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a b s t r a c t 

Nanofluid is increasingly adopted in solar collectors as they play a significant role in enhancing the heat transfer 
process. In this study, a 3D numerical simulation of a nanofluid-based photovoltaic/thermal (N-PV/T) system 

with MXene nanofluid as heat transfer fluid, was conducted using the finite volume method (FVM). A feasibility 
analysis was performed on the proposed N-PV/T system. Enviro-economic analysis was also performed from an 
energy and exergy perspective. The numerical simulation model was validated with experimental and numerical 
data in the literature and has a minimal error of about 2.75% and 8.9%, respectively. Results indicated that MXene 
nanofluid of 0.2 wt% achieved a percentage enhancement of 3.5% and 17% electrical efficiency and thermal 
efficiency, respectively, over water. The 0.2 wt% MXene nanofluid achieved the highest heat transfer coefficient 
(HTC) of 261.95 Wm 

− 2 K − 1 at a mass flow rate of 90 kgh − 1 . Also, 0.2 wt% nanofluid produced a significant HTC 
improvement of about 21.42% over water at a flow rate of 40 kgh − 1 . The study showed that MXene nanofluid 
could effectively reduce the PV surface temperature by 10% compared to water. System size optimization study 
proved that a 4.5 - 14.5% reduction in the size of PV/T could be achieved with MXene nanofluid. Enviroeconomic 
analysis showed that the 0.2 wt% nanofluid generated the least emission rate and emission cost according to 
energy (0.42 kgCO 2 /day, and 0.028224 $/day) and exergy-based analysis (0.48 kgCO 2 /day, and 0.032 $/day). 
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. Introduction 

Renewable energy research has produced safer and pollution-free al-
ernative methods to mitigate the excessive utilization of conventional
esources to meet the present energy demands. Different energy conver-
ion (photovoltaic (PV), photothermal, and photochemical conversions)
ethods have been developed to utilize available solar energy resource

or various applications ( Ahmadi et al., 2021 ). Photovoltaics is consid-
red to largely contribute to future electricity production. However, the
ighest achieved PV conversion efficiency is about 30% ( Green et al.,
020 ). Studies show that PV efficiency decreases by 0.4% with each de-
ree rise in temperature ( Fouad et al., 2017 ). Hence, numerous active
nd passive PV cooling techniques, and hybrid systems have been de-
eloped in the past ( Kandeal et al., 2020 ). A PV/T collector is a hybrid
olar energy conversion device that produces high-grade electricity and
ow-grade heat as output. A typical PV/T system comprises a PV, an ab-
orber sheet (fixed to the rear end of the PV module), and heat transfer
uid (HTF). The unused thermal energy incident on the top PV surface
ets transmitted to the HTF by both conduction and convection modes
f heat transfer. 
∗ Corresponding author: 
E-mail address: Sreekumar-S@ulster.ac.uk (S. Sreekumar) . 
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Conventional liquid heat transfer fluids include deionized water, gly-
ol (ethylene glycol, propylene glycol), thermal oils, and ionic liquids
 Sreekumar et al., 2022 ). Numerous studies have evaluated the perfor-
ance of hybrid PV/T with conventional fluids. Radwan et al. (2020) de-

igned a novel vacuum-based PV/T (VPV/T) system working on the wa-
er as HTF. The novel design outperformed the conventional PV/T sys-
em at Reynolds number above 60. Salameh et al. (2021) performed a
ovel 3D simulation of a PV/T system for hot climatic conditions. The k-
 turbulence model was used for flow simulation. The thermal efficiency
f the PV/T system was 60% and 68% at a flow rate of 0.4 and 5.4 L/min,
espectively. Conventional HTFs face the disadvantage of poor thermo-
hysical properties and lack of application-specific property tunability. 

In comparison with the numerous conventional HTFs, nanofluids are
ound to possess exceptional thermal, optical and heat transfer prop-
rties ( Sreekumar et al., 2020 ). The conventional working fluids act
s a medium for dispersing the nanomaterials to generate nanofluid.
 better heat transfer fluid is required to possess higher thermal con-
uctivity, lower viscosity, and high dispersion stability. Research on
he efficiency enhancement of PV/T with nanofluids has been on the
ise. Significant thermal and electrical performance enhancement is be-
 2022 
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Nomenclature 

Parameters 

A Aperture area [m 

2 ] 
C p Specific heat [J kg − 1 K 

− 1 ] 
E Exergy [J] 
g Acceleration due to gravity [ms − 2 ] 
h Heat transfer coefficient [Wm 

− 2 K 

− 1 ] 
I Solar radiation intensity [Wm 

− 2 ] 
k Thermal conductivity [Wm 

− 1 K 

− 1 ] 
ṁ Mass flow rate [kgs − 1 ] 
P pump Pump power [W] 
ΔP Pressure drop [Nm 

− 2 ] 
T Time [s] 
T Temperature [°C] 
ΔT Instantaneous temperature difference [°C] 
Q sol Incident solar energy [W] 
Q u Useful heat gain [W] 
V Velocity [ms − 1 ] 
y Penetration depth [m] 
Q nf Thermal energy of the nanofluid [KJ] 

Greek Symbol 

ρ Density [kgm 

− 3 ] 
𝜀 Emissivity of glass 
φ Weight percentage [%] 
β PV cell temperature coefficient 
η Efficiency [%] 
μ Viscosity [kgm 

− 1 s − 1 ] 
𝛼 Thermal diffusivity [m 

2 s − 1 ] 

Abbreviations 

CFD Computational fluid dynamics 
D Dimension 
EVA Ethyl vinyl acetate 
EG Ethylene glycol 
FVM Finite volume method 
HTC Heat transfer coefficient 
HTF Heat transfer fluid 
MWCNT Multi-walled carbon nanotube 
N-PV/T Nanofluid based photovoltaic/thermal 
PV/T Photovoltaic/thermal 

