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HIGHLIGHTS

® A hybrid CPVT system was proposed and analyzed theoretically and experimentally.

® The flow rate was varied from 0.083 kg/s to 0.117 kg/s using different configurations.

® At optimum flow rate of 0.108 kg/s the mean overall efficiency goes up to 69.19%.

® Enviroeconomic study shows carbon mitigation of 40.2 tCO,/year at optimum conditions.
® The proposed HCPVT system could be used for low grade thermal applications.

ARTICLE INFO ABSTRACT

In the current work, a hybrid concentrated photovoltaic thermal system was designed and coupled with a
parabolic trough collector and investigated theoretically and experimentally for combined heat and power
output. In the design, a photovoltaic module was mounted on a flat surface of parabolic trough absorber tube
having semi cylindrical shape. A provision was made to cool photovoltaic panel from both the surfaces by
flowing water through the absorber tube as well as the annulus of between absorber tube and glass cover. The
model was developed using first law of the thermodynamics and then validated using experimental data gen-
erated through the fabricated setup. During the experimentation, the annulus flow rate was varied from
0.008 kg/s, 0.017 kg/s and 0.025 kg/s and inner flow rate was varied from 0.075 kg/s, 0.083 kg/s and 0.091 kg/
s. The field testing results showed the mean overall efficiency of system obtained as 61.42%, 64.61% and 66.36%
for inner tube flow rate of 0.075 kg/s, 0.083 kg/s and 0.091 kg/s respectively for annulus flow rate of 0.008 kg/
s. The theoretical results of hybrid system obtained from the simulation are in good agreement with the ex-
perimental data. In the end environmental cost analysis was also carried out for the proposed system.

Keywords:

Solar energy

Parabolic trough collector
Concentrated photovoltaic/thermal
Hybrid system

Renewable energy

1. Introduction

The photovoltaic (PV) technology works on the principle of direct
conversion of sunlight into electricity using semiconductor materials.
The PV technology is commercially proven technology with achievable
cell efficiency between 15 and 20% [1]. Although widely acceptable, a
major challenge with PV systems is high cell/panel temperature due to
incessant solar radiation which reduces the efficiency of the cell and its
lifespan [2]. To utilize maximum solar energy, the systems are designed
to utilize the excess waste heat into a useful form. One of the tech-
nology, Photo-Voltaic Thermal (PVT) increases the PV efficiency along
with recovery of excess heat as reported in various studies [3-5]. Under

* Corresponding authors.

high radiation, concentrated photovoltaic/thermal (CPVT) system not
only provides higher electrical output but substantial thermal energy
due to their inbuilt cooling systems. While a variety of cooling ap-
proaches have been used to the maintain the PV panel temperature,
most of them are based upon removal of heat from the back of the cell
(opposite surface of the incident flux exposed surface) [6].

Although the PV installation has grown many folds to more than
400 GW across the world and many commercial plants are installed
across various countries, the installed capacity of PVT or CPVT is too
low to be reported [7]. The major work on CPVT is still in research
phase with lab scale testing of prototypes. The literature discusses the
work related to design, modelling, prototype testing and various
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Thermal Modeling of a Rooftop
Photovoltaic/Thermal System
With Earth Air Heat Exchanger
for Combined Power and Space
Heating

Earth air heat exchanger (EAHE) systems are inefficient to provide thermal comfort in
winter season for semi-arid regions. The performance of such systems could be improved
by coupling them with other renewable energy sources. One of the renewable energy
technology is rooftop photovoltaic/thermal (PVIT) air collectors which could utilize the
incident solar insolation to obtain both electricity as well as useful heat. In the current
paper, the thermal performance of an EAHE coupled with a PVIT system has been
numerically investigated for climatic conditions of Pilani, Ajmer (India), and Las Vegas
(U.S.). For the comparative analysis, a thermodynamic model has been developed and
compared with experimental data available in the literature which seems to be in good
comparison with the results. Further, a parametric analysis has been carried out for
assessing the effect of different operating parameters. Results showed that for the winter
season, the maximum cell temperature without any cooling goes up to 54.3°C, 54.5°C,
and 44.4 °C for Pilani, Ajmer, and Las Vegas, respectively, while with cooling it drops to
43.4°C,44.2°C, and 35.6 °C, respectively, for 0.053 kgls flow rate. The heating capacity
of the EAHE was observed to be improved with PV/T air collector by
2347 Wh-298.74Wh, 71.18 Wh-315.93 Wh, and 41.43Wh-270.75Wh for the Pilani,

Ajmer, and Las Vegas, respectively. [DOI: 10.1115/1.4039275]

