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Abstract: Silicon based photovoltaic modules (PV) are a wide spread technology and are used for
small and large PV power stations. At the moment, the most efficient method which can be used to
improve the annual electrical energy production of PVs is solar tracking systems. However, solar
tracking systems increase substantially the initial cost of the investment and insert maintenance costs.
During the last few decades, alternative improving methods have been investigated. These methods
are based on the reduction of the PV cell temperature, which adversely affects the power production.
In the present study, a system with water based photovoltaic-thermal (PVT) collector paired with
geothermal heat exchanger (GHE) is compared on the electrical energy basis with a conventional
PV system. As the first approach on the topic, the aim is to find out in which extent the PVT-GHE
system improves the electrical energy generation by cooling down the PV cells and which parameters
influence the most its energy performance. With this aim in mind, the model of the system with the
PV, PVT, and GHE was formulated in TRNSYS and validated via experimental data. Meteorological
data for Athens (Greece) were used and parametric analyses were conducted. The results showed
that the PVT based system can increase the generated electricity from 0.61 to 5.5%. The flowrate, the
size of the GHE and the number in-series connected PVTs are the parameters which influence the
most the energy performance of the system.

Keywords: PVT; PV; energy metrics; geothermal heat exchanger; retrofitted PVT collector; PV
cell temperature

1. Introduction

The idea of coproducing heat and power from the same surface by means of photovoltaic-
thermal (PVT) collectors was established during the energy crisis at 1970s [1,2]. Since then,
the research interest on this field is continuously growing, with particular focus on their
implementation during the last few decades [3–6]. Systems which are based on PVTs
can cooperate successfully with heat pumps by providing heat and electricity for energy
efficient buildings [7–9].

From the absorbed solar energy by a conventional photovoltaic (PV) panel, the minor
portion of this converts to DC electricity (10–20%), although most converts to heat. From
the converted heat, a larger portion dissipates to the environment and a remaining part
heats up the PV cells and increases their temperature. As it is well known, the efficiency of
PV cells is conversely related to temperature. Thus, for better performance the cells should
be maintained at low temperatures [10,11]. From that point of view, between similar PVs
and PVTs (built with the same PV cell and lamination), PVTs may obtain higher electrical
efficiency due to their capacity to remove the heat form PV cells. Of course, the electrical
energy production of the PVT against this of the PV will be subject to the climatic and
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operational conditions of the system [12]. The methods which can be used to cool down
the PV panel are split into two categories, the active and the passive [13]. The passive type
of systems is based on standalone procedures without electromechanical equipment, while
for active systems, circulation pumps and automation control are necessary.

A simulation-based study was carried out by Good et al. [14] with the aim to find
out the best solar energy system for net zero energy status of a Norwegian residential
building (concept). Three types of solar systems were compared, PV, solar thermal and PVT
collectors, and the results revealed that the very efficient PV panel neutralizes the most of
the building’s energy consumption. The system with the uncovered PVTs was found to
be competitive, but the heat output was poor and at a low temperature, which indicates
the need for auxiliary energy even during summer. An experimental comparative study
between identical PVs and PVTs was conducted by Fuentes et al. [15]. The results shown
that PVTs did not manage to generate more electrical energy than the PVs, even though the
overall daily efficiency of PVTs was measured up to 80% (combined heat and power).

With the aim to control the temperature of the PV cells, Teo et al. [16] carried out experi-
mental studies for Singapore climatic conditions. The experiment was about four retrofitted
air-based PVT collectors. Ambient air was blown through the ducts which were attached
at the rear side of the PVs. The results showed that the electric efficiency of the array was
increased from 8.6% (without forced air flow) to 12.5% with the flowrate of 0.05 kg s−1, at
irradiance 1000 W m−2. Another experimental study with air-based PVT was conducted by
Bambrook and Sproul [17] for Sydney (Australia). A single-loop duct was attached at the
rear side of a PV module with the aim to evaluate the potential of improving the electrical
energy generation and to coproduce heat. The air duct was designed with the objective to
be energy efficient by reducing frictional losses caused by the air flow. Thus, with a low
consumption fan (4–85 W), air flow per PVT area in the range of 0.02 to 0.1 kg s−1 m−2

can be achieved. This range of flowrate entails an electrical efficiency from 10.6 to 12.2%
at midday.

