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a b s t r a c t

In the present study, a zero-dimensional thermal model has been developed to analyze a novel low
concentration photovoltaic-thermal (CPVT) collector. The model has been developed by driving heat
transfer and energy balance equations for each part of the collector and then solving all the equations
simultaneously. Moreover, a Monte-Carlo ray-tracing software has been used for optical stimulations of
the parabolic trough solar collector. The novel CPVT collector has been experimentally tested at G€avle
University (Sweden) and the model has been validated against the experimental results. The primary
energy saving equivalent to the thermal-electrical power cogeneration of the CPVT collector has been
determined. The effect of glass cover removal, heat transfer fluid (HTF) inlet temperature and mass flow
rate on the collector performance has been investigated. The optimum HTF mass flow rates of the col-
lector for maximum electrical yield and overall primary energy saving were determined under specified
operating conditions by considering the pump consumption. The effect of mean fluid temperature on the
thermal and electrical efficiencies has been studied and the characteristic equation of the thermal effi-
ciency has been obtained. The thermal and electrical peak efficiencies of the collector have been found to
be 69.6% and 6.1%, respectively.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Solar Energy is a sustainable and emission-free source of energy,
which can be used by photovoltaic (PV) cells to produce electricity.
Conventional PV cells have electrical efficiencies with a range of
5e20% [1]. Therefore, more than 80% of solar energy is reflected
towards the atmosphere or dissipated as heat, which raises the cell
temperature. Moreover, as the PV cell temperature increases, the
cell efficiency drops [2]. Therefore, it is a good idea to extract the
dissipated thermal energy by a heat transfer fluid (HTF). So, the
concept of photovoltaic-thermal (PVT) collectors can be introduced
to generate thermal energy (heat) as well as electricity generation
from the same gross area. Concentrating Photovoltaic (CPV) can be
identified to replace relatively expensive PV cells with cheaper
.

r Ltd. This is an open access article
reflectors to lower the cost [3]. But the main concern that lies with
CPV technologies is the high temperatures that the PV cell reaches
due to concentration. Thus, a cooling fluid is essential to lower the
cell temperature. Concentrating photovoltaic thermal (CPVT) col-
lectors are a combination of PVT and CPV collectors that generate
thermal and electrical energy simultaneously which also need less
installation area in comparison with separate PV and thermal
collectors.

Garg and Adhikari [4] developed a theoretical steady-state
model for a PVT system combined with a compound parabolic
concentrator (CPC). The results indicated that the PVT system with
concentrator performs better than the PVT system without
concentrator. The performance analysis of a parabolic trough
concentrator (PTC) combined with a PVT systemwas carried out by
Coventry [5] which showed a significant impact of non-uniform
illumination on electrical yield of the collector. Also, a combined
electrical and thermal efficiency of 69% was reported for the col-
lector under typical operating conditions. Nilsson et al. [6]
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Nomenclature

Abond Area of the bond between copper plates and copper
tube [m2]

Ag Effective area of glass cover [m2]
Ap Copper plates Area [m2]
Apv Effective area of PV cells [m2]
Ar Effective area of reflector (concentrator) [m2]
At Copper tube Area [m2]
Cp,f Specific heat capacity of HTF [J/kg.K]
Dt Copper tube inner diameter [m]
Ep,t Total primary energy saving [W]
Fg,pv View factor of glass cover to PV cells
Fg,r View factor of glass cover to reflector (concentrator)
fl Darcy friction factor of HTF flow inside the copper

tube
fp,e Primary energy factor of electricity
fp,h Primary energy factor of heating (district)
Fpv,r View factor of PV cells to reflector (concentrator)
g Gravitational acceleration [m/s2]
Gt Global solar irradiation [W/m2]
hcb Convective heat transfer coefficient between inner

side of rear cover and reflector [W/m2.K]
hcg Convective heat transfer coefficient between glass

cover and inside air [W/m2.K]
hcp Average convective heat transfer coefficient between

the copper plates and inside air [W/m2.K]
hcp1 Convective heat transfer coefficient between the

right copper plate and inside air [W/m2.K]
hcp2 Convective heat transfer coefficient between the left

copper plate and inside air [W/m2.K]
hcpv Average convective heat transfer coefficient between

the PV modules and inside air [W/m2.K]
hcpv1 Convective heat transfer coefficient between the

right PV module and inside air [W/m2.K]
hcpv2 Convective heat transfer coefficient between the left

PV module and inside air [W/m2.K]
hcr Convective heat transfer coefficient between

reflector and inside air [W/m2.K]
hcr1 Convective heat transfer coefficient between r1 (left

equivalent plate of the reflector) and inside air [W/
m2.K]

hcr2 Convective heat transfer coefficient between r2
(middle equivalent plate of the reflector) and inside
air [W/m2.K]

hcr3 Convective heat transfer coefficient between r3 (right
equivalent plate of the reflector) and inside air [W/
m2.K]

hf Convective heat transfer coefficient of HTF [W/m2.K]
hrg,amb Radiative heat transfer between glass cover and

ambient [W/m2.K]
hw Convective heat transfer between glass cover and

ambient [W/m2.K]
Jg Glass cover radiosity [W/m2]
Jpv PV cells radiosity [W/m2]
Jr Reflector (concentrator) radiosity [W/m2]
kb,air Air thermal conductivity reflector at average

temperature of rear cover and reflector [W/m.K]
kbond Thermal conductivity of the bond between copper

plates and copper tube (soldering) [W/m.K]
kcu copper thermal conductivity [W/m.K]
kf Thermal conductivity of HTF (water) [W/m.K]

kg,air Air thermal conductivity at glass cover film
temperature (TgþTair)/2 [W/m.K]

kp,air Air thermal conductivity at copper plates film
temperature (TpþTair)/2 [W/m.K] [W/m.K]

kpv PV cells thermal conductivity [W/m.K]
kpv,air Air thermal conductivity at PV modules film

temperature (TpvþTair)/2 [W/m.K]
kr,air Air thermal conductivity at reflector film

temperature (TrþTair)/2 [W/m.K]
ksi Silicone thermal conductivity [W/m.K]
L Effective length of the collector [m]
Lt Copper tube length [m]
_mf HTF mass flow rate [kg/s]
Nub Nusselt number for inner side of rear cover
Nuf HTF Nusselt number
Nug Nusselt number for glass cover inner side
Nup1 Nusselt number for the right copper plate
Nup2 Nusselt number for the left copper plate
Nupv1 Nusselt number for the right PV module
Nupv2 Nusselt number for the left PV module
Nur1 Nusselt number for r1 (left equivalent plate of the

reflector)
Nur2 Nusselt number for r2 (middle equivalent plate of the

reflector)
Nur3 Nusselt number for r3 (right equivalent plate of the

reflector)
pe,net Net electrical power output [W]
pe,pump Pump electrical power consumption [W]
pe,pv PV cells electrical power generation [W]
Prf HTF Prandtl number
Prg Air Prandtl number at glass cover film temperature

(TgþTair)/2
Prp Air Prandtl number at copper plates film temperature

(TpþTair)/2
Prpv Air Prandtl number at PV modules film temperature

(TpvþTair)/2
Prr Air Prandtl number at reflector film temperature

(TrþTair)/2
qa,g Absorbed solar radiation by glass cover [W]
qa,p Absorbed solar radiation by copper plates [W]
qa,r Absorbed solar radiation by reflector [W]
qa,t Absorbed solar radiation by copper tube [W]
qb,amb Heat transfer from rear cover to ambient [W]
qcg,air Convective heat transfer from inside air to glass cover