Subscript 

amb Ambient 
in Inlet 
bf Base fluid 
C Convection 
ele Electrical 
ex Exergy 
f Fluid 
nf Nanofluid 
np Nanoparticle 
out Outlet 
ref Reference 
s Solid 
sol Solar 
th Thermal 
w Wind 
wall Wall 

ng reported with the usage of metal ( Rejeb et al., 2016 ), metal oxide
 Shahsavar, 2021 ), and carbon-based nanofluids ( Wahab et al., 2020 ).
hanjari et al. (2016) performed a numerical analysis and studied the
ffect of fluid inlet temperature and solar irradiation on an N-PV/T
ollector. Electrical efficiency was observed to decrease linearly with
2 
uid inlet temperature and solar irradiation. Nasrin et al. (2018) per-
ormed an experimental and numerical analysis of a sheet-and-tube
bsorber integrated PV/T system with multi-walled carbon nanotube
MWCNT) as a working fluid. Brinkman and Maxwell-Garnet’s empiri-
al models were used for defining the nanofluid properties. The thermal
nd electrical energy efficiencies of the PV/T (with 1% of nanofluid)
ncreased by 114 W and 17 W, respectively, with an increase in so-
ar radiation by 100 Wm 

− 2 . Compared to water cooling, thermal per-
ormance was augmented by around 4% with nanofluid-based cooling.
angeetha et al. (2020) evaluated the impact of nanofluid usage on the
V temperature reduction, electrical, thermal, and exergy efficiencies.
he thermal conductivity values of nanofluids improved with tempera-
ure and exhibited enhanced PV surface temperature reduction. In com-
arison to the conventional PV module, the MWCNT based PV/T col-
ector generated around 60% and 32% enhancement in electrical and
verall exergy efficiency, respectively. Eisapour et al. (2020) numeri-
ally simulated a wavy tube PV/T system working on a novel microen-
apsulated PCM nano-slurry in ANSYS Fluent®. The MPCM based PV/T
ystem produced an enhancement in electrical and thermal efficiency
y 0.6% and 5.18%, respectively over conventional PV/T. 

Apart from metal/metal oxide and carbon, carbide/nitride-based
anofluids, a few novel nanofluids were also developed recently. MX-
ne nanoparticle dispersion was found to enhance the thermal con-
uctivity of base fluid significantly. Studies on MXene nanofluid ap-
lication as an HTF is comparatively less. Rubbi et al. (2020) con-
ucted a numerical investigation on the performance of a sheet-and-
ube PV/T system with a novel MXene nanofluid. The finite element
ethod (FEM) of analysis was conducted with a commercial software
ackage. The thermal conductivity and viscosity of the fluid at differ-
nt temperatures were calculated experimentally and the results showed
hat the overall energy efficiency as high as 84% was achieved with
ovel MXene nanofluid. In comparison with alumina nanofluid, the elec-
rical efficiency and HTC improved by 15.44 and 14.3%, respectively.
amylingam et al. (2020) performed a numerical simulation of a PV/T
ollector having a sheet-and-tube arrangement and MXene nanofluid.
lein palm oil was used as the base fluid and the results were com-
ared with Al 2 O 3 water-based nanofluid. The thermophysical proper-
ies of nanofluid were analysed and used for numerical simulation of
V/T in COMSOL Multiphysics. The maximum enhancement in thermal
onductivity reported was about 68.5% at 0.2 wt% nanofluid. The study
eported an enhancement in thermal efficiency and HTC of about 16%
nd 9%, respectively compared to aluminium oxide nanofluid. 

The literature review shows that MXene nanoparticle dispersions sig-
ificantly enhanced the thermal properties of the base fluid. Moreover,
nvestigation on MXene/water nanofluid as heat transfer fluid in PV/T
ystems is very rare. To the best of the authors’ knowledge, a numer-
cal investigation of MXene based N-PV/T system using FVM has not
een conducted to date. The present study numerically investigates the
hermal and electrical characteristic performance of a hybrid PV/T col-
ector with MXene/Water nanofluid using ANSYS Fluent® 2020 R2. The
tudy was conducted at different nanofluid concentrations and mass
ow rates. Thermal and heat transfer performance of the system was
onducted. In addition, an environmental and economic analysis of the
-PV/T system was also carried out based on the energy and exergy
erspectives. 

. Numerical simulation methodology 

.1. Geometric model 

In this study, a PV/T system with sheet-and-tube absorber geometry
as used for simulation. The study investigates heat transfer enhance-
ent of the system with the usage of MXene nanofluid. To reduce the

omputational time, only a portion of PV/T with a single tube was con-
idered for analysis ( Kazemian et al., 2021b ). The physical 3D model of
he system was generated in SpaceClaim in ANSYS Fluent® and the com-
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Fig. 1. Exploded view of the proposed PV/T system. 

Table 1 

PV/T components, dimensions, and material properties used ( Kazemian et al., 2021b ). 

Component (from top to bottom in the geometry) Dimension (mm) Thermal conductivity (Wm 

− 1 K − 1 ) Specific heat (Jkg − 1 K − 1 ) Density (kgm 

− 3 ) 

Glass 1640 × 200 × 3.2 0.76 830 2200 
EVA 1640 × 200 × 0.5 0.35 2090 960 
PV Cell 1640 × 200 × 0.3 148 700 2330 
EVA 1640 × 200 × 0.5 0.35 2090 960 
Tedlar 1640 × 200 × 0.1 0.2 1250 1200 
Absorber sheet 1640 × 200 × 4 401 385 8960 
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onents of the model geometry are arranged in the order (Glass, Ethyl
inyl acetate (EVA), PV, EVA, Tedlar, and Absorber sheet) as shown
n Fig. 1 . The dimension and material properties of the system compo-
ents are provided in Table 1 . All the material properties and model
imensions were adopted from the literature ( Kazemian et al., 2021b ).
onstant thermal properties were used as the thickness of components
re very less, and the variation in results is almost negligible in the tem-
erature range under study ( Khanjari et al., 2017 ). 

.2. Governing equations and numeric scheme 

The energy equation must be solved along with momentum and con-
ervation equations, to obtain the temperature distribution across the
omputational domain during simulation. Solving the momentum and
onservation equations would provide the information on fluid and flow
arameters while solving the energy equation provides the data on heat
ransfer and temperature of the system components. The basic govern-
ng equations that define the computational model is provided below
qs. (1) -( (4) ) ( Arslan et al., 2020 ). 

Continuity equation 

𝜕 𝜌𝑛𝑓 

𝜕𝑡 
+ ∇ . 