An alternative way to cool down the PV cells is the injection of a thin layer of wa-
ter on the surface of the collector. Krauter [18] used this method and with a thin film
(1 mm) of water running over the face of the panel, the reflectivity of the panel was re-
duced and the electrical efficiency was improved. The total improvement on the PV cell’s
electrical efficiency was experimentally evaluated to be 10.3%, for Rio de Janeiro (Brazil).
Kordzadeh [19] carried out an experiment by utilizing similar cooling systems with a thin
water layer running over the collector. The work ended up with the same conclusion of the
reduced reflectivity and the improved electrical efficiency.

Bahaidarah et al. [20] carried out an experiment with a water-based PVT collector
under the climatic conditions of Dhahran, Saudi Arabia. The results showed that this active
method is capable of reducing the cell temperature by 20% and, as a consequence, increased
the electrical efficiency by 9%, compared to a plane similar PV without the water-based
absorber. Similarly, an experiment was carried out to compare a plane PV module with a
water-based PVT collector for a hot humid tropical climate in Ghana. Both the PV and the
PVT were made from monocrystalline mc-Si cells, but their nominal characteristics were
unequal (with different electrical efficiency). The results showed that the annual electricity
yield of the PV was 194.8 kWh and for the PVT was 149.9 kWh similarly, with the bonus
of 1087.8 kWh of heat for the PVT. Lastly, a water-based PVT was installed and compared
with a similar PV for four winter days in Athens (Greece) [21]. The experimental results
showed that PVT managed to slightly improve its electrical efficiency against the PV by
only 0.32%.

Jakhar et al. [22] did a study with geothermal heat exchanger (GHE) paired with
PVT collectors, for semi-arid regions of North-West India. The mathematical model of the
system was formulated in TRNSYS and validated via experimental data. The GHE was a
horizontal type with 80 m long at 3 m depth. The results showed that the maximum PV cell
temperature can reach 74.5 ◦C and by applying a flowrate of 0.033 kg s−1 (118.8 kg h−1) the
cells’ temperature of the PVT remarkable dropped to 46.11 ◦C. The applied cooling method
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was found to increase the electrical performance of the PVTs by 1.02 to 1.41% compared to
PV panel. Elminshawy et al. [23] did an experimental work with the aim to investigate the
air-based PVT paired with a GHE. The results showed that the electrical efficiency of the
PVT improved and that the synergy of the GHE with PVT is a promising active cooling
system, which can be used to regulate the temperature of the PV cells.

Ariff et al. [24] curried out an experiment with the aim to compare a PV with a
retrofitted water-based PVT. For the PVT, similar to the PV panel was used and a copper
made serpentine shaped pipe was attached at its rear side. The experiments were conducted
indoors with halogen lamps. The results showed that the PVT produced 3% more electricity
than the PV. Jafari et al. [25] compared experimentally a PV panel with a modified PVT
where its absorber consisted of microchannel. The PVT was connected to a coil shaped
GHE with total depth of 3 m. The results revealed that the electrical energy of the PVT was
increased by 17% compared to this of the PV at the hottest hours of the day. By considering
the consumption on the circulation pump, then net electrical energy production was found
to increase by 10% compared to this of the PV.

As yet, the main method which can be used to increase the electrical energy production
of the PV plants is the use of solar tracking systems. For two-axes systems, the energy gener-
ation may increase about 25 to 30% (by average) compared to similar fixed systems [26–29].
Also, PV cell cooling methods can be an alternative for efficiency augmentation, as this is
manifested by the above desk research.

In this study we investigate an innovative concept concerning the potential of increas-
ing the electricity generated by a PV by cooling down the cells via a GHE. Emphasis is
given to identify how the main parameters of the system influence its energy performance,
for Athens (Greece, Mediterranean climate). Based on our best knowledge, this study has
not been carried out yet and the results will provide valuable information for PV installer
and owners. Also, in the existing scientific literature, there are not results which describe
the long-term energy performance of such a system.

The paper is deployed in four chapters. Following this introductory chapter 1, in
chapter 2 the applied research methodology is illustrated. The methodology chapter is
consisted of three sections: the set-up of the assessment (Section 2.1), the carried-out exper-
iment (Section 2.2), and the mathematical model of the system (Section 2.3). In chapter 3,
the search results are provided and discussed. The results and discussion of chapter 3 is
deployed in two sections: the PV and PVT model validation (Section 3.1) and the perfor-
mance comparison between the PVT-geothermal system with the conventional PV one
(Section 3.2). Lastly, in chapter 4 the main findings of the conducted study are summarized.