[W]
qcp,air Convective heat transfer from copper plates to inside

air [W]
qcpv,air Heat transfer from PV cells to inside air [W]
qcr,air Convective heat transfer between inner side of

reflector and inside air [W]
qcr,b Convective heat transfer between outer side of

reflector and inner side of rear cover [W]
qg,amb Convective heat transfer from glass cover to ambient

[W]
qp,t Heat transfer from copper plates to copper tube [W]
qpv,p Heat transfer from PV cells to copper plates [W]
qrg Radiative heat transfer from glass cover [W]
qrpv Radiative heat transfer from PV cells [W]
qrr Radiative heat transfer from reflector (concentrator)

[W]
qrr,b Radiative heat transfer between outer side of

reflector and inner side of rear cover [W]
qu Useful thermal energy (thermal power output) [W]
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Rb,amb Thermal resistance between rear cover and ambient
[K/W]

Rcg,air Thermal resistance between glass cover and inside
air [K/W]

Rcp,air Convective thermal resistance between copper plates
and inside air [K/W]

Rcpv,air Thermal resistance between PV modules and inside
air [K/W]

Rcr,air Thermal resistance between reflector and inside air
[K/W]

Rcr,b Thermal resistance between reflector and rear cover
[K/W]

Ref Reynolds number of the HTF flow
Rg,amb Thermal resistance between glass cover and ambient

[K/W]
ri Inner radius of copper tube [m]
ro Outer radius of copper tube [m]
Rp,t Thermal resistance between copper plates and

copper tube [K/W]
Rpv,p Thermal resistance between PV modules and copper

plates [K/W]
Sp Concentrated solar irradiation on copper plates [W/

m2]
Spv Concentrated solar irradiation on the PV cells [W/m2]
Sr Incident solar irradiation on reflector [W/m2]
St Concentrated solar irradiation on copper tube [W/

m2]
Tair Inside air mean temperature [K]
Tamb Ambient temperature [K]
Tb rear cover temperature [K]
Tg Glass cover mean temperature [K]
thbond thickness of the bond between copper plates and

copper tube [m]
thp copper plates thickness [m]
thpv PV cells thickness [m]
thsi Silicone thickness [m]
Ti,f HTF inlet temperature [K]
Tm,f Mean HTF temperature [K]
To,f HTF outlet temperature [K]
Tp Copper plates mean temperature [K]
Tpv PV cells mean temperature [K]
Tr Reflector (concentrator) mean temperature [K]
Tref Reference temperature for standard test condition (¼

25�C)
Tt Copper tube mean temperature [K]
Vf HTF velocity [m/s]
Vw Wind speed [m/s]
wb,e Equivalent width between rear cover and reflector

[m]
wg Glass cover width [m]
wp copper plates width [m]
wpv PV modules width [m]
wr1 Width of r1 (left equivalent plate of the reflector) [m]
wr2 Width r2 (middle equivalent plate of the reflector)

[m]
wr3 Width of r3 (right equivalent plate of the reflector)

[m]

Greek Symbols
ab Air thermal diffusivity at average temperature of rear

cover and reflector [m2/s]
ag Glass cover absorptivity

ap Copper plates absorptivity
ar Reflector absorptivity
at Copper tube absorptivity
bair Volumetric thermal expansion of inside air at its

average temperature Tair [K-1]
bb Volumetric thermal expansion of inside air at average

temperature of rear cover and reflector (TbþTr)/2 [K-

1]
bpv PV cells temperature coefficient
DPl Collector pressure drop [Pa]
εb rear cover emissivity
εg Glass cover emissivity
εpv PV cells emissivity
εr Reflector (concentrator) emissivity
εr,b Emissivity of outer side of reflector
he Collector electrical efficiency
he,m PV module efficiency
hpump Pump efficiency
href,m PVmodule efficiency at standard test condition (Solar

cell temperature of 25�C and Solar irradiation of
1000W/m2 with solar spectrum air mass of 1.5)

hth Collector thermal efficiency
qg Angle of glass cover inclination from gravity direction

[�]
qp1 Angle of the right copper plate inclination from

gravity direction [�]
qp2 Angle of the left copper plate inclination from gravity

direction [�]
qpv1 Angle of the right PV module inclination from gravity

direction [�]
qpv2 Angle of the left PV module inclination from gravity

direction [�]
qr1 Angle of r1 (left equivalent plate of the reflector)

inclination from gravity direction [�]
qr2 Angle of r2 (middle equivalent plate of the reflector)

inclination from gravity direction [�]
qr3 Angle of r3 (right equivalent plate of the reflector)

inclination from gravity direction [�]
qt Collector tilt angle [�]
nb Air kinetic viscosity at average temperature of rear

cover and reflector [m2/s]
ng Air kinetic viscosity at glass cover film temperature

(TgþTair)/2 [m2/s]
np Air kinetic viscosity at copper plates film temperature

(TpþTair)/2 [m2/s]
npv Air kinetic viscosity at PV modules film temperature

(TpvþTair)/2 [m2/s]
nr Air kinetic viscosity at reflector film temperature

(TrþTair)/2 [m2/s]
rf HTF density [kg/m3]
rg Glass cover reflectivity
rr Reflector (concentrator) reflectivity
s Stefan-Boltzmann constant [¼5.67�108 W/m2K4]
tg Glass cover transmissivity

Abbreviations
CPC Compound Parabolic Collectors
CPV Concentrating Photovoltaic
CPVT Concentrating Photovoltaic-Thermal
HTF Heat transfer fluid
PV Photovoltaic
PVT Photovoltaic-Thermal
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Fig. 1. Solar collector prototype at the University of G€avle.

Fig. 2. Cross-section view of the CPVT troughs.
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evaluated a PVT-CPC hybrid system for high latitudes. The yearly
output power was discussed in different cases and the optimum
characteristics of the system were determined. Bernardo et al. [7]
introduced a testing and characterization method for performance
evaluation of CPVT hybrid systems. A finite-volume model of a PVT
collector integrated with a parabolic concentrator was developed
by Calise et al. [8] for energy and exergy evaluation of the collector.
From both energy and exergy perspectives, the system perfor-
mance showed a significant sensitivity to the flow rate of the HTF.

Bahaidarah et al. [9] evaluated the thermal and electrical per-
formances of a flat plate PV and a PV-CPC system numerically and
experimentally. Also, they compared the performances of the two
systems with and without cooling fluid. The generated electricity of
the PV-CPC collector with cooling was about twice of the collector
electricity generation with no cooling fluid. They deduced that the
electrical yield of the PV-CPC is much more than the flat plate PV
(39% vs 23%) in all cases. Atheaya et al. [10] developed a charac-
teristic equation for a partially covered PVT-CPC collector by
deriving energy balance equations of the collector components.
Several cases with different configurations were studied and
compared. Tripathi et al. [11] presented a thermal model for a
combination of N series-connected partially covered PVT-CPC col-
lectors. The thermal performance, overall exergy and the outlet HTF
temperature of the collectors were studied in different cases. They
found the combination of PVT-CPC collectors, which 25% partially
covered by PV cells, is the best choice formaximum thermal energy.
Also, the combination of fully covered (100% covered by cells) PVT-
CPC collectors reported as the best case from the overall exergy
point of view. Tiwari et al. [12] presented a modified Hottel-
Whillier-Bliss (HWB) equation for a combination of PVT-CPC
collectors.