(
𝜌𝑛𝑓 𝑉 𝑛𝑓 

)
= 0 (1)

Momentum equation 

𝜕 
(
𝜌𝑛𝑓 𝑉 𝑛𝑓 

)
𝜕𝑡 

+ ∇ . 
(
𝜌𝑛𝑓 𝑉 𝑛𝑓 𝑉 𝑛𝑓 

)
= −∇P + 𝜇𝑛𝑓 

(
∇ 

2 𝑉 𝑛𝑓 

)
+ 𝜌𝑛𝑓 𝑔 + 𝑆 (2)

Energy equation for fluid 

𝜕 
(
𝜌𝑛𝑓 𝐶 𝑝,𝑛𝑓 ⃗𝑇 𝑛𝑓 𝑉 𝑛𝑓 

)
𝜕𝑡 

= ∇ . 
(
𝑘 𝑛𝑓 ∇ ⃗𝑇 𝑛𝑓 

)
(3)
3 
Energy equation for solid component 

 𝑠 ∇ 

2 (𝑇 𝑠 ) = 0 (4)

Pressure-based FVM was used for solving the proposed numerical
odel. The thermal and electrical performance of the system would be

valuated at constant operating and environmental parameters. And the
fficiency of the system would be measured for each flow rate. Hence,
he proposed computational situation could be simulated using a steady-
tate analysis. The Reynolds number for the flow through the absorber
ube was calculated analytically as shown in Table 3 . As the Reynolds
umber calculated for the fluids was much lower than 2300, a lami-
ar flow model was adopted for modelling the fluid flow in the tube
 Kanti et al., 2021 ). Pressure-velocity coupling was performed using
he SIMPLE (Semi-Implicit Method for Pressure Linked Equations) algo-
ithm. And second-order upwind scheme was used for discretizing the
omentum and energy equations ( ANSYS Inc., 2020 ). 

.3. Simulation assumptions and boundary conditions 

Assumptions made in the 3D numerical simulation of the N-PV/T
ystem are provided below. 

Ø Fluid flow was assumed to be laminar, steady, and uniform with
developing boundary layer 

Ø Nanofluid being in thermal equilibrium, a single-phase model was
adopted to reduce the computational time and complexity 

Ø Thermal contact resistance between different solid components was
negligible 

Ø The initial temperature of all solid and fluid components was at the
same temperature as the ambient temperature 
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Table 2 

Boundary conditions used for the PV/T system components. 

Component Boundary conditions 

Top surface Bottom surface 

Glass cover Conduction, Convection, Radiation 
h w : 15.2 W/m 

2 K 
ɛ : 0.04 

Conduction 

EVA 1 Conduction Conduction 
PV Cell Conduction 

Heat flux: 300 – 1000 W/m 

2 

Conduction 

EVA 2 Conduction Conduction 
Tedlar Conduction Conduction 
Absorber sheet Conduction Adiabatic to surrounding and Conduction 

at the tube-absorber interface 
Copper tube Outer surface: Conduction at the tube-absorber 

interface 
Adiabatic at surface exposed to ambient 

Inner surface: Convection at the tube-fluid 
interface 

Fluid Inlet temperature: 298 K 
Mass flow rate: 30–90 kgh − 1 

Convective heat transfer with tube inner 
surface 
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Ø Only glass top surface was having heat transfer to the surrounding
by convection and radiation. The bottom and sides of the system
domain were assumed to be adiabatic 

Ø The Glass and top EVA layer are assumed to be fully transparent.
Hence, the incident solar radiation received on the glass top surface
was applied as heat flux to the top of the PV layer 

Ø Heat transfers to all the layers by conduction (from PV surface to
Glass, EVA, Tedlar, Absorber sheet, and tube) and convection (from
inner tube surface to the fluid) 

Boundary conditions used in the model has been detailed in Table 2 .
he total mass flow rate through the system was divided by the num-
er of absorber tubes and used to define the mass flow rate through a
ingle absorber tube. The pressure was set to atmospheric static pres-
ure at the outlet Khanjari et al., 2017 ). The average area-weighted to-
al pressure and temperature at the tube end sections were calculated
o find the pressure drop and temperature difference across the length.
he boundary condition between a surface and fluid was defined as a

no slip’ condition. Wall heat flux was defined as zero for insulation
edges of all layers and bottom surface of absorber sheet) ( Rubbi et al.,
020 ). The emissivity of glass ( ɛ ) was taken to be 0.04 ( Kazemian et al.,
021a ). Convective heat transfer (h w 

) (or heat loss) coefficient due to
ind on the glass top surface was calculated using Eqs. (5) and ( (6)
 Kazemian et al., 2021a ). The wind velocity (V w 

) over the PV/T surface
as assumed to be below 5 m/s. 

 𝑤 = 5 . 7 + 3 . 8 𝑉 𝑤 𝑓𝑜𝑟 𝑉 𝑤 < 𝟓𝐦 ∕ 𝐬 (5)

 𝑤 = 6 . 47 + 𝑉 𝑤 
0 . 78 𝑓𝑜𝑟 𝑉 𝑤 > 𝟓𝐦 ∕ 𝐬 (6)

.4. Nanofluid modelling 

Nanofluid simulation using a single-phase model was adopted as it
rovides the same results with negligible variation as a mixture model
ith almost reduced computation complexity ( Khanjari et al., 2017 ).
Xene nanofluid of varying concentrations (0.01, 0.1, and 0.2 wt%)
as selected for analysis. The upper limit of MXene nanofluid concen-

ration was selected from literature based on the optimum concentra-
ion that generates better thermophysical property improvement with a
inimum viscosity enhancement ( Mahesh et al., 2016 ; Parashar et al.,
021 ). Eq. (7) shows the relation between amount of nanomaterial
m np ), and mass of base fluid (m bf ) required to develop a nanofluid
t a specific concentration ( 𝜑 np ). The effective density, thermal con-
uctivity, specific heat, and viscosity of nanofluids could be calculated
sing already established relations based on nanofluid concentration
 Salari et al., 2020 ). Models by Pak and Cho (Equation ((8)), Xuan and
oetzel ( Eq. (9) ), Brinkman ( Eq. (10) ), Hamilton and Crosser ( Eq. (11) )
4 
re used for density, specific heat, viscosity, and thermal conductiv-
ty calculations, respectively ( Pordanjani et al., 2021 ). Hamilton and
rosser’s model was found to be predicting the thermal conductivity of
anofluid containing dispersions of nanosheet geometry similar to MX-
ne nanosheet ( Hussien et al., 2017 ). These equations are used to find
he effective properties of nanofluids based on the base fluid properties
nd nanoparticle concentration. The thermal conductivity and viscosity
ariation of MXene nanofluid with particle concentration is depicted in
ig. 2 . 