2. Methodology
2.1. Set Up of the Assessment

In the current study, a cooling method is evaluated for its potential to increase the
electricity yield of PV power plans by reducing the temperature of the cells. The system for
evaluation is the PVT collectors to be connected with U-shaped borehole heat exchanger
(s) (BHE) (Figure 1). For this purpose, two identical PV panels were installed, and one of
them was modified to PVT collector by adding a copper made absorber at its rear side [21].
For both, the PV and the PVT, mathematical models were formulated in TRNSYS [30]
(Section 2.3) and validated via experimental data (Section 3.1). The comparison of the PV
with the PVT system is carried out for a variety of installed PV capacities and sizes of the
GHE. The evaluation is conducted for Athenian (Greece) climatic conditions by utilizing
TMY data from Meteonorm. The monthly values of the climatic conditions of Athens useful
for the analysis are shown in Figure 2. The simulation span for all cases is set to be 10 years,
giving that the system contains GHE which has transient operation during the initial years.
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For the PVT systems a small efficient circulation pump (Yonos, Wilo) is considered
(Figure 1). The minimum and maximum input power of the pump is 8 to 20 Wp, respec-
tively. Also, the maximum volume flowrate is at 2.7 m3 h−1 and maximum operating
pressure is at 10 bars. It is assumed that the pump consumes electricity proportionally
related to the flowrate. Thus, the power of the pump is set to 3 W at 1 m3 h−1 to 20 W at
2.7 m3 h−1 (maximum), respectively. It is pertinent to say that the utilized pump increases
linearly the power consumption with the flowrate from 0 m3 h−1 to about 1.8 m3 h−1 and
adjusts electronically the flowrate and the head. This linear relation between the power
and the flowrate is assumed to be acceptable for this study, which is a first approach on
the topic, and more in detail analysis can be carried out in the future about the hydraulic
part of the system. Thus, for the current study the consumed electricity is not influenced
by the number of the PVTs and BHEs, and it is only related to the flow rate. The operation
of the circulation pump is dictated by the ∆T between the outlet of PVT (s) and the mean
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soil temperature near BHE (s). For all cases, the ∆T should be above 6 K for the circulation
pump to start and the irradiance above 5 W m−2.

Two indices are used for the evaluation of the systems: the percentage fractional
improvement (FI), which is illustrated by Equation (1), and the specific productivity (SP)
which can be calculated by Equation (2). The FI indicates the percentage improvement on
the electrical energy generation of the PVT system compared to the PV one throughout
the simulation span. The SP indicates the mean annual electricity (E) or heat (Q) produced
per square meter of collector. Of course, the PV system get only SP regarding its electricity
(SPPV_el), whereas for the PVT system, the SP can be estimated for its electricity (SPPVT_el)
and heat (SPPVT_th) as well. The n in Equation (2) refers to the number of the PVs or PVTs,
and the values of E and Q are set to be the total amount of the array, while the Ac stands
for the area of the collector. In the case of estimating the SPPVT_th via Equation (2), on the
numerator should be placed the Q instead of E.

FI = 100 ·

10
∑

i=year
(EPVT − Epump − EPV)i

10
∑

i=year
EPV

(1)

SP =

10
∑

i=year
Ei

Ac · n · 10years
(2)

2.2. Experimental Array

The PV panel and the retrofitted PVT collectors were installed with fixed inclination at
30 degrees and azimuth angle at 25 degrees. The PVT collector is identical to the PV panel
(EniTechnologie, Eurosolare75) with the only difference to be the copper made absorber
installed at its rear side. The parameters of the PV and PVT are listed in Table 1. The
experimental array was installed at the University of West Attica in Athens, Greece (former
TEI of Athens). It is worth mentioning that results from the current experiment have been
published at previous work, with the system to perform during winter weather condi-
tions [21]. For the needs of the present work additional experimentation was conducted
during the spring period.

Table 1. PV and PVT parameters.