Koronaki and Nitsas [13] performed a numerical and experi-
mental analysis of five series-connected PVT-CPC collectors. It was
understood that as the inlet temperature of the HTF increased, the
heat losses increased and the thermal performance of the system
decreased. Conversely, as the HTF mass flow rate increased, the
thermal performance of the system was increased because of
higher convective heat transfer to the HTF. The electrical and
thermal performance of four symmetric CPVT collectors with a
vertical bifacial receiver were evaluated for low latitudes by Cabral
and Karlsson [14]. The evaluation of the collectors with different
geometries performed by a ray-tracing software and a multi-
paradigm numerical computation. The results indicated that the
CPC-PVT geometries delivered higher electrical and thermal power
over a year. Maatallah and Youssef [15] presented a coupled opto-
thermal model for a CPVTcollector with insulation on three sides of
the rectangular receiver. The temperature distribution, thermal and
electrical performances of the system were studied. It was
concluded that assuming uniform concentrated solar radiation on
the receiver led to thermal efficiency overestimation. Zhang et al.
[16] compared electrical and thermal performances of a CPVT sys-
temwith a flat plate PVT system experimentally and theoretically. It
was found that the generated electrical and thermal powers of the
CPVT system were about 3 and 2 times higher than the flat plate
system, respectively. A numerical and experimental study on the
Solarus CPVT collector was performed by Nasseriyan et al. [17].
Temperatures of various layers of the receiver were measured by
several k-type thermocouples and compared to the numerical
simulation results to experimentally validate the numerical simu-
lation. The effect of several parameters such as collector tilt angle,
HTF temperature and mass flow rate, backside insulation and
removing glass cover on the collector performance were investi-
gated by the stimulation. It was reported that generated electricity
of the unglazed collector was increased by 2% but the thermal yield
was decreased by 70%.
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In the present study, a novel CPVT solar collector with a low
concentration ratio was designed, built and tested at the University
of G€avle. The novel CPVT collector consists of an A-Shape PVT
receiver core and a glazed stationary parabolic concentrator which
is a new prototype. A zero-dimensional (0-D) thermal model based
on energy balance is developed to investigate the thermal and
electrical performance of the proposed novel CPVT collector. The
model can predict average temperatures of the collector's main
components during a day. To the best of the authors' knowledge,
this kind of modelling has not been performed in literature for this
type of CPVT collector. Experimental tests are also performed to
validate the developed model of the collector. After validating the
model, a parametric study is done to find the key design parameters
of the novel CPVT collector for further optimizations.
2. CPVT collector description (geometry)

Fig. 1 describes the fabricated collector prototype which is
composed of three troughs, one CPV and two identical CPVT
troughs, however, this study focuses on the CPVT troughs of the
collector.



Fig. 3. 3-D view of the Optical Stimulation.
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The cross-section view of a CPVT trough of the collector is
shown in Fig. 2. The collector is sealed by a high transmittance low-
iron solar glass and by transparent side gables. Therefore, the solar
collector is considered airtight. Two small waterproof air vents are
installed on both ends of the CPVT trough to remove the moisture
of the inside air and protect the PV panels. The airflow from these
air vents has been neglected. The reflective surface of the parabolic
concentrator is made of high reflectancematerial which reflects the
solar irradiance towards the receiver core.

As Fig. 2 indicates, the solar irradiation is reflected and
concentrated on the receiver core by the reflector (concentrator).
The receiver core of the collector is composed of two copper plates
and a copper tube placed between the plates. The copper plates and
copper tube are coveredwith black coating to absorb themaximum
possible solar irradiation. The outer section of the copper plates is
covered with monocrystalline PV cells. Each CPVT trough has two
PV cell strings, each onewith 24 quarter-sized PV cells connected in
series. A portion of the concentrated solar flux received on the PV
cells is converted to electricity and the remaining to heat. A portion
of the generated heat is dissipated to the surroundings and the rest
is transferred to the heat transfer fluid (HTF) as the useful thermal
energy of the CPVTcollector. To avoid the end shade effect, there is a
19 cm gap between the end of the concentrator and the receiver
core. The CPVT collector design parameters are given in Table 1.

3. CPVT collector modelling

To investigate the thermal and electrical performance of the
CPVT collector, a thermal model has been developed by driving
energy balance and heat transfer equations for each part of the
collector. Also, optical modelling is needed to determine the
concentrated solar irradiation on the receiver core and use this
value as an input for the thermal model.

3.1. Optical modelling

The concentrator curve is a pure parabola with a height of
13.9 cm and a focal length of 4.9 cm. The concentrator is made of
high reflectance material with 92% reflectivity. The concentrator is
covered by solar glass with a transmissivity of 91%. The two flat
plates of the receiver core are identical with a dimension of
8 � 200 cm. The angle between the two flat plates is 20�.
Table 1
Design parameters of CPVT collector.

Parameters Values and Units

Ab, Abond, Ag 0.748 m2, 0.02 m2, 0.644 m2

Ap, Apv 0.32 m2, 0.32 m2

Ar, At 0.867 m2, 0.09 m2

L, Lt 2 m, 2.46 m
wb,e, wg 0.07 m, 0.322 m
wp, wpv 0.08 m, 0.08 m
wr1, wr2, wr3 0.192 m, 0.064 m, 0.192 m
thbond, thsi 0.001 m, 0.001 m
thpv, thp 0.0004 m, 0.001 m
ro,ri 0.006 m, 0.005 m
Dt 0.01 m
kpv, kcu 158 W/m.K, 395 W/m.K
kbond, ksi 65 W/m.K, 0.2 W/m.K
href,m 0.138
bpv 0.004 1/K
Vw 2.7 m/s
ag, ap 0.02, 0.95
at, ar 0.95, 0.08
εg, εpv, εr 0.84, 0.8, 0.08
εr,b, εb 0.79, 0.09
rg,rr 0.07,0.92
tg 0.91
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For optical analysis of the concentrating system, a Mont Carlo
ray-tracing (MCRT) software named Tonatiuh was employed.
Tonatiuh is open-source object-oriented software with a 3-D user-
friendly interface developed for optical design and simulation of
most concentrating solar systems. The ray-tracing software was
experimentally validated for various concentrating solar systems
[18,19].

The CPVT collector was modelled by defining various nodes and
sub-nodes in the tree structure of the software. The reflectivity and
transmissivity of the glass cover has been corrected for each inci-
dence angle with the Fresnel equations. The reflector was consid-
ered free from fabrication errors. To achieve acceptable accuracy as
well as lower computational time, the number of rays was set to
100,000 rays. The Sunlight (source of the rays) can be defined with
sun position and shape. Sun position (azimuth and altitude angles)
can be calculated by entering the date and the time into the soft-
ware. Pillbox distributionwas adequately considered for sun shape.
In other words, the intensity distribution of sunlight over the solar
disk has been assumed as uniform.

The optical stimulation was performed with an average
concentrated solar flux on PV modules, copper plates, copper tube
and concentrator were obtained from the stimulation and the
values used as an input for the thermal modelling. Fig. 3 shows a 3-
D view of the performed stimulation in the optical modelling
software while the sun is normal to the collector's aperture.
3.2. Thermal modelling

To reduce the complexity of the theoretical thermal modelling,
simplifications were assumed as follow:

1. The energy transfer was considered in quasi-steady condition.
2. The thicknesses of the glass cover, reflector and rear cover are

small, therefore, have been neglected.
3. There is no-air leakage in the collector.
4. The air inside the collector is assumed as an ideal gas.
5. The water flow inside the copper tube is assumed fully devel-

oped through a smooth tube.
6. The radiation heat transfer between surfaces (glass cover, PV

cells and reflector) was assumed as a radiation heat transfer
with diffuse-gray surfaces. For the optical modelling, glass cover
and reflector were assumed transparent and specular to the
solar radiation, respectively.