 𝑛𝑝 = 

𝑚 𝑛𝑝 

𝑚 𝑛𝑝 + 𝑚 𝑏𝑓 

(7) 

𝑛𝑓 = 𝜑 𝑛𝑝 𝜌𝑛𝑝 + 

(
1 − 𝜑 𝑛𝑝 

)
𝜌𝑏𝑓 (8)

 𝑝, 𝑛𝑓 = 

𝜑 𝑛𝑝 𝜌𝑛𝑝 𝐶 𝑝,𝑛𝑝 + 

(
1 − 𝜑 𝑛𝑝 

)
𝜌𝑏𝑓 

𝜌𝑛𝑝 

(9) 

𝑐𝑝, 𝑛𝑓 = 

𝜇𝑏𝑓 (
1 − 𝜑 𝑛𝑝 

)2 . 5 (10) 

 𝑛𝑓 = 𝐾 𝑏𝑓 

( 𝐾 𝑛𝑝 + 2 𝐾 𝑏𝑓 ) − 2 𝜑 𝑛𝑝 

(
𝐾 𝑏𝑓 − 𝐾 𝑛𝑝 

)
( 𝐾 𝑛𝑝 + 2 𝐾 𝑏𝑓 ) + 𝜑 𝑛𝑝 

(
𝐾 𝑏𝑓 − 𝐾 𝑛𝑝 

) (11) 

A drawback with the present model is the inability to model the
tability of nanofluid. Nanoparticles are subjected to particle agglomer-
tion and results in sedimentation, thus degrading the thermophysical
roperties. However, there is no existing model that could address the
roblem. MXene nanofluid was also selected as it possesses compara-
ively higher colloidal stability over conventional nanofluids ( Bao et al.,
021 ). Hence, the effect of nanofluid stability on the results is minimal.

.5. Thermodynamic and heat transfer analysis 

.5.1. Heat transfer analysis 

The surface average HTC (h c ) was calculated directly from the post-
rocessing phase with the generated data (wall heat flux, surface tem-
erature, and bulk fluid temperature) from the simulation, for each case
f study. The equation used for HTC calculation is provided below: 

 𝑐 = 

𝑚 𝑓 × 𝐶 𝑝,𝑓 

(
𝑇 𝑜𝑢𝑡 − 𝑇 𝑖𝑛 

)
𝐴 

(
𝑇 𝑤𝑎𝑙𝑙 − 𝑇 𝑓 

) (12) 

Pressure drop across the tube was calculated using Eq. (13) from
he post-processing step. Pump power can be directly calculated from
ass flow rate, nanofluid density, and pressure drop across the tube

 Mashhadian et al., 2021 ) as shown in Eq. (14) . 

𝑃 = 𝑃 − 𝑃 (13)
𝑖𝑛 𝑜𝑢𝑡 
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Fig. 2. Thermal conductivity and viscosity 
variation with the concentration of MXene 
nanofluid. 
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× Δ𝑃 (14)

.5.2. Energy efficiency analysis 

The thermal efficiency of the system is calculated using Eq. (15) . In
his equation, the mass flow rate and specific heat of nanofluid, incident
olar radiation, aperture area, and inlet temperatures are known. The
seful thermal energy (Q u ) produced from the solar irradiation by heat
ransfer from the PV module is calculated using Eq. (16) . The outlet
emperature will be calculated after solving the energy equation during
umerical simulation. 

𝑡ℎ = 

𝑄 𝑢 

𝐴 × 𝐼 
(15)

 𝑢 = 𝑚 𝑓 × 𝐶 𝑝,𝑓 

(
𝑇 𝑜𝑢𝑡 − 𝑇 𝑖𝑛 

)
(16)

The electrical efficiency ( 𝜂th ) of the PV/T system would be vary-
ng with the PV surface temperature and be calculated using Eq. (17) .
he parameters required for the calculations are reference efficiency,
emperature coefficient, and the cell temperatures at a particular
ime and standard test condition ( 𝜂ref , 𝛽, T cell , and T ref , respectively)
 Khanjari et al., 2017 ). The reference temperature and efficiency of
he PV are known. Numerical simulation will provide the value of cell
emperature at each point during the operational time. Cell tempera-
ure coefficient varies for each PV module used (0.0027 for polycrys-
alline PV ( Aste et al., 2012 ), the monocrystalline cell is about 0.0045
 Kazemian et al., 2021a )). 

𝑒𝑙𝑒 = 𝜂𝑟𝑒𝑓 × (1 − 𝛽
(
𝑇 𝑐𝑒𝑙𝑙 − 𝑇 𝑟𝑒𝑓 

)
(17)

.5.3. Exergy efficiency analysis 

The quality of the energy and irreversibilities during the PV/T per-
ormance were taken into consideration in the exergy analysis. Thermal
xergy efficiency was calculated to find the exergy destruction associ-
ted with the system. Input exergy entering the domain was the exergy
rom solar radiation and fluid inflow. Exergy exiting the system was con-
ributed by heat loss from PV/T surface to surrounding and exergy due
o fluid outflow. The net exergy balance calculation was conducted as
5 
hown in Eq. (18) . Eq. (19) was used to calculate the exergy from solar
adiation. The temperature of the sun was taken to be 5774 K. The net
hermal exergy gain by the fluid was obtained using Eq. (20) . The ther-
al exergy efficiency of the PV/T system was obtained by substituting
qs. (19) and (20) in Eq. (21) . 

 𝑒𝑥,𝑖𝑛 = 𝐸 𝑒𝑥, 𝑜𝑢𝑡 + 𝐸 𝑒𝑥, 𝑙𝑜𝑠𝑠 (18)

 𝑒𝑥,𝑠𝑜𝑙 = 𝐼𝐴 ×
( 

1 − 

𝑇 𝑎𝑚𝑏 

𝑇 𝑠𝑢𝑛 

) 

(19)

 𝑒𝑥, 𝑡ℎ = 𝑄 𝑢 − �̇� 𝐶 𝑝 𝑇 𝑎𝑚𝑏 𝑙𝑛 

( 

𝑇 𝑜𝑢𝑡 

𝑇 𝑖𝑛 

) 

(20)

𝑒𝑥, 𝑡ℎ = 

𝐸 𝑒𝑥, 𝑡ℎ 

𝐸 𝑒𝑥,𝑠𝑜𝑙 

= 

𝑄 𝑢 − �̇� 𝐶 𝑝 𝑇 𝑎𝑚𝑏 𝑙𝑛 
(

𝑇 𝑜𝑢𝑡 
𝑇 𝑖𝑛 

)

𝐼𝐴 ×
(
1 − 

𝑇 𝑎𝑚𝑏 

𝑇 𝑠𝑢𝑛 

) (21)

The electrical exergy of the PV/T system is the high-grade electrical
nergy output generated by the PV/T module. The electrical exergy was
alculated by dividing the electrical exergy of the system by incident
xergy, as shown in Eq. (23) ( Shahsavar, 2021 ). 