PV Panel

Nominal power 76.6 Wp
Nominal efficiency (STC) 14.25%

PV apparatuses area 0.57 m2

Temperature coefficient 0.0046 K−1

Cell type Polycrystalline (p-Si)
Transmittance Absorptance at normal (τα)n 0.875

Absorber
Type Serpentine

Material (sheet and tube) Copper
Distance between pipes (W) 0.064 m

Outer diameter of the tube (Do) 6.35 × 10−3 m
Inter diameter of the tube (Di) 5.35 × 10−3 m

Thickness of the sheet (δ) 3 × 10−4 m
Rear side thermal insulation thickness 1 × 10−2 m
Thermal conductivity the insulation

(polyurethane) 4 × 10−2 W m−1 K−1

Bound conductance (Cb) 2 W m−1 K−1
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The sketch of the experimental array is illustrated in Figure 3. A small micro inverter
was installed at each panel and both were connected to power distribution board. PT100s
were used to measure the inlet and outlet temperature of the PVT, the PV’s and PVT’s
temperature at the center of the panel (and the ambient temperature as well). The total
incident irradiance on the PV and PVT was measured by a CMP 3 Kipp and Zonen
pyranometer. Lastly, the wind velocity was measured by a cup-shaped anemometer at
0.1 m above the PV and PVT array. The flow rate was fixed at 0.031 kg s−1 throughout
the experimentation. The experimentation day period was set from 10:00 to 17:00, and
measurements were logged with 2 min intervals. Measurements were collected and stored
by a personal computer from 1/05/2017 to 10/06/2017. The uncertainty of the monitored
equipment is listed in Table 2.
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Table 2. Uncertainty of monitored equipment.

Parameter Nomenclature Uncertainty

PVT inlet temperature Tin (◦C)

±0.15 ◦C
PVT outlet temperature Tout (◦C)

PVT absorber temperature (center) Tpm_PVT (◦C)
PV panel temperature (center) Tpm_PV (◦C)

Ambient temperature Ta (◦C)
Incident solar irradiance at tilted surface GT (W m−2) ±10 W m−2

Wind speed VW (m s−1) ±0.025 m s−1

PVT and PV power P (W) ±0.25 W
Flow-rate m (kg s−1) ±0.001 kg s−1

2.3. Mathematical Models
PV and PVT

The mathematical models of PV and PVT are based on the energy balance equation
with the purpose of estimating the plate mean temperature (Tpm_PV and Tpm_PVT for the
PV and PVT respectively). Both models (PV and PVT) are iterative by setting an initial
guess of the plate mean temperature. It is assumed that the plate mean temperature is
equal to the PV cells temperature (Tpm), which directly influence the electrical efficiency
(ηe) (Equation (3)). In Equation (3) the ηn is the nominal efficiency of the PV, the βcell is the
temperature coefficient of the PV and the TSTC is the reference temperature (25 ◦C).

ηe = ηn[1 − βcell(Tpm − TSTC)] (3)
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The generic energy balance equation considers the heat inertia of the PV panel or the
PVT collector (panel and absorber, by assuming that the panel, the absorber plate and the
water in the tube are all at equal temperature), left side of Equation (4). The heat capacity
(MC) of the PV panel was estimated to be 3840 J K−1 and for the PVT collector at 5600 J K−1.
On the right side of Equation (4) are the absorbed total solar irradiance (S) multiplied by
the PV area (Ac), the produced power (Pe), the produced heat (Qpr, PVT only), and the
heat losses (Qloss). The differential equation (Equation (4)) was solved via the simple Euler
method (Equation (5)) with the aim to estimate the plate mean temperature (Tpm) at each
simulation step.

(MC)
dTpm

dt
= S · Ac − Pe − Qpr − Qloss (4)

Ti
pm =

∆t
(MC)

· (S · Ac − Pe − Qpr − Qloss) + Ti−1
pm (5)

The absorbed irradiance is estimated via Equation (6), where for the incident angle
modifier (Kθ) the ASHRAE [32] a single parameter method is adopted (Equation (7)). In
Equation (7), the θi is the solar incident angle and the b0 is the incidence angle modifier
coefficient (equal to 0.05). The produce power for both the PV and the PVT is estimated via
Equation (8).

S = GT · (τα)n · Kθ (6)

Kθ = 1 − b0(
1

cos θi
− 1) (7)

Pe = Ac · GT · (τα)n · Kθ · ηe (8)

Equation (9) estimates the heat losses of the PV or the PVT, where the Ta is the ambient
temperature, and the UL is the overall heat loss coefficient. For the current analysis, the
heat loss coefficient is composed of three parts (Equation (10)): the convection heat loss
coefficient (hconv), the front side radiation heat loss coefficient (hrad), and the heat loss
coefficient due to conduction at the rear side of the PVT (this term is applied only for the
PVT). The hconv is calculated by Equation (11), where the coefficient is a linear relation
of the wind velocity (VW). The coefficients were estimated with parameter identification
procedure to minimize the RMS error of the model. Thus, for both models (PV and PVT),
the slop of the Equation (11) was estimated to be 1.5 and the coefficient C at 8.8 and
26 for the PVT and PV respectively. The radiative heat loss coefficient is estimated via
Equation (12), which requires the effective sky temperature (Tsky), which is calculated via
Equation (13). In Equation (12), the emissivity (εg) is set to 0.95, while the σ stands for the
Stefan-Boltzmann constant 5.67 × 10−8 W m−2 K−4. The conduction heat loss coefficient is
estimated by the division of the insulation thermal conductivity (λ) by the thickness of the
insulation material (δ); both are listed in Table 1.

