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TECHNICAL PAPER

Modeling and assessment of the thermo‑electrical performance 
of a photovoltaic‑thermal (PVT) system using different nanofluids

Sourav Diwania1,3 · Anwar S. Siddiqui1 · Sanjay Agrawal2 · Rajeev Kumar1,3 
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Abstract
The proposed study aims to test the thermo-electrical, and exergy efficiency of a hybrid PVT collector cooled by pure water, 
copper (Cu)/water, and aluminum-oxide  (Al2O3)/water nanofluids, respectively. A model is mathematically constructed using 
the energy-balance equation across all the layers of the hybrid PVT collector. For the validation of the proposed mathemati-
cal model, the outcomes of the proposed numerical model are compared with the experimental data of the literature. The 
impact of volume fraction (vol%) and mass flow rate (m) of the nanofluids on the PVT outcomes has been analyzed and 
demonstrated. The study displays a better PVT performance with Cu/water nanofluid compared to  Al2O3/water nanofluid 
and pure water. Merely a 2% volume concentration of Cu nanoparticles results in a 4.98% and 5.23% improvement in the 
average electrical and thermal efficiencies, respectively. At a mass flow rate of 0.03 kg/s, the thermo-electrical efficiency of 
the PVT with Cu/water nanofluid improve by 4.45% and 2.9%, respectively, concerning the pure water. Further, the impact 
of several tubes and their diameter is also investigated on the thermo-electrical efficiencies of the hybrid PVT collector. The 
tube diameter has not any substantial effect on the performance, whereas the thermo-electrical performance significantly 
enhanced with the rise in the number of tubes.

Technical Editor: Jader Barbosa Jr.
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Performance assessment of PVT-air collector with V-groove absorber:
A theoretical and experimental analysis

Sourav Diwania1 & Anwar S. Siddiqui1 & Sanjay Agrawal2 & Rajeev Kumar1,3

Received: 10 July 2020 /Accepted: 1 October 2020
# Springer-Verlag GmbH Germany, part of Springer Nature 2020

Abstract
In this paper, the performance of a PVT (photovoltaic thermal) air collector with V-groove absorber in the air channel is
theoretically and experimentally examined under different climate conditions of Ghaziabad city, India, in summer, June 2019.
A low power brushless DC fan is fixed at the input of the air-channel to ensure the circulation of air through the V-groove. The
energy balance equation is developed with the matrix-inversion method to estimate the PV (photovoltaic) cell and air output
temperatures. The theoretical results obtained using mathematical modeling has been compared with that of the real-time
experimental results. The electrical, thermal, and overall efficiencies for the theoretical and experimental studies are found in
the range of 10.39–10.26%, 41.78–41.57%, and 52.17–51.81%, respectively. It has been observed that the theoretical results are
coherent with experimental results for the proposed model achieving an accuracy of 98.98%, 99.43%, and 99.31% for electrical,
thermal, and overall efficiencies, respectively.

Keywords PVT air-collector . Exergy . Electrical and thermal efficiency . V-groove

Nomenclature
Ac Collector area (m2)
Ht Collector top loss coefficient (W/m2 oC)
Hb Collector back loss coefficient (W/m2 oC)
Tc Cell temperature (oC)
d Channel depth (m)
Dc Equivalence diameter of channel (m)
Exin Exergy input
Exout Exergy output
Tf Fluid Temperature (oC)
m Mass flow rate (kg/s)
Am Module area (m2)
Nu Nusselt number
Pr Prandtl number

Re Reynolds number
I Solar radiation (W/m2)
Cf Specific heat (J/kg oC)
Tin Temperature at the channel inlet (oC)
Tout Temperature at the channel output (oC)
Tsun Temperature of the sun (oC)
k Thermal conductivity (W/m oC)
Qt Usable heat (W)
W Width of the channel (m)

Abbreviations
PV Photovoltaic
PVT Photovoltaic Thermal
HTC Heat transfer coefficients