 𝑒𝑥,𝑒𝑙𝑒 = 𝐼𝐴 × 𝜂𝑃𝑉 (22)

𝑒𝑥, 𝑒𝑙𝑒 = 

𝐸 𝑒𝑥, 𝑒𝑙 

𝐸 𝑒𝑥,𝑠𝑜𝑙 

= 

𝐼𝐴 × 𝜂𝑃𝑉 

𝐼𝐴 ×
(
1 − 

𝑇 𝑎𝑚𝑏 

𝑇 𝑠𝑢𝑛 

) (23)

.6. Meshing and grid independence test 

Poly-hexacore shape with mosaic meshing technique was used for
eshing the geometric model, as shown in Fig. 3 . The mesh quality was

lso found to be superior and produced same results with a minimum
umber of elements in comparison to the tetrahedral meshing. An ex-
ensive grid-independence test was performed along all the dimensions
sing local sizing controls to analyse the component that was more sensi-
ive to number to grid elements. The element size adopted for the mesh-
ng was in the range of 0.0015 to 0.005 m. The number of elements of
he domain was varied from 1.5 to 5 × 10 5 . As seen from Fig. 3 , the final
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Fig. 3. Mesh alignment (a) along the length 
(b) across the width and (c) over the PV/T bot- 
tom surface. 

Fig. 4. Grid independence test performed on 
the model at base conditions. 
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esh consists of finer mesh in the fluid and tube regions. For each case,
teady-state simulation was performed on the system under the same
nput parameters values for solar radiation, flow rate, and inlet temper-
ture (470 Wm 

− 2 , 0.00136 kgs − 1 , and 305 K, respectively) were used
or the analysis. Negligible variation in outlet temperature and outlet ve-
ocity was observed for each case. As observed from Fig. 4 , only a 0.7 °C
hange in the outlet temperature was present during grid-sensitive anal-
sis. Also, a minute variation in outlet temperature by around 0.5% was
oticed while changing the number of elements from 3.7 to 4.9 × 10 5 . 

.7. Numerical model validation 

The present model was validated with the experimental data for
elmi et al. (2008) . The inlet temperature (32–46 °C), solar radiation
470–542 Wm 

− 2 ), and mass flow rate (0.00136 kgs − 1 ) values from the
6 
tudy were adopted as operating conditions for simulating the proposed
V/T model. The dimensions of the 3D PV/T model were almost the
ame as that of the literature. The Fig. 5 shows that the fluid outlet tem-
erature predicted by the numerical model agrees with the experimental
ata. During the error analysis, it was observed that the relative varia-
ion of results with that of experimental ( Selmi et al., 2008 ) study was
nly 8.97%. 

. Results and discussion 

.1. Numerical simulation 

A numerical investigation was conducted initially to study the effect
f different working fluids (MXene/Water, Water, and EG) on the ther-
al performance of the system. The study was performed by varying
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Fig. 5. Validation of the proposed model with 
Selmi et al. (2008) . 
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ass flow rates (ranging from 30–90 kgh − 1 ), while all other operat-
ng parameters (including inlet temperature, and solar radiation) were
ept constant. The simulation data were analysed to evaluate the better
ase fluid to be used as heat fluid in the PV/T system. System perfor-
ance comparisons with water and ethylene glycol working fluids were

onducted. Four parameters (namely, thermal efficiency, electrical effi-
iency, HTC, and pressure drop) were used for the evaluation. 

.1.1. Thermal efficiency 

Water was found to be a better base fluid in comparison to EG as the
ystem generated higher thermal and electrical efficiency with minimum
ressure drop. Higher thermal conductivity and low viscosity of water
acilitate a higher heat transfer rate compared to EG ( Sreedhar et al.,
020 ) and hence selected as base fluid. MXene/water nanofluid of three
ifferent mass fractions (0.01, 0.1, and 0.2 wt%) was considered for fur-
her analysis. As observed in Fig. 6 (a), the mass flow rate of the working
uid was found to be linearly influencing the thermal efficiency of the
ystem with maximum thermal efficiency at 90 kgh − 1 . The outlet tem-
erature of the fluid which determines the thermal efficiency is depen-
ent on the heat transfer rate in the tube. With the increase in flow rate,
he heat transfer rate from the tube surface to the fluid would be en-
anced considerably ( Kazemian et al., 2021b ; Kianifard et al., 2020 ).
his has contributed to improvement in HTC in the tube as seen in
ig. 8 (a). Also, an increase in flow rate reduces the heat loss from the
ystem as the surface temperature achieved by the PV/T surface exposed
o the ambient would be comparatively small. The highest thermal effi-
iency of 67.49% was reported with 0.2 wt% MXene nanofluid. Around
3% and 60.4% thermal efficiency were shown by MXene nanofluids of
.1 and 0.01 wt%, respectively. Increasing the mass flow rate of 0.2 wt%
anofluid by 60 kgh − 1 produced about a 21% increase in the thermal
fficiency of the system. As observed from Fig. 6 (b), MXene nanofluid
0.2 wt%) based system reported the highest percentage enhancement
n thermal efficiency by 17% over the water-based system. Correspond-
ngly, the highest percentage improvement by 0.1 wt% and 0.01 wt%
ver water were 9.1% and 6.3%, respectively. 
7 
.1.2. Electrical efficiency 

Variation in electrical efficiency of the system with working fluids at
arious mass flow rates is shown in Fig. 7 . The PV efficiency is inversely
elated to the module surface temperature as seen in Eq. (17) . An in-
rease in mass flow rate reduces the PV temperature and thereby im-
roves the electrical efficiency of PV/T ( Shahsavar, 2021 ). As observed,
he PV efficiency improvement was linear and marginal. The highest
lectrical efficiency of 15.94% was obtained for 0.2 wt% nanofluid. The
anofluid exhibited the highest enhancement in electrical efficiency of
he system compared to water by about 3.55% at a flow rate of 30 kgh − 1 .
n varying the flow rate from 30 kgh − 1 to 90 kgh − 1 , the percentage
hange in electrical efficiency for 0.01, 0.1, and 0.2 wt% nanofluids
as found to be about 4.08, 4.16, and 4.23%, respectively. 