Qloss = Ac · UL · (Tpm − Ta) (9)

UL = hconv + hrad + (
λ

δ
)

cond
(10)

hconv = 1.5 · Vw + C (11)

hrad = εgσ(T2
pm + T2

sky)(Tpm + Tsky) (12)

Tsky = 0.0552T1.5
a (13)

The heat production of the PVT collectors is calculated via relation 14 [2], where the
FR is the heat removal factor and it is estimated at every simulation time step. It is worth
noting that the FR among many parameters is a function of the flowrate, UL and the bound
conductance of the collector (Cb). In the case of PVT, Cb indicates the thermal conduction
between the absorber plate and the pipe of circulated fluid in the absorber. The used PVT
is retrofitted from convectional PV panel with a handmade absorber, thus the Cb is poor
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due to imperfect fitting and is estimated via simulations to be 2 W m−1 K−1 (Equation (15)).
Due to serpentine shape of the absorber the FR is calculated via Equation (15) [33,34].

Qpr = FR · Ac · [S · (1 − ηe)− UL · (Tin − Ta)] (14)

FR = F1F3F5

 2F4

F6 exp[−
√

1 − F2
2/F3] + F5

− 1

 (15)

The parameters F1 through F6 are given by:

F1 =
k

UL · W
· k · R(1 + γ)2 − 1 − γ− k · R

[k · R(1 + γ)− 1]2 − (k · R)2

F2 =
1

k · R(1 + γ)2 − 1 − γ− k · R

F3 =
m · cp

F1ULAC

F4 = (
1 − F2

2

F2
2

)

1/2

F5 =
1
F2

+ F4 − 1

F6 = 1 − 1
F2

+ F4

k =
(λδUL)

1/2

sinh[(W − Do)(
UL

λδ
)

1/2
]

γ = −2 cosh[(W − Do)(
UL

λδ
)

1/2
]− DUL

k

R =
1

Cb
+

1
πDi · hfi

where in Equation (15), the m and cp are flowrate and the specific heat capacity of the heat
transfer fluid (water), λ and δ are thermal conductivity and the width of the absorber re-
spectively, and hfi is the in-pipe convection heat transfer coefficient. The in-pipe convection
heat transfer coefficient hfi is calculated via Equations (16) or (17) [34,35] for 0.5 < Pr < 2000.
Where in Equations (16) or (17) the index refers to the heat transfer fluid and the µ stands
for its dynamic viscosity. Water was used as the heat transfer medium and the utilized
thermophysical properties used for the model are listen in Table 3.

Table 3. Thermophysical properties of water used for the model.

Parameter Value

Specific heat capacity of the heat transfer fluid, water. (cp) 4185 J kg−1 K−1

Dynamic viscosity of the water (µ) 0.00086 Ns m−2

Water thermal conductivity (λ) 0.56 W m−1 k−1

It is worth noting that, in the scientific literature more sophisticated mathematical
model for PVs and PVTs than the implemented one can be found [36–39]. Although for the
current study the formulated model which is based on energy balance equation provides
acceptable results for long term simulations.
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If Re < 2500
hfi = 4.36

λf
Di

(16)

or if 2500 < Re < 5,000,000

hfi = (
(f/8)(Re − 1000)Pr

1 + 12.7(f/8)0.5(Pr2/3 − 1)
f = (0.79 ln Re − 1.64)−2

) · λf
Di

(17)

where: Re =
4m
πDiµf

and Pr = (
µ · cp

λ
)

f
.

The accuracy of the model is assessed via the root mean square error (RMSE, Equation (18))
and the mean bias error (MBE, Equation (19)).

RMSE =

√√√√√ n
∑

i=1
(Ysim − Yexp)

2

n
(18)

MBE =
1
n

n

∑
i=1

(Ysim − Yexp) (19)

Ground heat exchanger
The U-shaped BHE is modeled via TYPE 557 (Hellström’s DST model) of TRNSYS [40].

