Energy and exergy equations for the system components

Components Energy equations Exergy equations
PTC field thghg + Qy = Mghs ExD‘PTC = ExXgyy + Exg — Exs
Heat exchanger Qux = 1y (hy — hy) = 115 (hy — hg) Exppux = Ex; + Ex; — Ex, — Exg

Kalina evaporator
Kalina turbine

Kalina
recuperator 1

Kalina
recuperator 2

Kalina mixer 1
Kalina mixer 2

Kalina condenser
1

Kalina condenser
2

Kalina pump 2
Kalina pump 3
Kalina splitter
Kalina separator

Kalina expansion
valve 1

ORC vapor
generator

ORC turbine
ORC ejector

ORC preheater
ORC pump 4
ORC condenser 3

ORC expansion
valve 2

ORC evaporator
PEM

DWH
RO

Overall energy

Overall exergy

Qeva,KAL = M5 (hs — he) = Mho(ho — h3s)

Wt,KAL = Mhg(hg — hy1o)
Qrel,KAL = Myo(h1o — h11) = Maa(has — hay)

Qrez,KAL =1y (h1y — h12) = My7(hig — hy7)
Myghip + My1hyy = Myshys

Myhie + Mol = Mazha,

Qcan1,KAL = 1iy3(hyz — h1a)

QconZ,KAL = Mgy (hay — h23)

WpZ,KAL = Th14(h15 - h14)
WpS,KAL = ng(h24 - h23)
Myshys = Myehie + Myzhyy

Myghis = Myohie + Maohag

hao = hay

Qvg,ORC—ERC =1y (hy — h3) = Mgy (hsy — h3q)

Wt,ORC—ERC = thag (hsy — haz) + sy (has — hsy)
Heje = &
M33
Qph,ORC—ERC = thgo(h3y — h3o) = M3e(hze — hi37)
Wp,ORC—ERC = m29(h30 - h29)
ann3,0RC—ERC = 1y (h3y — h3g) = Mg (has — has)

h3g = hyg
Qeva,oRC—ERC = 1o (a1 — hao)
WPEM = (Th4sh4s — Mol — msohso)

QDWH =z (hy — hy) = Mag(hay — hag)

WRO = (Thzshzs — Mhyrhyy — mzshzs)

Exp epaxar = Exs + Exys — Exg — Exo

Expixar = Exg = Wegar — Exyo

Expreikar = Exyo + Expy — Exyq — EXys

Expreaxar = Ex1n + Exy7 — Exyy — Exyg

Expmxrkar = Ex12 + Exyy — Exyz

Expmxakar = Ex16 + Ex19 — Exyy

. ) ) ) T,
Expcontxar = Ex13 — Ex14 — Qeontxar (1 — T_)
14

To

EXpconzxar = EX22 — EXa3 — QeonzkaL (1 - T_)
23

ExD,pZ,KAL = sz,KAL + Exyy — Exqs
ExD,p3,KAL = Wp3,KAL + Exy3 — Expy
ExD,spl,KAL = Ex;5 — Exi6 — Exq7

ExD,sep,KAL = Ex;5 — Exq9 — Exypg

Expexvikar = Exao — Expy

Exp yg0rc-prc = EXp + EXxgy — Ex3 — Ex3,
Exptorc-erc = EX3y = Wiorc-gre — EX33 — Exgy
EXp ejeorc—grc = EX33 + EX4q — EX35
ExD,ph,ORC—ERC = Ex3o + Ex3q — Ex3; — Exs
ExD,p4,0RC—ERC = Wp4,ORC—ERC — Exy9 + Ex3o
EXp consorc—erc = EXz7 + EXqq — Ex3g — EXys
Exp exva,0rc-erc = EX39 = EXyg

Exp evaorc—erc = EXqo + EXyy — Exyy — EXy3

l?xD,PEM = Ex43 + Wegy —
Ex49 — Exso

Expyy = Exs + Exag — Ex, — Exay

Expro = Exz6 — EXy7 — EXgg

Wi, + Worc—gre + Qcooling + Qpwy + TyoHHVyy — Wepy + thyshyy — Wi
Qu + mlhl

Nentot =

0 _ Wi, + Worc—gre + Excoaling + Exys + Exso + Exy7 — Exye + Exyy
ex,tot —

Exin,sun + Exl

Table 7 indicates the calculated parameters describing
the solar system performance comparing the base fluid
and two types of nanofluids. It becomes clear that adding
nanoparticles to the base working fluid improves the solar

system positively. Moreover, the mass flow rate rises in
the PTSC receiver using nanoparticles. Among the
proposed working fluids, by applying Therminol
VP1/SiO,, the maximum solar collector outlet
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temperature is achieved which is 656.6 K. Adding TiO-
nanoparticle to the base fluid increases the collector
efficiency. As it is displayed in the table, Therminol
VP1/TiO; produces the highest net power, and thermal
and exergy efficiencies.