Keywords: earth air heat exchanger, PVIT air collector, heating capacity, solar energy

1 Introduction

The energy consumption could be categorized into four parts
depending upon their demand, i.e., residential, industrial, agricul-
ture, and transport. Among these, most of the energy consumption
in residential and industrial use is for air conditioning or refrigera-
tion. Within the buildings, space heating consists of 40% of air
conditioning load, especially in developed colder countries [1,2].
In these countries, most of the electrical energy is generated from
fossil fuels and nuclear fuel. The burning of fossil fuel leads to
carbon emission which eventually increases global warming. The
alternate way to generate electricity is by using renewable energy
through which environmental issues can be decreased. Among all
the renewable energy systems, photovoltaic (PV) systems are
widely used for electrical power generation. However, the cost
effective technology for PV systems are yet to develop. Thus, the
cost cutting could be achieved by installing PV systems on the
buildings by integrating them on the building facade [3]. In roof-
top PV systems, some part of the solar insolation is transformed
into electricity, while the rest is either reflected back or trans-
formed into thermal heat. This will enhance the PV panel operat-
ing temperature which not only causes an efficiency drop but also
scales down the life-span of the cells. Thus, the cooling of PV
cells can be quite important, especially in semi-arid and arid
regions. The cooling of PV could be achieved by flowing air or
water as a cooling fluid on the back surface of the module [4]. In
this regard, a lot of research work has been done using various
cooling designs.

!Corresponding author.
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Sopian et al. [5] introduced a quasi-steady-state theoretical
model to investigate one and two pass photovoltaic/thermal
(PV/T) air collectors for building heating. They compared both
one and two pass collectors and found that the two pass collector
had superior performance. Hegazy [6] presented four designs of
PV/T systems with air as a cooling fluid to investigate the per-
formance of the hybrid system. They observed least performance
in the case of air flown above the absorber and minimum fan
power requirement in two sides of the absorber plate using a one
pass. Mondol et al. [7] performed a transient simulation study of
the building integrated PV (BIPV) system using TRNSYs simulation
tool. They found that simulation accuracy was increased by
55%-70% with modifications in global diffuse correlations.
Tiwari et al. [8] developed a theoretical model and experimental
results to calculate the performance of a PV module along with an
air duct. They found a close comparison between analytical and
experimental results. Vokas et al. [9] evaluated the theoretical per-
formance of a PV/T air system with low power absorption chiller
for domestic heating and cooling. Their results showed that a 30
m? PV/T area covered the cooling and heating load of buildings
as 25.03% and 47.79%, respectively, for the conditions of Athens.
Joshi et al. [10] performed an analytical and experimental analysis
to assess the performance of the PV/T collector with air as a circu-
lation fluid. Solanki et al. [11] presented an economical PV/T
solar air heating setup for indoor conditions. Their experimental
results showed that with an enhancement in flow rate of air, effi-
ciency increased toward a maximum condition. Pantic et al. [12]
investigated the performance of the open loop air based BIPV/T
system for a home in Canada. It was concluded that the additional
glazing on BIPV drastically decreases the power generation and
can increase to overly high temperatures of PV modules and thus
was not suggested. Sarhaddi et al. [13] presented a theoretical
model to evaluate both the electrical and thermal efficiency of a
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ABSTRACT

Convective heat transfer of alumina/water nanofluid flow through flat plate PV/T panel in laminar flow
has been investigated numerically in this study. Majority of previous studies, reported comparison in
performance of nanofluid with that of basefluid, based on equal Reynolds number criterion. Hence, there
is limited exploration of other comparison bases. A novel and prominent comparison basis, besides
conventional equal Reynolds number, is equal pumping power and appears more practically oriented.
Nanofluid, having particle dimension of 20 nm and inlet temperature of 293 K, is loaded with 1%, 4% and
6% of particle volume fraction with Reynolds number varying from 300 to 1800. Simulation results
indicate average 25.2% improvement in heat transfer coefficient for nanofluid under equal Reynolds
number comparison basis. While, under equal pumping power comparison criterion, the heat transfer
coefficient for nanofluid is found to have average decrement up to 13.8%. Entropy generation for
nanofluid reduces significantly, maximum up to 31%, under equal Reynolds number comparison criterion
only. Alumina/water nanofluid in flat plate PV/T channel is found beneficial only under equal Reynolds
number comparison basis.