The BHE’s parameters and thermophysical properties of the soil are listed in Table 4. For
the parametric analysis of the systems two types of GHE are used, the single BHE (1 to
40 m depth) and borefields. Borefields are comprised of more than one BHE, and for the
current study all borefields are very shallow (2 m depth) with spacing between boreholes
at 2 m. The TYPE 557 has been used and validated via experimental data for its capacity
to estimate the performance of the GHE with very shallow borefield [9]. According to the
results, TYPE 557 achieved good agreement with the experimental data, with round mean
square error for the outlet temperature of GHE to be 0.67 ± 0.23 ◦C.

Table 4. BHE’s parameters and thermophysical properties of the soil for Athens.

Parameter Value

Header depth 0.4 m
Soil thermal conductivity [41] 1.5 W m−1 K−1

Soil (clay) specific heat capacity [41] 2400 kJ m−3 K−1

Soil diffusivity 0.054 m2 day−1

Soil undisturbed temperature [42] 17.2 ◦C
Grout thermal conductivity (backfill) 1.6 W m−1 K−1

Borehole radius 0.075 m
Outer Radius of Pipe 0.015 m
Inner Radius of Pipe 0.014 m

Pipes center-to-center half distance 0.045 m
Pipe Thermal Conductivity 0.33 W m−1 K−1

For the validation of single BHE data from Beier et al. [43] were used to validate the
TRNSYS TYPE 557. The data are based on experiment conducted via a sandbox. The
parameters and properties used by [43] were entered to TYPE 557. Then a simulation was
executed in TRNSYS. In Figure 4, simulation results are contrasted with the experimental
data, while the GHE outlet temperature was set as the comparative value. As it can be
seen, the available data illustrate an interruption on the supplied fluid after 500th min of
operation. The mismatch between the model and the data from 500 min to 700 min was
due to the limitation of the TYPE 557, which does not consider the heat inertia of the grout.
Thus, the outlet temperature dropped abruptly for the model. Measurements are typically
recorded once every minute and the model was found capable to follow the restart after
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about 200 min. Finally, the RMSE% between the results and the offered data was estimated
to be 0.75 ◦C (the value is estimated only for the flowrate existing time).
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3. Results and Discussion
3.1. Model Validation

With the purpose to validate the mathematical models of the PV and PVT, five charac-
teristic days are chosen regarding their weather conditions (Figure 5). The weather during
the chosen days was varying from the heavily unstable conditions on 12/5 with sporadic
rainfalls, 1/6 of which was without abrupt changes.

Energies 2021, 14, 6415  11  of  24 
 

 

 

Figure 4. GHE outlet fluid temperature comparison between data resourced by [43] and TYPE 557. 

3. Results and Discussion   

3.1. Model Validation   

With  the  purpose  to  validate  the mathematical models  of  the  PV  and  PVT,  five 

characteristic days are chosen regarding their weather conditions (Figure 5). The weather 

during the chosen days was varying from the heavily unstable conditions on 12/5 with 

sporadic rainfalls, 1/6 of which was without abrupt changes.   

 

Figure 5. Important weather parameters of the five chosen days for the validation of the PV and 

PVT models. The incident irradiance on the surface is for inclination 30° and azimuth 25°. 

The  performance  of  the  mathematical  models  was  evaluated  against  the 

experimental measurements. Both the PV and PVT were evaluated for their capacity to 

predict the generated power, while the PVT was evaluated for its outlet temperature as 

well. In Figures 6 and 7 the comparison of the experimentally measured power and this 

Figure 5. Important weather parameters of the five chosen days for the validation of the PV and PVT
models. The incident irradiance on the surface is for inclination 30◦ and azimuth 25◦.

The performance of the mathematical models was evaluated against the experimental
measurements. Both the PV and PVT were evaluated for their capacity to predict the
generated power, while the PVT was evaluated for its outlet temperature as well. In
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Figures 6 and 7 the comparison of the experimentally measured power and this predicted
by the models is illustrated for the PV and PVT, respectively. Similarly, in Figure 8 the
predicted outlet temperature of the PVT is compared with the experimental one.
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(from 10:00 to 17:00). The flowrate was fixed to 111.6 kg h−1.