Figure 2 shows the effect of solar irradiation on the
overall energy and exergy efficiency of the
multigeneration system. The graphs indicate that there is
a negligible difference between the nanofluids for energy
efficiency variation. Energy and exergy efficiencies of the
system decrease with increasing solar irradiation. By
increasing solar irradiation from 400 to 1000 W/m?, the
energetic efficiency of the multigeneration system
decreases from 36.69% to 33.06%, while the exergetic
efficiency reduces from 17.76% to 16.28%. It is clear that
applying Therminol VP1/TiO; results in higher energy
and exergy efficiencies. The reason for this increase is the
high density and thermal capacity and low specific heat
of TiO, nanofluid which results in higher energy
absorption. Increasing solar irradiation leads to higher
solar intensity bouncing back on the receiver, which
increases the temperature of the nanofluids leaving the
parabolic trough collector. The higher the nanofluid
temperature leaving the receiver, the higher the efficiency
of the PTC and more power will be produced in the
turbines of Kalina and ORC cycles. When the solar
irradiation rises, the ratio of the useful energy achieved
from the collector is higher than the power produced by
the system which decreases the efficiencies of the system.

The intensity of solar radiation has a considerable
impact on the outlet temperature leaving the PTC. The
effect of solar irradiance on the outlet temperature of the
collector is shown in Figure 3. The evaluation of the
figure makes it clear that for the studied nanofluids, the
outlet temperature rises when the solar radiation intensity
increases. Moreover, it is obvious that by adding
nanoparticles to the base fluid, a higher outlet temperature
is obtained. By changing the solar irradiation, the
maximum outlet temperature can be achieved by using
Therminol VP1/SiO; fluid which is 693.8 K. The higher
the exit temperature of the solar collector, the higher the
heat rate generated by the Kalina cycle evaporator.

Ambient temperature is one of the factors that affect
the operation of the solar system. The effect of the
ambient temperature on the outlet temperature of the solar
collector is indicated in Figure 4. It is observed that the
outlet temperature rises when the environmental
temperature rises. The figure shows that ambient
temperature has very little effect on the outlet temperature
of the solar collector. By changing the ambient
temperature from 283.15 to 333.15 K, the outlet
temperature increases just 2.2 K. The highest outlet
temperature is achieved by applying SiO-based
nanofluid.

Figure 5 displays the effect of the solar collector inlet
temperature on the overall energy and exergy efficiency
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Table 5. The cost functions for the system components

Components The cost functions [42, 43]
PTC field Zpre =240 x A,
Heat exchanger Zyux = 130 X ( Anx Y078

Kalina evaporator

Kalina turbine

Kalina recuperator 1

Kalina recuperator 2

Kalina mixer 1

Kalina mixer 2

Kalina condenser 1

Kalina condenser 2

Kalina pump 2
Kalina pump 3
Kalina splitter

Kalina separator

Kalina expansion valve

1
ORC vapor generator

ORC turbine

(continued)

ORC ejector

ORC preheater

ORC pump 4

ORC condenser 3

ORC expansion valve

2

ORC evaporator

PEM

DWH

RO

0.093
Zeva,l(AL = 1397 X (Aeva,l(AL)O'89
Zyga, = 4450 X (W x00.)"7
A

TEl,KAL)0.78

Zrerxar = 130 X ( 0.093

A
Zrezkar = 130 X (%)0'78

Zmxrkar =0

Zmxzxa =0

AconikaL
Zeon1xar = 130 X (%—93)0.73

AconzkaL
Zeonzxar = 130 X (%—93)0.73

Zpakar = 1120 X (sz,KAL)O'S
Zpsgar = 1120 X (Wp3,KAL)O'8
ZspL,KAL =0

Zsep,KAL =0
Zexvixar = 114.5 X 1y

Zyg,0rc-grc = 1397 X

(Avg,ORC—ERC)O'Bg

Zyorc-gre = 4450 X (Wyopc—grc)®”

Zeje,ORC—ER(: =750 X m33 X
T41 0.05
(P_) X (P3g) ™07

41

A h,0RC—ERC
Zphorc-gre = 130 X (pO.T)MB

Zpa0rc-grc = 1120 X (Wp4,0Rc—ERc)0'8

Zcon3orc-grc = 130 X
(Aeonsorc-src, 75
0.093

Z exv2,0rc—Erc = 114.5 X 1z

Z eva,orc-grc = 130 X

Aev,0rc-ERC 0.78
o093 )

Zpgy = 1000 X W,y
A
Zpwy = 130 X (—0‘(7)”(;‘3’ Y078

Zpro = Cic XMy XN + €y X 1,
+ 996 x (1,,)"8
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Table 6. Comparison of the results of the present work with the
experimental results from SNL tests for the PTC field

Thermal Efficiency of PTC

Tin (°C) Tou (°C) %)
Present SNL test Present SNL test

study [41] study [41]
102.2 124.15 124 7211 72,51
151 173.35 1733 70.94 70.9
197.5 219.35 2195 70.35 70.17
250.7 268.75 269.4 69.76 70.25
297.8 315.75 316.9 68.34 67.98

Table 7. System performance results for the proposed solar
system working with different working fluids