7. The heat transfers from both side gables are small and therefore
have been neglected.



Fig. 4. Equivalent thermal resistance circuit of the CPVT.
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8. For each component, a uniform mean bulk temperature was
assumed.

The equivalent thermal resistance circuit of the thermal model
is shown in Fig. 4. To solve this thermal circuit, all required heat
transfer and energy balance equations were determined and
derived for each node. All equations of the thermal model have
entered in Engineering Equation Solver (EES) software and
numerically solved simultaneously with built-in advanced iterative
procedures. A relative residual tolerance of 1E-6 was considered as
the stop criteria in the software.

The proposed heat transfer and energy balance equations for
several nodes are presented and discussed in the following
sections.
3.2.1. Radiative heat transfer between glass cover, reflector and PV
cells (Jg, Jpv and Jr)

The radiative heat transfer between glass cover, reflector
(concentrator) and PV cells was determined by the radiation
network shown in Fig. 4. In the radiation network, the radiosity
nodes (Jg, Jpv and Jr) are connected through relevant space resis-
tance and the radiosity nodes are connected to the blackbody
540
emissive powers associated with temperature nodes (Tg, Tpv, Tr) of
each surface with relevant surface resistance [20].

The radiosities can be obtained by using a set of Eqs. (1)e(3).
After determining the radiosities, the radiative heat transfer be-
tween these three surfaces can be determined by the other set of
Eqs. (4)e(6). The view (configuration) factors were obtained by
using the Hotel crossed stringmethod [21]. The view factors of glass
cover to PV cells (Fg,pv), glass cover to reflector (Fg,r) and PV cells to
reflector (Fpv,r) were calculated to be 0.21, 0.79 and 0.6, respectively.

s,Tg4 � Jg�
1� εg

���
Ag,εg

�¼ Jg � Jpv
1
��

Ag,Fg;pv
�þ Jg � Jr

1
��

Ag,Fg;r
� (1)

s,Tpv4 � Jpv�
1� εpv

���
Apv,εpv

�¼ Jpv � Jg
1
��

Ag,Fg;pv
�þ Jpv � Jr

1
��

Apv,Fpv;r
� (2)

s,Tr4 � Jr
ð1� εrÞ=ðAr,εrÞ¼

Jr � Jg
1
��

Ag,Fg;r
�þ Jr � Jpv

1
��

Apv,Fpv;r
� (3)



H. Afzali Gorouh, M. Salmanzadeh, P. Nasseriyan et al. Renewable Energy 181 (2022) 535e553
qrg ¼
�
εg,Ag

1� εg

�
,
�
s , Tg4 � Jg

�
(4)

qrpv ¼
�
εpv,Apv

1� εpv

�
,
�
s , Tpv4 � Jpv

�
(5)

qrr ¼
�
εr,Ar

1� εr

�
,
�
s , Tr4 � Jr

�
(6)

3.2.2. Heat transfer and energy balance for glass cover
Heat is transferred from the outer side of the glass cover to the

ambient by convection and radiation. The convective and radiative
heat transfer coefficients are given by the following Eqs. (7) and (8)
[22]:

hw ¼8:6,
ðVwÞ0:6
L0:4

(7)

hrg;amb ¼ εg , s ,
�
Tg þ Tamb

�
,
�
Tg2 þ Tamb

2
�

(8)

Then the thermal resistance between glass cover and ambient
can be obtained as follows (Eq. (9)):

Rg;amb ¼
1

Ag,
�
hw þ hrg;amb

� (9)
hcpv1 ¼
Nupv1,kpv;air

wpv
¼
0:54,

 
gr,bair,ðTpv�TairÞ,wpv

3

npv2
,Prpv,Cos

�
qpv1

�!0:25

,kpv;air

wpv
(15)

hcpv2 ¼
Nupv2,kpv;air

wpv
¼
0:54,

 
g,bair,ðTpv�TairÞ,wpv

3

npv2
,Prpv,Cos

�
qpv2

�!0:25

,kpv;air

wpv
(16)
Also, heat is transferred from the inner side of glass cover to the
air inside the collector by natural convection. The convective heat
transfer coefficient and then the thermal resistance between the
glass cover and inside air can be determined by the following Eqs.
(10) and (11) [23]:

hcg ¼
Nug,kg;air

wg
¼
0:54,

 
g,bair,ðTair�TgÞ,wg

3

ng2
,Prg,Cosqg

!0:25

,kg;air

wg

(10)

Rcg;air ¼
1

Ag,hcg
(11)

The energy balance for the glass cover can be derived as follows
(Eq. (12)):

qrg þ qcg;air þ qa;g ¼ qg;amb (12)

Which can be rewritten as (Eq. (13)):
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qrg þ
�
Tair � Tg

�
Rcg;air

þ ag,Gt,Ag ¼
�
Tg � Tamb

�
Rg;amb

(13)
3.2.3. Heat transfer and energy balance for PV cells
PV cells convert a portion of the concentrated solar irradiation to

electricity depending on the cell efficiency, and the remaining
converts to heat. As discussed previously, the efficiency of PV cells
varies with temperature of the cells. To consider the temperature
dependency of the PV modules standard efficiency, Eq. (14) is used
[24]:

he;m¼ href ;m,
�
1� bpv ,

�
Tpv � Tref

��
(14)

where the temperature coefficient of PV cells (bpv) and the PV
modules standard efficiency (href,m) are 0.004%/K and 13.8%,
respectively.

A part of the generated heat is transferred to the inside air by
convection and other surfaces by radiation. Most of the heat is
transferred to the copper plates attached under the PV cells. The
radiation part was determined and presented previously in section
3.2.1. The mean convective heat transfer coefficient from PV cells to
the inside air can be obtained by an average between convective
heat transfer coefficients from each PV panel (left and right) to the
inside air by following Eqs. (15)e(17) [23]:
hcpv ¼
hcpv1 þ hcpv2

2
(17)

For PV modules encapsulation, two thin layers of silicone are
placed on either side of the modules. Consequently, there are two
conductive thermal resistances on both sides of the cells. The
thermal resistances from PV cells to inside air and copper plate can
be determined by Eqs. (18) and (19), respectively.

Rcpv;air ¼
1

Apv,hcpv
þ thsi
ksi,

�
Apv
�
2
� (18)

Rpv;p ¼ thsi
ksi,

�
Apv
�
2
�þ thpv

kpv,
�
Apv
�
2
� (19)

The energy balance for the PVmodules can be derived as follows
(Eq. (20)):

qrpv þ qpv;p þ qcpv;air þ pe;pv ¼ Spv,Apv (20)

Which can be restated as (Eq. (21)):
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qrpv þ Tpv � Tp
Rpv;p

þ Tpv � Tair
Rcpv;air

þ Spv,Apv,he;m ¼ Spv,Apv (21)
3.2.4. Heat transfer and energy balance for the copper plates
A portion of the heat received on the copper plate is transferred

to the inside air by natural convection (from the backside of the
hf ¼Nuf , kf

,
Dt ¼

 ðfl=8Þ,
�
Ref � 1000

�
,Prf

1þ
�
12:7,

�
ðfl=8Þ1=2

�
,
��

Prf 2=3
�
� 1

��
!
,
�
1þðDt=LtÞ2=3

�
,kf

,
Dt (29)
plates) and the rest is transferred to the copper tube attached be-
tween the copper plates by conduction. The copper tube is soldered
to the copper plates and the heat is transferred to the tube through
the bond.