Entropy generation

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Solar energy in the recent years has gained worldwide accep-
tance, especially, in the development and adoption of flat plate
solar collector to generate mild hot water (30—70°C) for various
domestic and industrial applications. This may be attributed to the
simplicity of flat plate solar panels in terms of both construction
and operation [1—6]. Most common heat transfer fluid (or base
fluid) used in flat plate solar collector is water, which possess low
thermal conductivity. Adding nanoparticles (NPs) to base fluid,
leads to improvement in overall thermal conductance [7]. NPs
suspended in the base fluid forms a stable mixture, under
controlled conditions, known as nanofluids (NFs), coined by Choi
[8], which finds prominent application as a heat transfer fluid in
solar collectors. Mahian et al. [9] developed and proposed theo-
retical model to investigate the effect of NPs morphology on the
efficiency of a mini channel solar panel. They reported that the NPs
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with platelet morphology are found to have least heat transfer
coefficient (HTC), on the contrary, brick shaped NPs showed su-
perior heat transfer characteristics. Meibodi et al. [10], experi-
mentally investigated the performance of silicon oxide based NFs as
the heat transfer fluid in the flat plate solar collector. They observed
a maximum of 8% improvement in the thermal efficiency of the
system loaded with NF. In some other study by Colangelo et al. [11],
sedimentation was investigated as the prominent limitation of
adopting NFs in the flat plate solar collector. The authors also
proposed a novel solution to avoid sedimentation problem by
introducing shaped elements in the inlet and outlet headers. The
effect of alumina on the performance of water based NF was
experimentally investigated by Yousefi et al. [12], and the outcomes
suggested that parameters like Ph variation and surfactants prop-
erties affects the efficiency. In addition to this, they reported that
controlling appropriately above said parameters would yield in
higher performance. The study performed by Tyagi et al. [13],
suggested that efficiency of system employing NF raised by a factor
of 9 as compared to that of system using pure water in both flat
plate and direct absorption solar collectors. Edalatpour and Solano
[3] analyzed temperature profiles of alumina based NF in a flat plate
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Earth air tunnel heat exchanger (EATHE) systems are inadequate to meet the thermal comfort require-
ments in semi-arid regions as they require large pipe lengths. The effectiveness and performance of such
system can be increased by increasing soil moisture content, making as wet soil configuration. In the
present work, the thermal performance of the EATHE system with dry and wet soil has been evaluated
during the peak summer season. Further, the thermal behavior of these two EATHE systems has been
compared on the basis of temperature of air flowing through buried pipes at different sections along
the length. For the same a theoretical model is developed and validated with experimental results and
found in good agreement with an error ranging from 2.44% to 10.85%. Moreover, the exergetic analy-
sis has been carried outto investigate the work potential and scope of maximum utilization of energy.
Results reveal that thepipe length can be reduced by 12-14m with wet EATHE system as compared to
dry EATHE system for the same cooling performance. The second law analysis shows that the maximum

exergetic efficiency is 52.25% and 53.18% for dry and wet soil EATHE systems respectively.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

In the semi arid regions, there is a requirement to achieve ther-
mal comfort in the buildings with minimizing energy consumption.
In most of the buildings the thermal comfort is generally main-
tained by air conditioning. The most common technology of air
conditioning is vapor compression technique, operated by electric
motors. It consumes a huge amount of electrical power which is
a major concern. Further, this technology releases Chlorofluorocar-
bons (CFC’s) in the atmosphere, which causes depletion of ozone
layer and global warming. With main challenge of energy short-
age in most of the parts of the world and to overcome the is-
sue of ozone depletion, the renewable energy technologies can be

Abbreviations: PVC, poly vinyl chloride; MS, mild steel; EATHE, earth air tun-
nel heat exchanger; RH, Relative Humidity; COP, Coefficient of Performance; RPM,
Rotations Per Minute.
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used alternatively [1]. One of the passive heating/cooling technolo-
gies based on the geothermal principle is earth air tunnel heat ex-
changer (EATHE). In EATHE system, during summer, hot surround-
ing air is passed through the buried pipes. When air flows through
the pipes, heat is transferred from hot air to the soil. As a result
the outlet temperature of EATHE is much lower than the ambient
temperature. This cooled air from EATHE could be used for the
space cooling directly or could be hybridized with conventional
cooling systems to reduce their power consumption and improve
cost economics [2].