.1.3. Surface heat transfer coefficient 

The outlet temperature and surface temperature were observed to
ecrease with an increase in the mass flow rate. The surface tempera-
ure profile was found to be almost parallel with the fluid outlet tem-
erature with an increasing flow rate. As the flow rate increases, the
elocity increases and consequently increases the HTC. The convective
eat transfer from the system is maximum at higher flow rates. At lower
ow rates, velocity is lower, and the fluid takes more time to cover the
bsorber length. Consequently, the HTC of the inner tube decreases and
ence decreased heat transfer. The HTC of the inner tube surface with
ach working fluid is shown in Fig. 8 (a). As the flow rate increases, the
TC was found to increase. HTC of 0.2 wt% nanofluid increased from
77.209 Wm 

− 2 K 

− 1 at a flow rate of 30 kgh − 1 to about 262 Wm 

− 2 K 

− 1 at
0 kgh − 1 provided all other operating conditions are kept constant. HTC
ormally increases steadily with an increase in nanofluid concentration
 Ekiciler et al., 2020 ; Gupta et al., 2020 ). Multiple factors govern the
TC of a fluid flow. Viscous effects and boundary layer development

end to reduce the heat transfer coefficient. However, the high ther-
al diffusivity of nanofluid was observed to have overcome the viscous

ffects and produced an enhancement in HTC over less viscous base flu-
ds. About 18.5% enhancement in surface HTC value (at 90 kgh − 1 ) was
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Fig. 6. (a) Effect of mass flow rate on the ther- 
mal efficiency of the system (b) Percentage en- 
hancement in thermal efficiency of nanofluid 
based system over water. 
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bserved while increasing the concentration of nanofluid from 0.01 to
.2 wt%. Hence the heat transfer rate was found to increase linearly
ith an increase in the flow rate and mass fraction of nanofluid. The
ercentage relative enhancement of HTC with nanofluid flow over wa-
er is shown in Fig. 8 (b). MXene nanofluid (0.2 wt%) achieved the
ighest enhancement at a mass flow rate of 90 kgh − 1 with a significant
mprovement of 21.42% over water. 
8 
.1.4. Pressure drop 

Pressure drop generated during the flow of base fluids and nanofluids
t different mass flow rates were calculated and depicted in Fig. 9 . Vis-
ous fluids offer higher resistance to the flow and contribute to pressure
oss ( Karaaslan and Menlik, 2021 ). As ethylene glycol is having higher
iscosity compared to water, the pressure drop was observed to be in-
reasing, from 217 to 676 Pa, with an increase in mass flow rate from
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Fig. 7. (a) Effect of mass flow rate on elec- 
trical efficiency of the system (b) Percent- 
age enhancement of electrical efficiency of 
nanofluid based system over water. 
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0 to 90 kgh − 1 . Hence, water was only considered to be an option for
urther analysis as a base fluid. As, the viscosity of nanofluid is directly
ependent on particle concentration, pressure drop was observed to be
ighest for 0.2 wt% nanofluid. Also, the pressure drop increased with
uid mass flow rate. MXene/water nanofluid with 0.01 wt% showed an
verage increase in pressure drop by about 14% over water. However,
or the case of 0.2 wt% nanofluid, the pressure drop increased by about
8% over water. Even though the percentage enhancement was higher
 i  

9 
ompared to water, the corresponding pumping power was negligible
nd much below that of EG. For the present case of MXene nanofluid,
he heat transfer enhancement achieved was much higher compared to
he pressure drop penalty. 

.1.5. Temperature distribution 

Outlet temperature for each nanofluid and water was visualized us-
ng a 2D cross-sectional temperature contour plot of fluid volume (see
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Fig. 8. Effect of nanofluid mass flow rate on 
surface HTC of the system and (b) Percentage 
relative enhancement of HTC with nanofluid 
over water. 
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ig. 10 ). Analysis was performed with the system operating at base con-
itions (solar radiation (800Wm 

− 2 ), inlet temperature (25 °C), and am-
ient temperature (25 °C)). Area weighted average fluid temperature at
he outlet was used for post-data analysis. A higher temperature was
bserved for the fluid volume portion at the top, where the tube is in
10 
ontact with the absorber sheet. A slight temperature gradient was ob-
erved between the top and center of fluid volume as flow is laminar and
o external turbulence is created. MXene nanofluid of 0.2 wt% produced
he highest outlet temperature compared to other fluids as thermal trans-
ort in the fluid was increased with concentration. This behaviour could
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Fig. 9. Effect of nanofluid mass flow rate on 
pressure drop developed in tube. 

Fig. 10. Fluid cross-sectional temperature 
distribution at outlet for (a) 0.2 wt% MXene 
(b) 0.1 wt% MXene (c) 0.01 wt% MXene and 
(d) water. 
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concentration and mass flow rate. Around 10% reduction in PV surface 
e attributed to the thermal diffusivity of the nanofluid. As observed
n Table 3 , thermal diffusivity increased with nanofluid concentration
ue to enhancement in thermal conductivity. Hence, Fig. 10 shows that
.2 wt% nanofluid has the highest thermal diffusivity in comparison to
ther fluids. Streamlines during the tube flow of 0.2 wt% nanofluid at
nlet and outlet sections are depicted in Fig. 11 . Due to boundary layer
evelopment as observed in the figure, the viscous effects decrease to-
ards the centre of the tube, resulting in an increase in velocity and

hereby reduced thermal diffusion. 
The corresponding PV surface temperatures for the HTFs could be

bserved in Fig. 12 . The module surface temperature was calculated for
11 
arious flow rates (30, 50, 70, and 90 kgh − 1 ) at a constant solar radia-
ion intensity of 800 Wm 

− 2 . The 0.1 wt% MXene nanofluid was taken for
tudying the effect of mass flow rate on PV surface temperature. As in-
erpreted from the figure, the surface temperate is considerably reduced
ith increased mass flow rate, by approximately 10 °C. Enhancement in
TC with mass low rate has effectively contributed to the reduction of
V surface temperature. 

Fig. 13 , shows the PV surface temperature reduction achieved with
ach working fluid at corresponding mass flow rates. The PV surface
emperature was noted to be decreasing with an increase in nanofluid
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Fig. 11. Streamlines during nanofluid 
(0.2 wt%) flow through the tube at (a) inlet 
and (b) outlet. 

Fig. 12. Surface temperature of PV mod- 
ule with (a) 0.2 wt% MXene nanofluid (b) 
0.1 wt% MXene nanofluid (c) 0.01 wt% MX- 
ene nanofluid and (d) water. 