Greek symbols
α Absorption coefficient
ρ Air density (kg/m3)
ϵp Emissivity of PV
ɳele Electrical efficiency,%
ɳEx Exergy efficiency, %
ɳoverall Overall efficiency, %
σ Stefan Boltzman constant
β0 Temperature coefficient of efficiency
µ Viscosity (kg/ms)
ɳth Thermal efficiency, %
τ Transmission coefficient
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Performance assessment of a serpentine tube PVT system using Cu 
and  TiO2 nanofluids: an experimental study
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Abstract
A high photovoltaic (PV) panel temperature causes a reduction in the terminal voltage that results in low output power. 
Therefore, the extraction of heat from PV panels is a very important and crucial area to enhance the electrical power output. 
A PVT (Photovoltaic-Thermal) is a combined version of photovoltaics and solar thermal collector to generate electrical and 
thermal energies. Despite its popularity, the thermo-electrical performance of water-based PVT systems is not up to the mark 
because of the poor thermal conductivity of water. The present work experimentally investigates the concentration and MFR 
(mass flow rate) variations of copper (Cu) and titanium oxide  (TiO2) nanofluids on the performance of a hybrid PVT system. 
The developed model is deployed to examine the performance of the PVT system for the weather conditions of Ghaziabad city 
(India). The research outcomes show how the PVT with Cu/water nanofluid exhibits a better thermo-electrical performance 
as compared to the PVT with  TiO2/water nanofluid and water cooling. The results also show that using Cu/water nanofluid (1 
vol %) as a coolant improved the PVT electrical efficiency by 5.98% concerning the basefluid. At a higher MFR, the average 
PV panel temperature is reduced that results in better cooling of the PVT system. At 0.03 kg/s MFR, a reduction in 17.18 °C 
temperature in the PV panel enhances the thermo-electrical efficiency by 2.58% and 5.43%, respectively.

Graphical abstract

• The present paper investigates the thermo-electrical per-
formance of serpentine tube-based PVT collector with 
Cu/water and  TiO2/water nanofluid.

• The influence of nanofluid type and concentration on PV 
temperature (TPV), electrical efficiency (ηel), thermal effi-
ciency (ηTh), and overall efficiency (ηPVT) are evaluated 
experimentally.

• The energy balance equations of PVT collectors with 
nanofluid are derived from analyzing the impact of oper-
ating parameters.

Technical Editor: Ahmad Arabkoohsar.
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a b s t r a c t

The paper demonstrates the potential of a hybrid Wind–PV farm as STATCOM (Static Synchronous
Compensator) for damping and control of overall chaotic oscillations in a two-area power system.
Kundur’s modified system associated with a hybrid Wind–PV farm is simulated in MATLAB to
demonstrate the detailed performance assessment of the hybrid farm. A unique controller is deployed
to regulate the AC and DC currents of the STATCOM using two PI controllers. A swarm-based hybrid
metaheuristic optimizer PSO-BFOA optimally tunes and controls the PI controller parameters. The
system is compensated to an optimum level of 85% and exposed to a 3-phase fault. Zero dampings are
accompanied by additional disturbances of a 20% change in electric torque and the reference voltage.
The disturbances are made to model the worst conditions to examine the rigorous performance of
the hybrid Wind–PV farm in alleviating the overall chaotic oscillations. The simulation results for
the performance assessment in different cases, i.e., without control, with Wind-STATCOM, with PV-
STATCOM, and with the hybrid Wind–PV-STATCOM, reveal the potential of the hybrid Wind–PV Farm
as STATCOM in alleviating the overall chaotic oscillations.

© 2021 ISA. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Nowadays, the power system dynamics have been consider-
ably influenced because of the growing renewable power pen-
etrations. Wind and PV are the two most prominent renew-
able energy sources that significantly alter the modern power
system dynamics. The ever-increasing concentration of renew-
able energy in terms of Wind and PV power penetrations in
the modern power system results in many stability concerns.
The chaos caused by the increased Wind–PV power penetration
or other perturbations can be alleviated largely by modulating
the power flow of such renewable generating units in response
to the system oscillations. In [1], a DFIG-based WF is used to
enhance the transient and dynamic stability of a synchronous
generator. In [2], power system stability is improved by damping
SSR with synchrophasor data-based control of wind turbines.
In [3], an H∞ control of the DFIG farm is proposed to damp
SSR control interactions for power system stability enhancement.
Stability enhancement of multimachine power system by regulat-
ing the power flow of FSWT wind farms using UIPC is discussed

∗ Correspondence to: Department of Electrical Engineering, Jamia Millia
Islamia, Jamia Nagar, New Delhi 110025, India.

E-mail address: rajeev.rakshit@gmail.com (R. Kumar).

in [4]. [5], compares impedance models of the various renew-
able generating units for subsynchronous interaction stability
analysis of power system. In [6], SSR control interactions have
been mitigated by fractional sliding mode control of wind farms
to aid the power system stability. [7], proposed variable-gain
super-twisting sliding mode control (VGSTSMC) of DFIG farms
for power system stability by alleviating subsynchronous control
interactions. Stability enhancement of DFIG-based power system
with optimal control of LQR (linear quadratic regulator) is dis-
cussed in [8]. In [9], a probabilistic robust, coordinated control
is proposed for a DFIG-based power system stability. An analy-
sis of S2SI (Sub-/super-synchronous interactions) using a shifted
frequency impedance model of DFIG integrated Wind Farm for
power system stability has been performed in [10].