As it can be seen, both models can predict the power production via acceptable
precision, with RMSE (Equation (18)) to be 2.12 W and 1.76 W for the PV and the PVT,
respectively. Similarly, the PVT outlet temperature was predicted accurately with 0.36 ◦C
RMSE. Also, the MBE (Equation (19)) for the produced power was calculated to be 0.88 W
and −0.67 W for the PV and the PVT accordingly. Statistically, the model of the PV seems to
overestimate the produced power in contrast to that of the PVT which underestimates the
produced power. As regards the outlet temperature the MBE was estimated to be 0.17 ◦C.
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Based on the results illustrated in Figures 6 and 7, both models (PV and PVT) are
capable of predicting the electrical energy even under heavily unstable weather with
rainfalls, such as the period between the 200 and 400 min. Seems that the drops from
rainwater on the surface of the panel are not significantly influence its optical characteristics.
Thus, the performance of both models regarding the prediction of the electrical energy
remained high. At the same transient period (400–800 min, Figure 8), the model of the PVT
had the highest deviation from the measured outlet temperature. This was caused due to
the inability of the model to assess the heat transfer to the rainwater, which is not consider
by the utilized energy balance equation (Equation (4)). Therefore, the solar and ambient
energy absorbed by the rainwater is not considered and the Qpr ends up to be somehow
higher, which consequently causes higher outlet temperature.

3.2. Comparison of the Energy Performance

Throughout the carried out comparative studies the assumptions below have been adopted:

• The PV and PVT are scaled up by 3, with the aim to achieve more realistic results. The
widely used PV panels have area of about 1.6 m2 and this used for the experiment has
0.537 m2, about three times smaller. Thus, the used nominal power is set to be 229.8 W,
the area (Ac) at 1.611 m2 and the MC to be 16,800 J K−1 for the PVT and 11,520 J K−1

for the PV accordingly. The remain parameters are set equal to these listed in Table 1.
• The thermal insulation at the rear side of the PVT is removed and the heat losses due to

convection heat losses is estimated via the same Equation (11) and coefficient C as this
of the PV (C at 8.8 instead 26 which is for the PVT in Equation (11)). This choice was
made in order to maximize the heat losses of PVT by exposing the absorber directly
to the ambient conditions, as it applied for the PV panel. It is worth remembering
that the convection heat transfer coefficient is related to the temperature difference
between the absorber and the adjacent to the absorber air temperature. Thus, the
insulated absorber (external side) has low temperature difference from the adjacent
air and therefore low heat transfer coefficient. Though the naked PVT with the copper
made absorber has higher temperature difference with the adjacent air, thus higher
heat transfer coefficient. In reality, the naked absorber may have higher heat transfer
coefficient even from the PV, which has at its rear side EVA, but for the current study
we can set these values to be equal.
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3.2.1. Parametric Analysis of a Single PVT Collector

The illustrated results of this section are estimated from a ten-year simulation period
and by using hourly values of a typical meteorological year. The main climatic data of
the TMY are shown in Figure 2. The first analysis is carried out by comparing 1 PV with
1 PVT paired with very shallow GHE (Figure 1). The comparison is conducted by varying
the flowrate from 20 kg h−1 to 200 kg h−1 and the number of BHEs from one to four, the
results are illustrated in Figure 9. As it can be seen, the PVT outperforms the PV in all of
the scenarios. The specific productivity of the PV (SPPV_el) was estimated to be slightly less
than 202 kWhe m−2 and this of the PVT (SPPVT_el) was varied from about 210.7 kWhe to
214 kWhe m−2 for the highest flowrate (200 kg h−1) with 1 BHEs to the lowest flowrate
(20 kg h−1) with 4 BHEs, respectively. The SPPVT_el increases as the geothermal heat
exchanger enlarges due to higher heat capacity of the soil. With high heat capacity (more
soil mass) and for a given amount of thermal energy, the mean temperature of the soil
will increase less than a smaller borefield (Table 5). With lower soil temperature, the solar
heat is transferred more frequently, since the possibility to achieve a ∆T of 6 K between
the PVTs and the soil is increased. Furthermore, the electric specific productivity of the
PVT was found to drop as the flowrate increase. The higher flowrate causes lower PVT
outlet temperature, thus the occasions to achieve the conditions for the solar heat to be
transferred into the ground are reduced.
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Table 5. Fractional improvement for one PVT paired with one to four BHEs. All BHEs are at 2 m
vertical length and with 2 m spacing.