Fig. 13. Effect of nanofluid mass flow rate on 
PV surface temperature reduction. 

12 
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Table 3 

Nanofluid and base fluid flow property calculation. 

Flow rate Reynolds number ( 𝑅𝑒 = 𝜌𝑉 𝐷 

𝜇
) Thermal diffusivity ( 𝛼 = 𝑘 

𝜌𝐶 𝑝 
. 10 −7 𝑚 2 𝑠 −1 ) 

Water 0.01 wt% 0.1 wt% 0.2 wt% Water 0.01 wt% 0.1 wt% 0.2 wt% 

30 237.84 195.04 71.51 28.68 1.44 1.48 1.90 2.47 
40 317.12 260.05 95.35 38.24 
50 396.40 325.07 119.18 47.80 
60 475.68 390.08 143.02 57.36 
70 554.96 455.09 166.86 66.92 
80 634.24 520.11 190.70 76.48 
90 713.52 585.12 214.53 86.04 

Fig. 14. Area reduction of PV/T system with nanofluid. 

t  

o  

t  

t  

d  

r  

f  

o

3

3

 

0  

w  

b  

h  

t  

fi  

t  

b  

b

𝐴  

𝐴  

 

s  

o  

f  

i  

w  

3

 

s  

e  

o  

t  

a  

w  

s  

u  

t  

t

𝑥

𝐶

 

l  

e  

l  

t  

P  

t  

t  

e  
emperature was noticed with the usage of 0.2 wt% of MXene nanofluid
ver water-based application. The highest reduction could be attributed
o the increased thermal property of the nanofluid with higher nanopar-
icle dispersion (of about 0.2 wt%). However, surface temperature re-
uction efficiency was found to be decreasing with an increase in flow
ate for all the nanofluids. This indicates that even though the PV sur-
ace temperature is higher with water compared to nanofluid, the rate
f reduction with increasing mass flow rate is high. 

.2. Optimization and enviro ‐economic study 

.2.1. System optimization 

The highest thermal efficiencies achieved by water (57.70%),
.01 wt% (60.40%), 0.1 wt% (62.62%), and 0.2 wt% MXene (67.49%)
ere selected for analysing the maximum system size reduction possi-
le with nanofluid. Maximum energy efficiency was reported for the
ighest fluid flow rate of 90 kgh − 1 . The thermal efficiency achieved by
he PV/T system with nanofluids was directly substituted in Eq. (24) to
nd the equivalent size of PV/T, A nf (m 

2 ), needed to generate the same
emperature difference at the same mass flow rate as that of a water-
ased system. Percentage size reduction of PV/T area (A red ) achieved
y nanofluid over its base fluid (water) was calculated using Eq. (25) . 

 𝑛𝑓 = 

�̇� 𝑛𝑓 . 𝐶 𝑝 

(
𝑇 𝑜𝑢𝑡 − 𝑇 𝑖𝑛 

)
𝐼 𝜂𝑡ℎ 

(24)

 𝑟𝑒𝑑 ( % ) = 

𝐴 𝑛𝑓 − 𝐴 𝑤𝑎𝑡𝑒𝑟 

𝐴 𝑤𝑎𝑡𝑒𝑟 

× 100 (25)

For the same thermal output from PV/T, the MXene nanofluid based
ystem achieved a reduction in the collector area by about 4.5 – 14.5%
13 
ver a water-based system. The highest size reduction (14.5%) was
ound to be possible with the 0.2 wt% MXene nanofluid. Correspond-
ng size reduction of the system achieved with 0.1 wt% and 0.01 wt%
as calculated to be 7.8% and 4.45%, respectively, as shown in Fig. 14 .

.2.2. Environmental and economic analysis of MXene/water ‐based PV/T 

Energy and exergy performance data of the system was used to as-
ess the environmental, enviro-economic, exergoenvironmental, and ex-
rgoenviroeconomic benefits of using MXene based PV/T. The method-
logy by Vahidinia et al. (2021) was used for enviroeconomic analysis of
he present system. Parameters and their values used in the calculations
re shown in Table 4 . The amount of carbon dioxide emitted during the
orking of the PV/T system was calculated using Eq. (26) . The corre-

ponding cost associated with the carbon dioxide emission is calculated
sing Eq. (27) ( Vahidinia et al., 2021 ). The carbon emission cost and
he emission rate of PV/T were selected based on data available from
he literature. 

 𝐶 𝑂 2 
= 𝑦 𝐶 𝑂 2 𝑄 𝑠𝑜𝑙 𝑡 𝑤𝑜𝑟𝑘𝑖𝑛𝑔 (26) 

 𝐶 𝑂 2 
= 𝑥 𝐶 𝑂 2 𝑐 𝐶 𝑂 2 , 𝑃𝑉 ∕ 𝑇 (27) 

The Q sol represents the incident solar energy required by the col-
ector operating with MXene nanofluid for achieving the same energy
fficiency as the base fluid. The base fluid that generates comparatively
ower overall efficiency for the system was selected as the reference
o show the performance enhancement with other working fluid-based
V/T. The overall energy efficiency of EG based PV/T, at base condi-
ions was used in the analysis. The term c CO2, PV/T in Eq. (27) , indicates
he energy-based emission cost ($/kg of CO 2 ) for PV/T. The exergo-
nvironmental analysis of the system is conducted using Eq. (28) . While
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Fig. 15. Percentage reduction of (a) incident 
solar radiation (Q sol ), and (b) solar exergy input 
(E sol ) for PV/T working on MXene nanofluid 
and water. 
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xergoenviroeconomic analysis is conducted to evaluate the cost asso-
iated with the carbon dioxide emission. This analysis based on exergy
fficiency of the system is performed using Eq. (29) . 

 𝑒𝑥, 𝐶 𝑂 2 
= 𝑦 𝐶 𝑂 2 𝐸 𝑒𝑥, 𝑠𝑜𝑙 𝑡 𝑤𝑜𝑟𝑘𝑖𝑛𝑔 (28)

 𝑒𝑥,𝐶 𝑂 2 
= 𝑥 𝑒𝑥, 𝐶 𝑂 2 

𝑐 𝐶 𝑂 2 , 𝑃𝑉 ∕ 𝑇 (29)
14 
In Eq. (28) , the exergy input to the system (E ex, sol ) is calculated us-
ng Eq. (19) . For achieving the same exergy efficiency, the solar exergy
nput required for MXene nanofluid is much less compared to water
nd EG as shown in Fig. 15 (a). Other operating parameters includ-
ng incident solar radiation, inlet temperature, and ambient tempera-
ures were kept constant, and the values are provided in Table 4 . The
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Fig. 16. Energy-based analysis of emission 
rate (kg CO 2 /day) and emission price ($/day) 
of PV/T system operating with nanofluids and 
water. 