To cater to the growing need for clean energy in modern
power systems. Apart from the WPPs, PV-power penetration is
significantly increasing day by day with advancements in mono
and poly-crystalline technology. In [11], Power system stability
has been enhanced by alleviating SSR with high penetration PV
farms. [12], demonstrates a unique control of a PV plant as
STATCOM [13] for alleviating SSR to aid the power system sta-
bility. [14], proposed a synchronous motor–generator pair to im-
prove the dynamic and large-signal power system stability with

https://doi.org/10.1016/j.isatra.2021.05.014
0019-0578/© 2021 ISA. Published by Elsevier Ltd. All rights reserved.
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Abstract
Over the most recent couple of decades, tremendous consideration is drawn towards photovoltaic–thermal systems because 
of their advantages over the solar thermal and PV applications. This paper intends to show different electrical and thermal 
aspects of photovoltaic–thermal systems and the researches in absorber design modification, development, and applications. 
From the previous review articles, it has been concluded that the heat energy exhausted from the PV module can be further 
utilized in different ways and helps in achieving better efficiency. Furthermore, the types of photovoltaic–thermal systems 
such as air collector, water collector, and combi system, coupling with heat pump and their application to buildings are also 
stated. This paper also discussed certain design aspects like modifications in the flow channel by adding fins, thin metallic 
sheets, roll-bond absorber, and porous media and the effect of these modifications on the hybrid system’s efficiency. Further-
more, the use of the latest technologies such as nanofluids, thermoelectric generators, and phase-change materials improves 
the overall system performance. The role of soft-computing techniques is forecasting the impact of various parameters on 
the photovoltaic–thermal system is also discussed.

Keywords PV/T combi · Thin metallic sheets (TMS) · Phase-change materials (PCM) · Nanofluids

List of symbols
ηcpower  Power conversion factor
Am  Area of PV module  (m2)
cP  Fluid-specific heat (J/kg K)
Gt  Sunlight intensity (W/m2)
Im  Current at MPP (A)
m  Fluid mass flow rate (kg/s)
NC  Channels in SCPV/T module

Qth  Usable heat (W)
Tc  Temperature of solar cell (K)
T0  Ambient temperature (K)
Tin  Temperature at the inlet of channel (K)
Tout  Temperature at the output of channel (K)
TSUN  Sun temperature (K)
Vm  Voltage at MPP (V)

Greek letter
β0  Temperature coefficients of efficiency (/K)
Lf  Latent heat of fusion
λ  Thermal conductivity
ηele  Electrical efficiency
ηEx  Exergy efficiency
η0  Efficiency at STC
ηT  Overall efficiency
ηth  Thermal efficiency

Abbreviations
ANN  Artificial neural network
COP  Coefficient of performance
ELM  Extreme learning machine
EVA  Ethylene-vinyl acetate
FPC  Flat-plate collector
HASS  Hybrid active solar still
GSA  Gravitational search algorithm
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ABSTRACT
In this communication, three different optimisation techniques, i.e. Whale Optimisation Algorithm (WOA),
Gravitational Search Algorithm (GSA) and Genetic Algorithm (GA) have been implemented to optimise
the parameters of single-channel glazed photovoltaic thermal module (SCGPVT) module by using exergy
efficiency as an objective function. Four variable parameters viz. Channel length (LM), channel depth (d),
velocity of air streaming into the channel (VF) and fluid temperature at the inlet of channel (Tin) have been
considered for optimisation. The present work concludes that the average exergy efficiency achieved from
the SCGPVTmodule when optimised with WOA algorithm is 27.47%more than the system optimised with
GA and 3.050%more than the system optimised with GSA. Hence it has been proven, that WOA is superior
algorithmwith respect to the other two algorithms viz. GSA and GA because of its faster convergence rate.
Further the time taken by WOA technique in identification of the optimised values of the parameters is
lesser in contrast to the other two optimisation techniques.
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1. Introduction

Now a days the demand of electrical energy has been increasing
at a tremendous rate while the generation is restricted. With the
existing conventional energy sources, it is extremely challeng-
ing to fulfil the growing electricity need. Therefore the role of
renewable energy sources are very important to bridge the gap
between electricity generation and its consumption. Apart from
this, conventional energy resources are limited in nature and
generation of electricity using these sources has adverse impact
on the environment as well. Therefore, it’s a high time to shift
our focus towards non-conventional energy sources rather than
conventional energy sources for electricity production. Abun-
dant quantity of renewable energy sources exists, but solar
energy is capable of fulfilling the country’s electricity demand
by converting sunlight into electricity. However, the major task
is to improve the electrical efficiency of solar cell since it just
changes over (8–12%) of sunlight into electrical energy while
the major portion of incident solar radiations is converted into
heat. It is a known fact that the electrical efficiency of solar panel
reduces with rise in cell temperature (Schott 1985). Therefore,
keeping the solar cell temperature within the limits is necessary.
PVT- system has proven its effectiveness in the last four decades
as a result of its capabilities to produce thermal and electrical
energies simultaneously in contrast to the conventional photo-
voltaic and solar thermal systemwhich produces these energies
separately.