Parameter Therminol Therm?nol Thermi_nol
VP1 VP1/SiO,  VPLTIO;
Tyue [K] 655.5 656.6 649.8
7. (%] 67.62 67.55 67.98
Q. [kW] 6260 6254 6293
Exgop [KW] 36725 36690 36901
p [kgm™3] 930.8 1008 1130
C, Jkg™*K~1] 1.994 1.829 1.699
K [Wm K™ 0.1049 0.1265 0.1312
m[kgs™] 15.51 16.80 18.83
Wiee [KW] 1349 1348 1354
Qcooting [kW] 526.5 526.5 526.5
Ny (%] 33.70 33.70 33.72
Nex [%] 16.47 16.46 16.53
Ty, [9/5] 0.00164 0.00116 0.00118
Myater [kG/5] 4.848 4.848 4.849
Z[$/y] 140921 140814 141482

of the proposed multigeneration system. The results of the
three different cases were investigated, including base
fluid (Therminol VVP1), TiO2-based nanofluid, and SiO.-
based nanofluid. As can be inferred from the diagrams,
for both energy and exergy efficiencies, Therminol VP1-
TiO, nanofluid show higher values compared with other
studied fluids. For energetic efficiency, as the inlet
temperature increases from 443 K to 493 K, the amount
of the net power produced by the system increases while
the useful energy generated by the solar collector
decreases. At first, the amount of energy produced is
superior to the produced power and causes a decrease in
the thermodynamic efficiency of the system, but then this
superiority disappears and causes an increase in the
efficiency. For TiO.-based nanofluid, the thermal efficie-
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Figure 2. Effect of solar irradiation on energy and exergy
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Figure 3. Effect of solar irradiation on the outlet temperature of
the collector

ncy first decreases from 34.08 % to 33.51 % and then
increases to 34.36 %. It can be seen that 468 K is an
optimum point for the energetic efficiency graph. By
analyzing the exergetic efficiency graph, it can be
concluded that increasing the PTC inlet temperature,
increases the exergy efficiency for all working fluids.
Figure 6 displays the effect of the inlet temperature of
the solar collector on the system’s hydrogen production
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Figure 5. Effect of the collector inlet temperature on the energy
and exergy efficiency

rate and freshwater production rate. According to the
graphs, when the inlet temperature of the collector
increases, the hydrogen production rate decreases while
By analyzing the freshwater production rate increases.
when the inlet temperature the results, it can be found that

136

H2_Therminol_VP1 Water_Therminol_VP1
- - - H2_Therminol_VP1_SIO2 - - - Water_Therminol_VP1_SIO2
—— H2_Therminol_VP1_TIO2 Water_Therminol_VP1_TIO2

0.0014 4

0.001

0.0013
53

0.0012 0.0009

0.0011 5.2

0.001 1 0008 479

0.0009

0.0008

0.0007 49

Hydrogen production rate (g/s)
Fresh water ptoduction rate (kg/s)

0.0006
4.8
0.0005

0.0004 4.7
440 445 450 455 460 465 470 475 480 485 490 495
Ty [K]

Figure 6. Effect of the collector inlet temperature on the
hydrogen production and freshwater production rates

rises by about 11.2 %, the freshwater production rate
increases by about 14.3 %, and the hydrogen production
rate decreases by about 70 %. By comparing the graphs,
Therminol VPL1/TiO, nanofluid showed better results
compared with other studied fluids.

CONCLUSION

In this research, a thermodynamic analysis was carried
out to investigate the effect and possibility of using two
types of nanofluids- TherminolVP1/ SiO; and
TherminolVP1/TiO2- in a multigeneration system
comprising PTC and water geothermal sources. The
system produces power, fresh water, hydrogen, hot water,
heating, and cooling. The efficiency parameters of the
thermodynamic analysis of the integrated system were
computed. Some parameters were analyzed separately to
find their effects on the system performance. A
comparative investigation among the base fluid and two
introduced nanofluids was done to find the most suitable
working fluid for the solar collector. The summary of the
important results is as follows:

= For all studied parameters except collector outlet
temperature, TherminolVP1/ TiO, showed better
performance compared with other fluids and resulted in
higher values.

= Compared to the Therminol VP1 as the base fluids,
applying TiOz-nanoparticles leads to higher power
production and better efficiency.

= When the solar irradiation varies from 400 to 1000
(W/m?), overall energy and exergy efficiencies tend to
decrease while the outlet temperature of the solar
collector tends to increase.

= The maximum solar collector outlet temperature,
693.8 K is obtained by using TherminolVP1/ SiO,
nanofluid.
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The highest amounts for energetic and exergetic

efficiencies are achieved by using TherminolVP1/ TiO;
nanofluid which is 36.69% and 17.76 %, respectively.

One of the parameters that affect the performance of

the proposed system is ambient temperature. By changing
the temperature from 283 to 333 K, the solar collector
outlet temperature for all the studied working fluids
increases.

By varying the collector inlet temperature from 443 to

493 K, the hydrogen production rate decreases but exergy
efficiency and freshwater production rate, increase.
Moreover, for energy efficiency, an optimum point can be
seen around 468 K.

By adding TiO.-nanoparticles, the solar collector

efficiency and useful energy achieved by the collector
increase.
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