Following Rich [25] and Churchill and Chu [26], the mean
convective heat transfer coefficients for the copper plates can be
obtained by the following Eqs. (22)e(24):
hcp1 ¼
Nup1,kp;air

wp
¼

2
40:68þ

8<
:0:67,ðg,bair,ðTpv�TairÞ,wpv

3,Prp,Cosðqp1Þ=npv2Þ1=4
ð1þð0:492=PrpÞ9=16Þ4=9

9=
;
3
5,kp;air

wp
(22)

hcp2 ¼
Nup2,kp;air

wp
¼

2
40:68þ

8<
:0:67,ðg,bair,ðTpv�TairÞ,wpv

3,Prp,Cosðqp2Þ=npv2Þ1=4
ð1þð0:492=PrpÞ9=16Þ4=9

9=
;
3
5,kp;air

wp
(23)
hcp¼
hcp1 þ hcp2

2
(24)

The thermal resistances from copper plates to inside air and
copper tube can be obtained as follows (Eqs. (25) and (26)):

Rcp;air ¼
1�

Ap � Abond
�
,hcp

(25)

Rp;t ¼ thp
kcu,

�
Ap
�
2
�þ thbond

kbond,ðAbond=2Þ
þ lnðro=riÞ
2,p,kcu,L

(26)

Then the energy balance for the PV cells can be written as fol-
lows (Eq. (27)):

qcp;air þ qp;t ¼ qpv;p þ qa;p (27)

Which can be rewritten as (Eq. (28)):

Tp � Tair
Rcp;air

þ Tp � Tt
Rp;t

¼ Tpv � Tp
Rpv;p

þ ap,Sp,Ap (28)
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3.2.5. Useful thermal energy output and HTF outlet temperature
The received thermal energy to the copper tube is transferred to

the HTF by forced convection. If the fluid flow regime is laminar
(Ref< 2300), the average Nusselt number (Nuf) in constant heat flux
and constant temperature conditions are equal to 4.36 and 3.66
[27], respectively. Otherwise, for transient and turbulent flow
(Ref > 2300), the convective heat transfer coefficient can be
determined by Eq. (29) [28].
Where:

fl ¼
�
1:82,log

�
Ref
�
� 1:64

��2
(30)

The useful thermal energy and the HTF outlet temperature can
be obtained from the following Eqs. (31) and (32):
qu ¼ hf ,p ,Dt , L,
�
Tt � Tm;f

�
(31)

To;f ¼ Ti;f þ
qu

_mf ,Cp;f
(32)

As the HTF flows inside the copper pipe, it absorbs heat and its
temperature rises. Constant heat flux or constant temperature as-
sumptions can be considered for the copper tube to predict the HTF
temperature distribution along the collector. The mean tempera-
ture can be determined by integrating the temperature distribution
over the collector length. HTF mean temperature for constant heat
flux and constant temperature conditions can be calculated by Eqs.
(33) and (34), respectively.

Tm;f ¼
To;f þ Ti;f

2
(33)



Tm;f ¼ Tt þ
�
Tt � Ti;f

�
,

0
B@ _mf ,Cp;f
hf ,p,Dt,L

1
CA,

0
B@
0
B@exp

0
B@� hf ,p,Dt,L

_mf ,Cp;f

1
CA�1

1
CA
1
CA (34)
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In practice, the copper tube surface is neither in constant heat
flux nor constant temperature conditions, but it's a combination of
both. Performed calculations lead to almost the same overall results
by both constant heat flux and temperature assumptions. Because
of the asymmetry along the collector length and for simplicity, the
constant heat flux was assumed in the present study.

3.2.6. Energy balance for copper tube
The energy balance equation for the copper tube is given by Eq.

(35).

qp;t þ qa;t ¼ qu (35)

Which can be restated as (Eq. (36)):

Tp � Tt
Rp;t

þat,St,At ¼ qu (36)
hcr1 ¼
Nur1,kr;air

wr1
¼
0:54,

	�
g,bair,ðTr�TairÞ,wr1

3

nr2

�
,Prr,Cosðqr1Þ


0:25
,kr;air

wr1
(37)

hcr2 ¼
Nur2,kr;air

wr2
¼
0:54,

	�
g,bair,ðTr�TairÞ,wr2

3

nr2

�
,Prr,Cosðqr2Þ


0:25
,kr;air

wr2
(38)

hcr3 ¼
Nur3,kr;air

wr3
¼
0:54,

	�
g,bair,ðTr�TairÞ,wr3

3

nr2

�
,Prr,Cosðqr3Þ


0:25
,kr;air

wr3
(39)
Fig. 5. Flat plates assumed
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3.2.7. Heat transfer and energy balance for the reflector
(concentrator)

Heat is transferred between the inner side of the reflector to the
inside air by natural convection. To determine the free convective
heat transfer coefficient between the reflector inner side and inside
air and due to lack of empirical relations in literature for this spe-
cific geometry and condition, the reflector curve was simplified to
three flat plates (r1, r2, r3) with different inclinations as shown in
Fig. 5.

The convective heat transfer coefficient for each equivalent plate
can be calculated by Eqs. 37e39, and then mean convective heat
transfer coefficient for the reflector can be determined by averaging
(weighted) between the calculated coefficients as follows (Eq.
(40)):
as the reflector curve.
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hcr ¼hcr1,wr1 þ hcr2,wr2 þ hcr3,wr3

wr1 þwr2 þwr3
(40)

The mean convective thermal resistance between the inner side
of reflector and inside air can be determined as (Eq. (41)):

Rcr;air ¼
1

Ar,hcr
(41)

Also, the heat is transferred from the outer side of the reflector
to the inner side of the rear cover of the collector by convection and
radiation. Due to the lack of relations for calculating the convective
heat transfer coefficient, the heat transfer between the reflector
and the rear cover has been assumed as a heat transfer between
two flat plates with equivalent dimensions. The convective heat
transfer coefficient and thermal resistance can be determined by
the following correlations, respectively [29]:
hcb ¼ Nub,kb;air
w

¼

2
64
0
B@
8<
:1þ

2
40:212,

 
wb;e

3,bb,g,ðTr � TbÞ
nb,ab

!0:136
3
511

9=
;

1=111CAþ :::

:::þ
�
qt
60

�
,

0
B@
2
64
8<
:1þ

2
40:0566,

 
wb;e

3,bb,g,ðTr � TbÞ
nb,ab

!0:332
3
54:76

9=
;

1=4:76375

�

2
64
8<
:1þ

2
40:212,

 
wb;e

3,bb,g,ðTr � TbÞ
nb,ab

!0:136
3
511

9=
;

1=11375
1
CA
3
75,kb;air

wb;e
(42)
Rcr;b ¼
1

Ab,hcb
(43)

As the outer side of the reflector can only see the rear cover, the
view factor between the outer side of reflector and rear cover
equals one. So, with reasonable accuracy, the radiation heat transfer
between the surfaces can be considered as radiative heat transfer
between two flat plates. The radiative heat transfer can be obtained
from Eq. (44) [20].

qrr;b ¼
Ar,s,

��
Tr4
�
�
�
Tb

4
��

�
1
�
εr;b
�þ ð1=εbÞ � 1

(44)

Then, the energy balance for the reflector can be obtained as (Eq.
(45)):

qrr þ qcr;air þ qcr;b þ qrr;b ¼ qa;r (45)