In PVT-systems, both electrical and thermal components
combined together in one unit. Further, in this system, a chan-
nel is utilised underneath the PV panel in which air or water
can be used as a cooling medium to extract the heat energy
associated with the PV surface. In PVT combi systems, both air
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and water units are installed below the PV panel to generate
hot air and hot water simultaneously. In applications of PVT-
system, themajor task of the PVmodule is to produce electricity,
and this requires the PV module to operate at a lower temper-
ature thereby maintaining its electrical efficiency at a desired
level. The heat energy transferred to the back surface of PVmod-
ule is pulled back with the help of natural air flowing through
the duct or forced air circulation (Ibrahim et al. 2011). Although
natural air circulation is the simplest and cost- effective tech-
nique, however, this technique is less effective in topographical
regions where the surrounding air temperature is higher than
20°C for most of the time (Lamnatou and Chemisana 2017). The
hybrid PVT-systems is characterised based on the medium of
heat extraction, method of heat extraction, type of solar input,
and system configuration as shown in Figure 1.

The performance of hybrid PVT-system is estimated on the
basis of its electrical efficiency, thermal efficiency andexergyeffi-
ciency. Exergy is considered as a measure of the economy of
the system. Therefore, most of the researchers focus on exergy
based cost analysis (exergoeconomic analysis) of PVT collec-
tors. Agrawal and Tiwari (2011a) did an experimental investi-
gation of hybrid micro-channel photovoltaic thermal (MCPVT)
module which is essentially a series and parallel arrangements
of micro-channel solar cell thermal (MCSCT) tiles. The experi-
mental analysis is performed on weather data gathered from
four urban cities namely (Srinagar, Bengaluru, Jodhpur and New
Delhi). From the investigation, the author concluded that the
total exergy gain, exergy efficiency and thermal gain of MCPVT
is significantly improved compared to MCSCT. Agrawal, Tiwari
and Pandey (2012) designed a glazed PVT tile and worked upon
experiments to investigate the effect of the number of tiles
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Abstract
The paper demonstrates a comprehensive performance assessment of the two metaheuristic swarm-based optimization

algorithms namely PSO (Particle swarm optimization), BFOA (Bacterial foraging optimization algorithm), and the hybrid

PSO-BFOA optimizer for the alleviation and control of the power oscillations in a two-area four generator system

integrated with a large-scale PV-farm. After sunset, the PV-plant operates as VSC (Voltage Source Converter)-STATCOM

(Static synchronous compensator) using its overall inverting capabilities for the power system stability improvement.

While in the daytime during the faults, the PV-farm immediately stops the active power production and behaves as PV-

STATCOM until the normal operating conditions are resumed. The modified version of Kundur’s two-area system

comprising of a large-scale PV-farm is simulated with MATLAB software. An innovative control strategy employing the

two PI controllers distinctly controls the DC-AC currents of the PV-STATCOM. The series compensation is set to an

optimal value of 85% and subjected to a 3-u fault. Zero mechanical dampings, along with extra disturbances of 20%

variation in reference voltage and electromagnetic torque are introduced to flaunt the worst damping scenarios. The

simulation outcomes and time-domain analysis for various test conditions: without a controller, with PSO-based PV-

STATCOM, with BFOA-based PV-STATCOM, and with the Hybrid PSO-BFOA-based PV-STATCOM, reveal that all the

system modes are stabilized with PSO application. The stability of modes is progressively improved with BFO control,

eventually, the modes are optimally stabilized by deploying the hybrid PSO-BFO algorithm.

Keywords Solar farm � Intelligent PV-STATCOM � Hybrid PSO-BFOA algorithm � Stability and control �
Multi-machine system

1 Introduction

Recently, the dynamic behavior of the interconnected

power grid has been substantially modified due to the

increased deployment of renewable sources. Nowadays,

wind energy has evolved and become one of the leading

renewable energy sources that are widely used in India [1]

and across the globe. Moreover, with the advent of mono

and polycrystalline technology, the participation of solar

power has been significantly increased in the overall

renewable power input to the grid. Solar farms with a

capacity of more than 500 MW are increasingly connected

day by day. This includes Kamuthi solar power project of

648 MW in Sengappadai Tamil Nadu, India [2], Rancho

Cielo PV farm of 600 MW in the USA, solar star I and II

PV power plant of 579 MW near Rosamond, California,

USA, TOPAZ solar photovoltaic power plant of 550 MW

in San Luis Obispo County, California.

The increasing renewable power incursion in the system

leads to several instabilities that result in a weak grid [3].

The impact of low inertia power injection through PV

farms on grid stability is discussed in [4–6]. An overview
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