A number of researchers have conducted different studies on
the performance of EATHE systems considering geometric and cli-
matic variations. Sodha et al. [3] investigated an EATHE system for
heating/cooling to supply the conditioned air to a hospital in India.
They found that the EATHE was able to produce the cooling and
heating capacity of 512 kWh and 269 kWh respectively, with 80 m
long buried pipe. The dynamic performance of the EATHE system
was evaluated by Mihalakakou et al. [4] using an unsteady state
numerical model during the summer season. Santamouris et al.


https://doi.org/10.1016/j.enbuild.2018.04.026
http://www.ScienceDirect.com
http://www.elsevier.com/locate/enbuild
http://crossmark.crossref.org/dialog/?doi=10.1016/j.enbuild.2018.04.026&domain=pdf
mailto:sanjeevj450@gmail.com
https://doi.org/10.1016/j.enbuild.2018.04.026

Energy Conversion and Management 153 (2017) 576-588

Contents lists available at ScienceDirect Eneroy
(=}

Conversion
ZManagement

Energy Conversion and Management

journal homepage: www.elsevier.com/locate/enconman

Experimental and theoretical analysis of glazed tube-and-sheet
photovoltaic/thermal system with earth water heat exchanger cooling

@ CrossMark

Sanjeev Jakhar, Manoj S. Soni”

Centre for Renewable Energy and Environment Development (CREED), Department of Mechanical Engineering, Birla Institute of Technology and Science Pilani, Rajasthan
333031, India

ARTICLE INFO ABSTRACT

In the present paper, an attempt has been made to investigate the theoretical and practical performances of the
photovoltaic/thermal (PV/T) system coupled with earth water heat exchanger (EWHE) cooling system for the
conditions of semi-arid region of Pilani, Rajasthan. The experimental studies have been performed for different
flow rates of cooling water (0.033kg/s, 0.025kg/s and 0.017 kg/s) for a typical day climatic conditions. An
electrical efficiency comparison was made for two scenarios when the PV panel was connected or disconnected
with the thermal collector and found out that the average electrical efficiency of PV/T panels is higher than the
normal PV efficiency. The results of the experimental study showed that the maximum PV panel temperature
goes up to 73 °C without any cooling. On the other hand, the PV panel temperature drops in the range of
43.68-49.64 °C with the flow rate of 0.033 kg/s. It has been estimated that the electrical and thermal efficiencies
of the PV/T system with cooling are in the range of 8.26-8.52% and 44.06-55.45% respectively for flow rate of
0.033 kg/s. The EWHE pipe length of 38 m found to be sufficient for the proposed system. The experimental
results are validated with the theoretical model by using basic energy balance equations and found in good
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agreement with percentage error of 0.91-12.09%.

1. Introduction

Electrical energy is a high grade form of energy which can be used
directly in day to day life. It can be generated from various sources like
fossil fuels, including natural gas, nuclear power, etc. However, most of
the power generation in the world is through fossil fuels which leads to
carbon emissions and causes issues like global warming, environment
pollution, etc. To overcome such issues, lots of work is going on in the
field of renewable energy for power generation [1-3]. One of the clean
form of energy is solar energy which is an infinite source and can meet
the energy demand of the world for years to come. The power gen-
eration from the solar energy can be achieved by Photovoltaic (PV)
systems [4]. In which photon is directly converted into electrical
output. However, the thermal energy from the Sun causes the rise in the
temperature of the solar cells, which decreases the cell efficiency and
also degrades the solar cells and hence the life span of the cells. The
temperature of the solar cells can be maintain by providing suitable
cooling technology to the cells [5]. One of the technology is combining
thermal collectors with PV panel forming a photovoltaic/thermal (PV/
T) system in which excess heat can be dissipated to the cooling fluid so
that the temperature of the cell can be maintained within the limits.
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Such PV/T system, thus, provides thermal as well as electrical output
directly from the solar energy and called as hybrid system [6,7]. Hegazy
[8] presented four different models of forced air models of PV/T with
variable parameters like air flow rate, fan power consumption, max-
imum outlet and inlet air temperature. A theoretical model of PV/T air
system was developed by the Gholampour and Ameri [9] to investigate
the effect of the various parameters like environmental, operational and
dimensional. They concluded that the second law analysis is necessary
for making good design decisions. They also concluded that the packing
factor of the PV panel is crucial factor to determine the output and with
increase in packing factor both energy and exergy efficiencies increases.
Vokas et al. [10] presented a theoretical approach on hybrid PV/T
systems for domestic heating and cooling. They found that the thermal
efficiency of PV/T system was lower than the conventional solar col-
lector.

In the last few decades, major research on PV/T is reported by
taking air or water as a cooling medium. In most of the hybrid systems,
water is predominately used as cooling medium owing to its large heat
capacity. However, it is limited to research work only and have very
few industrial applications [11]. Tripanagnostopoulos et al. [12] dis-
cussed the feasibility of hybrid PV/T solar systems. They proposed that
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