Which can be rewritten as (Eq. (46)):

qrr þ Tr � Tair
Rcr;air

þ Tr � Tb
Rcr;b

þ qrr;b ¼ ar,Sr :Ar (46)
3.2.8. Energy balance for inside air
The energy balance equation for the air inside the collector

cavity can be written as (Eq. (47)):
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qcg;air þ qcpv;air þ qcp;air þ qcr;air ¼ 0 (47)
3.2.9. Heat transfer and energy balance for the rear cover
The heat transfer between the inner side of the rear cover and

the outer side of reflector was determined earlier in section 3.2.7. To
determine the heat transfer from the outer side of the rear cover to
ambient, wind convective heat transfer is considered similar to the
convective heat transfer calculation of the glass cover to ambient
(section 3.2.2). Then the thermal resistance between the rear cover
and ambient can be determined as follows (Eq. (48)):

Rb;amb ¼
1

hw,Ab
(48)
The energy balance equation of the collector rear cover can be
developed as (Eq. (49)):

qcr;b þ qrr;b ¼ qb;amb (49)

Which can be rewritten as (Eq. (50)):

Tr � Tb
Rcr;b

þ qrr;b ¼ Tb � Tamb

Rb;amb
(50)

Finally, all the modified correlations in sections 3.2.1-3.2.9 will
be added to an equation solver software and solved together
simultaneously by iterative methods.
3.3. Energy analysis

As the CPVTcollector is designed for a forced circulation, a pump
is required HTF flow circulation through the collector loop. As the
HTF flows through the collector loop, a pressure drop occurs and
the circulation pump has to compensate the fluid pressure drop. In
the present study, only the pressure drop due to the friction loss of
the copper tube (collector pressure loss) was considered. Then the
pump electricity consumption for HTF circulation along the col-
lector can be calculated by the following Eq. (51) [30]:

pe;pump ¼

�
_mf

�
rf

�
,DPl

hpump
¼

_mf ,fl,Vf
2,Lt

2,hpump,Dt
(51)

Where a constant value of 0.7 is considered for pump efficiency
(hpump). For fully developed laminar flow (Ref < 2300), the friction



Fig. 7. HiG PVT indoor test setup at G€avle University.
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loss factor (fl) can be determined by 64/Ref, otherwise, the friction
factor can be obtained from Eq. (30).

The CPVT collector has electricity generation by PV cells and
electricity consumption by the circulator pump. So, the net elec-
trical power output can be determined by subtracting the con-
sumption from the generation as follows (Eq. (52)):

pe;net ¼pe;pv � pe;pump (52)

Primary energy is the energy that has not been subjected to any
conversion or transformation process [31]. The energy performance
of the hybrid CPVT collector is presented as the primary energy
equivalent of its thermal-electrical power generation to study the
changes of both thermal and electrical production simultaneously
in one concept. According to ISO 52000e1 [32], the primary energy
factors for electricity (fp,e) and heating (fp,h) are 2.5 and 1.3,
respectively. The total primary energy saving of the collector can be
determined by Eq. (53).

Еp;t ¼ fp;e,pe;net þ fp;h,qu (53)

4. Experimental setup

The novel solar collector was mounted in the HiG solar labora-
tory at G€avle University (latitude: 60�N, longitude: 17�E) for
experimental analysis. The installed collector on the outdoor test
stand of the laboratory is shown in Fig. 6.

G€avle University PVT test rig is indicated in Fig. 7. The indoor test
setup consists of a hydraulic and electric loop to evaluate both
thermal and electrical performance of solar PVT collectors.

The HTF (water) inlet temperature and mass flow rate can be
defined by the user and the outlet temperature is measured to
calculate the thermal power output of the collector. The water
leaving the collector is cooled by a heat exchanger and stored in a
tank. Then, the water is heated to the setpoint temperature of the
inlet HTF by an electrical heater. This procedure is done to achieve a
more stable inlet temperature into the collector which simplifies
the measurement procedure.

An IeV tracer is used to plot the IeV curve and determine the
electrical power output of the collector. The PV modules were
tested in open circuit mode.

The ambient temperature and HTF inlet and outlet temperatures
aremeasured by PT100 sensors with protective steel tubes. The HTF
flow rate is measured by an electromagnetic flowmeter. The global
and diffuse solar radiations are measured by Kipp&Zonen CMP3
and CMP6 Pyranometers. All regulations and controls are
Fig. 6. Experimented solar collector at the outdoor test stand of HiG laboratory.
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performed with an Abelko Webmaster PLC system and all the
measured data are recorded every 30s by a Campbell Scientific
CR1000 data logger. Although the datawere collected at intervals of
the 30s, hourly average data were calculated and presented in this
study.

To increase the measurement accuracy, a vacuum degasser is
installed in the hydraulic loop to remove the dissolved air from the
water. All pipes of the test rig are stainless steel pipes with insu-
lation to prevent heat losses from pipes and obtain more accurate
results.

The global solar radiation, ambient temperature, HTF flow rate,
electrical power output, HTF inlet and outlet temperature of the
south-facing stationary collector were measured for several sum-
mer days with various operating conditions. The experimental re-
sults of two days (July 27 and August 27) with perfect weather
condition were selected based on ISO 9806:2013 SST testing
method [33].

To analyze the collector performance at different operating
conditions, the HTF inlet temperature and flow rate during July 27
were set to 20 �C and 0.5 l/m higher than August 27, respectively.
The HTF inlet temperature and flow rate were kept almost constant
during each day. To achieve the best optical performance, the col-
lector tilt angle (qt) was set to 42� on July 27 and 52� on August 27
due to the lower solar altitude of August 27. For the daily mea-
surements the collector is fixed throughout the days.

5. Result and discussion

In this part, first the experimental measurements during July 27
and August 27 are presented. The measured hourly solar radiation,
the time and the date are used as inputs for the optical modelling
software to determine the solar angles. Once the optical simula-
tions were done for each hour (9:00 to15:00), the concentrated
solar radiations on surfaces are determined from the simulation.
The concentrated solar radiation, ambient temperature, HTF inlet
temperature and flow rate were applied to the thermal model to
calculate the heat and electricity generation of the collector. The
developed model is validated by the experimental data for July 27
and August 27. Then, the effect of various operating conditions on
the collector thermal and electrical output was investigated.

5.1. Experimental results

The experimental measurements on July 27 and August 27 are
presented in Table 2 and Table 3, respectively. The results, including



Table 2
Experimental measurements on July 27.

Time
(h)

Global solar radiation flux
(W/m2)

Ambient
temperature (�C)

Inlet HTF
temperature (�C)

Outlet HTF
temperature (�C)

HTF flow rate
(l/m)

Generated electricity per unit area of glass
cover (W/m2)

9:00 598 22.2 49.7 50.4 2.99 28.7
10:00 771 23.7 52.2 53.5 2.96 42.0
11:00 897 24.4 53.6 55.2 2.97 48.7
12:00 967 24.9 54.6 56.4 2.94 51.7
13:00 967 24.6 54.6 56.4 3.02 52.1
14:00 905 25.3 55.1 56.7 3.05 46.2
15:00 788 25.6 54.5 55.7 3.02 38.8

Table 3
Experimental measurements on August 27.