Fig. 17. Exergy based analysis on emission 
rate (kg CO 2 /day) and emission price ($/day) 
of PV/T system operating with nanofluids and 
water. 

Table 4 

Parameters and values used for enviro-economic analysis. 

Reference Parameter Symbol Values 

Caliskan, 2017 Working hours of PV/T 𝑡 𝑤𝑜𝑟𝑘𝑖𝑛𝑔 7 h/day 
Chow and Ji (2012) CO 2 emission by PV/T 𝑦 𝐶 𝑂 2 0.000297 kg CO 2 /Wh 
Wang et al. (2020) Energy-based emission cost of PV/T (valid for Hong Kong) 𝑐 𝐶 𝑂 2 , 𝑃𝑉 ∕ 𝑇 0.068 $/kg CO 2 

Incident solar radiation - 800 Wm 

− 2 

Inlet temperature - 298 K 
Ambient temperature - 298 K 
Incident solar energy 𝑄 𝑠𝑜𝑙 W 

Exergy input to the system 𝐸 𝑒𝑥, 𝑠𝑜𝑙 W 

Energy-based daily carbon dioxide emission of PV/T 𝑥 𝐶 𝑂 2 kg CO 2 /day 
Exergy based daily carbon dioxide emission of PV/T 𝑥 𝑒𝑥, 𝐶 𝑂 2 

kg CO 2 /day 
Energy-based daily emission cost 𝐶 𝐶 𝑂 2 $/day 
Exergy based daily emission cost 𝐶 𝑒𝑥,𝐶 𝑂 2 

$/day 
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ercentage reduction in Q sol by working fluids at different flow rates
s shown in Fig. 15 (a). The graph shows that 0.2 wt% nanofluid ob-
ained the highest reduction in required energy and exergy by 26.3%
nd 9.86% respectively, compared to the reference fluid. The daily CO 2 

mission rate and emission price for the PV/T system based on the en-
rgy perspective are visualized in Fig. 16 . As interpreted, the daily CO 2 

mission rate was higher for water (0.47 kgCO 2 /day), and lowest for
.2 wt% MXene (0.42 kgCO 2 /day). The emission rate decreased with
anofluid concentration. The energy-based cost of emission during the
orking of the system is 0.028224 $/day for the nanofluid (0.2 wt%).
ig. 17 visualizes the daily emission rate and associated cost based on
xergoenvironmental and exergoenviroeconomic analysis. The amount
f emission from the system based on exergy analysis using water, and
Xene (0.2 wt%) is 0.50, and 0.48 kgCO 2 /day respectively. As inferred,

.2 wt% is reportedly exhibiting a reduced emission rate compared to
ase fluid and lower concentrations. The cost of emission amounted to
.034 and 0.032 $/day for water and 0.2 wt% nanofluid, respectively.
urmising the results, the exergy and energy-based analysis on emission
ate and cost of PV/T are almost similar with an average variation of
bout 8.5%. 

. Conclusions 

Numerical modelling of the N-PV/T system was conducted in AN-
YS Fluent®. The model was validated with experimental and numeri-
al data in the literature with a minimal error of about 2.75% and 8.9%,
espectively. A preliminary study on the heat transfer performance, pres-
ure drop enhancement, thermal efficiency, and electrical efficiency of
V/T with base fluids (water and EG) and MXene nanofluid was con-
ucted at different mass flow rates. Environmental and enviroeconomic
ssessment was conducted on the system from both energy and exergy
erspectives. Major findings from the numerical study and enviroeco-
omic analysis conducted on MXene based N-PV/T are explained below:

Ø Numerical CFD simulation shows that thermal and electrical out-
put/efficiency of the system increased with MXene nanofluid mass
fraction and flow rate. In the case of 0.2% nanofluid, an increase
in the flow rate by 60 kgh − 1 produced a considerable improvement
in the thermal efficiency of the system by about 21%. However, the
corresponding increase in electrical efficiency of N-PV/T was only
about 0.65%. 

Ø The maximum percentage enhancement in thermal efficiency re-
ported by MXene nanofluids of 0.01, 0.1, and 0.2 wt% over the water
was about 4.6, 8.5, and 17%, respectively. While the same nanoflu-
ids exhibited a percentage enhancement in electrical efficiency by
1.9, 2.6, and 3.5% over water. 

Ø The highest overall energy efficiency attained by N-PV/T with 0.01,
0.1, and 0.2 wt% MXene nanofluid was calculated to be around 76,
78, and 83% at 90 kgh − 1 . Also, the outlet temperature was found
to decrease with the flow rate. Even though the pressure drop for
nanofluid increased by 88% over water, the pumping power required
is considerably small, and significant heat transfer improvement was
achieved. For practical implementation of N-PV/T additional cost
would be incurred on setting a secondary heat exchanger, long-term
stability maintenance steps, and safe disposal. Hence, the proposed
efficiency enhancement of the N-PV/T needs to compensate for the
additional expenses compared to conventional PV/T. 

Ø Another limitation of the proposed numerical model is the inability
to define the stability of nanofluid. This would be addressed in fu-
ture studies, by incorporating thermophysical characterization data
of nanofluid obtained experimentally, for the numerical simulation.

Ø The feasibility study suggests that for achieving the same thermal
efficiency, MXene nanofluid application could reduce the system size
by 14.5%. 

Ø Based on overall energy efficiency, the daily CO 2 emission rate
and emission cost for the system were the least (0.42 kgCO /day,
2 

16 
and 0.028 $/day) with 0.2 wt% nanofluid. Similarly, the exergy-
based analysis shows that the emission rate of the same fluid is
0.48 kgCO 2 /day, and the cost is 0.032 $/day. However, an increase
in the concentration of nanofluid increases the cost of material re-
quired per volume of fluid. A detailed economic analysis incorporat-
ing the cost for nanomaterial, synthesis method, nanofluid’s stabil-
ity enhancement cost, disposal cost and systems payback period, is
necessary to arrive at the cost-effective nanofluid concentration re-
quired for N-PVTs and would be conducted in future research work.
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