Time
(h)

Global solar radiation flux
(W/m2)

Ambient
temperature (�C)

Inlet HTF
temperature (�C)

Outlet HTF
temperature (�C)

HTF flow rate
(l/m)

Generated electricity per unit area of glass
cover (W/m2)

9:00 551 19.6 29.2 30.3 2.51 27.7
10:00 722 22.5 29.5 31.1 2.50 41.3
11:00 868 24.4 29.6 31.6 2.49 50.2
12:00 935 25.6 29.6 31.8 2.49 53.5
13:00 935 26.5 29.5 31.7 2.49 52.2
14:00 862 27.2 29.4 31.6 2.49 46.6
15:00 685 27.4 29.4 31.2 2.45 40.2
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global solar radiation flux, ambient temperature, HTF flow rate and
its inlet and outlet as well as he produced electricity, are averaged
for each hour from 8:30 to 15:30 and the midpoint of each time
interval represents that hour interval (9:00e15:00).
5.2. Validation of the developed model

The thermalmodel validation is done by using themeasured data
with different solar radiationpatterns, solar incident angles, ambient
temperatures,HTF inlet temperaturesandflowrates. The thermaland
electrical power outputs based on effective glass area (Ag) are
considered as validity variables. Fig. 8 and Fig. 9 present the com-
parison of experimentalmeasurements and themodelling results per
effective glass unit area for July 27 and August 27, respectively.

The graphs show that there is good agreement between the
developed model and experimental results with average and
maximum deviations of 6.5% and 12.4%, respectively, which is
Fig. 8. Comparison of numerical and experimenta
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acceptable by considering the experimental measurement errors
and the simplifying assumptions of the numerical model. Also, the
experimental and numerical trends are almost the same and follow
the solar radiation flux. So, it is concluded that the model gives
realistic results and can be used for further analyses.

By comparing the measured solar radiation (Table 3) and the
thermal power output (Fig. 9) at 13:00 and 14:00 of August 27, it is
observed that the measured thermal power does not follow the
solar radiation trend due to some measurement errors at these
hours.
5.3. Mean temperature of the collector components

Mean temperature of different components such as PV cells
(Tpv), copper plates (Tp), HTF (Tm,f), reflector (Tr), glass cover (Tg),
inside air (Tair) are calculated by the proposed thermal model. The
variation of the calculated mean temperatures and ambient
l results of July 27 (based on glass unit area).



Fig. 9. Comparison of numerical and experimental results of August 27 (based on glass unit area).

Fig. 10. Calculated mean temperature of various elements and ambient temperature during July 27.
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temperature (Tamb) during July 27 and August 27 are presented in
Fig. 10 and Fig. 11, respectively.

It is observed that for both days, the mean temperatures of
components are mainly affected by three parameters: solar radia-
tion, mean HTF temperature and ambient temperature. But for
various components, the impact of each parameter is different due
to thermal resistances and incident solar radiation. The trend of PV
modules’mean temperature changes is closer to the solar radiation
variations over the days due to the high incident solar radiation on
the PV cells. The mean temperature of HTF and copper plates are
close to each other and variation trends are almost the same due to
the low thermal resistance between them. Also, the trend of the
glass cover mean temperature is the same as ambient temperature
because of low thermal resistance.

As demonstrated in Figs. 10 and 11, during both days, the
maximum andminimum temperatures are observed in the PV cells
547
and glass cover, respectively. Only at 14:00 and 15:00 of August 27,
the reflector temperature is higher than the temperature of the cells
because the sun rays miss the PV modules’ surface, thus a higher
absorbed solar radiation on the reflector than on the PV modules.
The mean temperature of copper plates is higher than the temper-
atures of the reflector and inside air during July 27, while for August
27, it is the same only at 9:00 and the mean temperature of copper
plates is lower than the temperatures of reflector and inside air from
11:00onwardsdue to the lowermeanHTF temperatureof August 27.

5.4. Effect of glass cover removal

In this section, the effect of removing glass cover is investigated
by the developed model. Consequently, the glass cover was
removed in the optical and the thermal model and the results were
calculated. For August 27, the thermal and electrical power outputs



Fig. 11. Calculated mean temperature of various elements and ambient temperature during August 27.
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of glazed and unglazed collectors per glass unit area of the CPVT
collector are compared in Fig. 12.

It is understood that by removing the glass cover during August
27 (from 9:00 to 15:00), the optical losses will reduce (from optical
simulation results) and the thermal power output will decrease by
a daily average of 13% due to the increase of thermal losses while
the electrical power will increase by a daily average of 10% due to
PV cells temperature drop and optical losses reduction. Because the
changes in thermal and electrical production by removing the glass
cover are the opposite, the equivalent primary energy per glass unit
area of the collector was determined and presented in Fig. 13.

It is observed that the electrical power increase (with relevant
primary energy factor) could not compensate by the thermal power
reduction (with relevant primary energy factor) and so the primary
energy is decreased by removing the glass cover. As shown in
Fig. 12. Thermal and electrical power outputs per glass unit
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Fig. 13, the percentage of the primary energy reduction by glass
cover removal is reduced from 20% to 4% during the day
(9:00e15:00) because of the thermal losses drop as a result of an
increase in ambient temperature during the day. Also, due to the
higher HTF inlet temperature on July 27 compared to August 27, it
can be deduced that primary energy reduction is higher for July 27.
So, the glazed collector has better overall energy performance and
thermal yield, but the collector without glass cover is better for
electricity yield.

5.5. Effect of HTF inlet temperature

To study the effect of HTF inlet temperature on the collector
thermal and electrical power outputs, the HTF inlet temperature at
noon on 27 August (Gt¼ 935W/m2) has been changed from 15 �C to
area of glazed and unglazed CPVT collector (August 27).



Fig. 13. Comparison of primary energy saving (fp,e ¼ 2.5, fp,h ¼ 1.3) by glazed and unglazed CPVT collector and the reduction in primary energy by removing glass cover (August 27).

Fig. 14. Variation of the generated thermal and electrical power with the HTF (water) inlet temperature.
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65 �C while other thermal model inputs such as solar radiation,
ambient temperature and HTF flow rate were kept constant, then
the thermal and electrical productions of the collector were
calculated by the model. Fig. 14 shows the effect of HTF inlet tem-
perature variation on the thermal and electrical yields per effective
glass unit area of the CPVT collector.

It is found that by increasing the HTF inlet temperature, the
thermal power decreases due to more heat losses and also the
electrical power decreases because of higher PV cells temperature.
Although the thermal power of the collector decreases by
increasing the HTF inlet temperature, the HTF outlet temperature
increases. So, the lower inlet temperature is better for the collector
performance from the energy perspective (amount of energy) but it
is not desirable from exergy perspective (quality of energy) and
low-temperature heat is not suitable for direct use in a solar heating
system. It is observed that by an increase of 50 �C in the HTF inlet
temperature, the thermal and electrical power outputs decrease by
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26% (177 W/m2) and 18% (11 W/m2), respectively. Thus, it can be
understood that the thermal power output is more sensitive to the
HTF inlet temperature.
5.6. Effect of HTF flow rate

In this section, the effect of the HTF flow rate on the collector
power output is studied at noon on August 27 (Gt ¼ 935W/m2). To
attain this objective, the HTF mass flow rate was changed from
0.005 to 0.105 kg/s while other inputs were kept constant and the
thermal power output, HTF outlet temperature, pump electricity
consumption, PV cells electricity generation and the collector net
electricity production were calculated from the developed model.

Variations of thermal power output per glass unit area and HTF
outlet temperature with HTF mass flow rate are shown in Fig. 15. It
is found that by increasing the HTF mass flow rate, the thermal
power output increases due to the higher heat transfer rate from



Fig. 15. Variation of thermal power and HTF (water) outlet temperature of the collector with HTF mass flow rate.
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copper tube to HTF (higher hf) and the HTF outlet temperature
decreases because of more HTF mass flow rate that absorbs the
heat. The variation trends are almost the same as typical heat ex-
changers with one side of constant heat flux. It is found that
increasing HTF mass flow rate leads to a higher thermal power
output with lower temperature and quality of energy.

Variation of the collector electricity generation, pump electricity
consumption and the net electricity output per glass unit area with
HTF mass flow rate are indicated in Fig. 16. It is understood that the
electricity generation of the cells increases by increasing the mass
flow rate because of the better heat removal of the cells and lower
cell temperature. By increasing the HTF mass flow rate, the pump
power consumption increases due to a higher pressure drop in the
collector.

As indicated in Figs. 15 and 16, the rate of changes of thermal
power output, HTF outlet temperature and electricity generation of
PV cells are rapid in lower mass flow rate and then the rate of
Fig. 16. Variation of PV cells electricity generation, pump electricity consumptio

550
changes gradually decreases in higher mass flow rates due to the
transition of laminar to turbulent flow. As the HTF mass flow rate
increase from 0.005 to 0.015 kg/s, the Reynolds number increases
from 936 to 2535 and the eddy motions start to appear in the flow
(transient flow). Consequently, the heat transfer rate (Nusselt
number) increases drastically and it can justify the significant
changes in thermal power output, HTF outlet temperature and
electricity generation. Therefore, the HTF mass flow rate shall be
higher than 0.015 kg/s to attain better performance.

From Fig. 16, it can be observed that the net electricity genera-
tion of the collector will increase by increasing themass flow rate to
0.045 kg/s and then decreases in higher flow rates because of a
higher increase of pump consumption than the increase of cells
electricity generation. So, the optimum mass flow rate for the net
electricity generation of the collector is found to be 0.045 kg/s. For
mass flow rates above 0.045 kg/s, although the net electricity
generation decreases by increasing the HTF mass flow rate (Fig. 16),
n and the collector net electricity output with HTF (water) mass flow rate.



Fig. 17. Variation of the primary energy saving (fp,e ¼ 2.5, fp,h ¼ 1.3) and HTF (water) outlet temperature with HTF mass flow rate.
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the thermal power generation increases (Fig. 15). So, the equivalent
primary energy is calculated for different flow rates from 0.045 to
0.105 kg/s and the results are presented in Fig. 17. The optimumHTF
mass flow ratewithmaximumprimary energy saving is found to be
0.095 kg/s for the specific operating conditions. But the HTF outlet
temperature (quality of the energy) must also be taken into account
to be in a desirable range for the solar system.

5.7. Temperature dependence of thermal and electrical efficiencies

Thermal and electrical efficiencies of the CPVT collector based
on effective glass unit area were determined for various tempera-
ture differences between fluid mean temperature and ambient
temperature (Tm,f-Tamb) at noon on August 27 (Gt ¼ 935W/m2). To
achieve this, the Tambwas kept constant at 20 �C and Tm,f is changed
from 25 �C to 75 �C. Then, the thermal and electrical efficiencies
Fig. 18. Thermal and Electrical efficie
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were calculated for temperature difference (Tm,f-Tamb) from 5 �C to
55 �C. It should be noted that the PV modules assumed to be in
open circuit mode. Thermal and electrical efficiencies of the CPVT
collector are plotted as a function of (Tm,f-Tamb) in Fig. 18.

It is observed that the slope of the thermal efficiency curve is
steeper than the electrical efficiency curve. So, the temperature
difference (Tm,f-Tamb) variations have a significant effect on the
thermal efficiency, and the electrical efficiency has a much lower
dependency on the temperature difference. The thermal collector
efficiency is dependent on (Tmf-Tamb), while the solar cell efficiency
is dependent on TPV. However, Tm,f affects Tpv, depending on the
thermal resistance between them. The temperature difference be-
tween PV cells and the HTF mean temperature (TPV-Tmf) is
decreasing with increasing (Tmf-Tamb). If the collector is not cooled
and reaches stagnation temperature TPV ¼ Tmf. It is found that by a
50 �C increase in the temperature difference (Tm,f-Tamb), the
ncies as a function of (Tm,f-Tamb).
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thermal and electrical efficiencies were decreased by 31% and 19%,
respectively.

By considering a linear temperature dependence of the thermal
efficiency (Fig. 18), the characteristic equation of the CPVT collector
thermal efficiency can be determined as follows (Eq. (54)):

hth ¼69:6þ 386:2
�
Tm;f � Tamb

Gt

�
(54)

Which is derived by multiplying the second term of the thermal
efficiency equation (given in Fig. 18) by 935 W/m2.
6. Conclusions

The main objective of the present study is to develop a 0-D
thermal model to evaluate the performance of a novel CPVT col-
lector for the first time. Also, an experimental test of the collector
was performed for two days (July 27 and August 27) with different
operating conditions and the thermal model was validated by the
experimental results with a reasonable deviation. So, it is
concluded that themodel works properly and gives realistic results.
The trend of the model results follows the trend of solar radiation
flux and solar angles.

It is found that by removing the glass cover, the optical losses
reduce but the thermal losses increase and so the thermal output
significantly decreases. The daily average (from 9:00 to 15:00)
thermal power output of the CPVT collector is reduced by 13% and
the daily average electrical power output increases by 10%. It is
observed that by removing the glass cover in the developed model
during August 27, the daily average equivalent primary energy of
the collector decreases by 9%. So, although removing the glass cover
is good for electricity yield, it is not desirable from overall primary
energy perspective.

The effect of HTF inlet temperature variation on the thermal and
electrical yield of the collector was studied. It is understood that by
increasing the HTF inlet temperature from 15 to 65 �C, the calcu-
lated thermal and electrical outputs at noon of August 27 decrease
by 26% and 18%, respectively. So, the thermal power sensitivity to
HTF inlet temperature is higher than electrical power sensitivity.

Also, the effect of the HTF mass flow rate on the collector out-
puts was investigated. By changing the HTF mass flow rate from
0.005 kg/s to 0.015 kg/s, the transition of laminar to turbulent flow
occurs and so a sharp change in the thermal and electrical power
was observed. Therefore, it is recommended to use HTF flow rates
higher than 0.015 kg/s for a better performance of the collector. By
increasing the HTF mass flow rate, pump electricity consumption
and thermal and electrical power output of the CPVT collector in-
crease. Conversely, the HTF outlet temperature that indicates the
quality of the thermal energy is decreased. In practice, it should be
noted that heat with low temperature (quality) cannot be used
directly in the solar heating system and it needs an auxiliary heater.
It is understood that by increasing mass flow rate, the net electrical
power output of the collector first rises to a maximum (0.045 kg/s)
and then drops because of a higher rate of pump consumption
decrease than electricity generation increase. For higher than
0.045 kg/s mass flow rates, although the net electricity generation
decrease, the thermal power output still increases. It is observed
that the primary energy saving reaches a maximum amount of
954.5 W/m2 at 0.095 kg/s and then decreases. The optimum mass
flow rates for net electricity yield and primary energy saving under
the mentioned operating conditions of the collector were found to
be 0.045 kg/s and 0.95 kg/s, respectively.

The effect of the temperature difference between mean fluid
temperature and ambient temperature (Tm,f-Tamb) on the thermal
and electrical efficiencies was studied. It is understood that by
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increasing (Tm,f-Tamb) from 5 �C to 55 �C, the thermal and electrical
power decreases by 31% and 19%, respectively, which leads to a
sharper slope of thermal efficiency changes. Themaximum thermal
and electrical efficiencies of the collector for the investigated con-
ditions were found to be 69.6% and 6.1%, respectively. The charac-
teristic equation of the CPVT collector thermal efficiency was
obtained.
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