Flowrate
(kg/h)

Fractional Improvement, FI (%) Soil Temperature near BHEs (◦C)

1 BHE 2 BHE 3 BHE 4 BHE 1 BHE 2 BHE 3 BHE 4 BHE

20 0.49 0.95 1.34 1.71 24.03 23.92 23.67 23.53
40 0.45 0.85 1.22 1.55 23.96 23.74 23.35 23.14
60 0.54 0.88 1.21 1.48 23.84 23.57 23.15 22.89
80 0.80 1.17 1.43 1.67 23.61 23.32 22.90 22.65

100 1.19 1.48 1.69 1.89 23.16 22.90 22.52 22.29
120 1.70 1.82 1.98 2.17 22.38 22.23 21.94 21.75
140 2.11 2.23 2.36 2.42 21.41 21.34 21.11 21.04
160 2.37 2.47 2.52 2.62 20.49 20.46 20.38 20.28
180 2.53 2.59 2.61 2.66 19.93 19.91 19.90 19.80
200 2.50 2.58 2.59 2.67 19.86 19.72 19.72 19.58
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In Table 5 the percentage fractional improvement (FI) (Equation (1)) of one PVT
collector against one PV is listed as function of the flowrate and the number of BHEs
(Figure 1). The FI was found to increase as the flowrate rise, even though the electric
specific productivity of the PVT found to drop accordingly. In details, the FI was found
from 0.49 to 2.67%, for one BHE and four BHEs and with the lowest and the highest
flowrate, respectively. The improvement of the FI with higher flowrates is due to the
reduced electricity consumed by the circulation pump. The operation of the pump was
constrained by the lower PVT outlet temperature, which consequently reduce the possibility
for heat transfer from the collector into the ground. This can be explained via Figure 10,
where the plate mean temperature of the PV, PVT, and the soil’s temperature are shown
as function of the flowrate for the scenario of four BHEs. As it can be seen, the plate
mean temperature of the PVT rises as the flowrate increases. This was caused by the
less frequently used circulation pump. Thus, less heat was removed from the PVT, and
consequently the efficiency of the PV-cells was reduced (Figure 1). It is worth noting that
the soil’s temperature near BHEs was affected also by the pump’s reduced operation. As a
result, the mean soil temperature near boreholes was found to drop from 24 ◦C to 20 ◦C for
the scenarios of flowrates between 20 kg h−1 and 200 kg h−1, respectively. Also, the annual
operation hours of the circulation pump were found to fall with similar trend as this of the
soil temperature. The annual hours of the pump’s operation were found to be from about
2300 h to 1000 h for the lowest and the highest flowrate accordingly.
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Figure 10. Upper figure, plate mean (pm) temperature of the PVT, PV, and the mean annual soil 
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Figure 10. Upper figure, plate mean (pm) temperature of the PVT, PV, and the mean annual soil
temperature near BHEs as function of the flowrate. For all scenarios one PV and one PVT are used,
paired with four BHEs with 2 depth and 2 m spacing. The bottom figure illustrates the total operation
hours of the circulation pump.

3.2.2. Balance of the Soil Temperature

One of the remaining questions is whether the geothermal part of the proposed system
remains stable during the period of analysis. In particular, if the temperature of the soil
increases steadily and if the operation of the system is defected for this. For pure solar
system one-year performance analysis is substantial to provide the overview regarding its
energy performance, but this is not the case for systems with GHE. In Figure 11 the soil
temperature near BHEs is shown for a 10-year simulation period and for a system of four
PVTs (in series connected) with two BHEs (2 m deep and 2 m spacing). As it can be seen the
mean soil temperature increase smoothly from 16.4 ◦C to 17.4 ◦C within the initial-period
of six years, and after that transient period the mean temperature remains stable. Given
that, the operation of the system is not influenced significantly, while the initial and steady
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state conditions of the soil can be considered during the design stage. Throughout the
executed simulations of this study, the soil temperature illustrates this behavior, increases
by 1 ◦C to 2 ◦C within the first six years of simulation and then remains stable.
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3.2.3. Influence of the BHE Length and Size

The influence of the BHE’s length on the energy performance of the system is illus-
trated by Table 6. For this analysis the vertical length of the BHE varies from 1 to 40 m, and
this is connected with a single PVT collector with 80 kg h−1 flowrate. According to the
results, the electric specific productivity of the PVT was higher than this of the PV through
all the lengths of the BHE. By setting as benchmark the SP of the PV (201.7 kWh m−2),
the SPPVT_el was estimated from 210.7 to 220.1 kWh m−2 for the shortest and the longest
BHE respectively. The improvement on the SPPVT_el was caused by the lower plate mean
temperature (PV cell) due to the solar heat transfer from the collector into the ground.
As it can be seen in Table 6, the mean annual Tpm_PV was estimated to be 23.9 ◦C and
the mean annual Tpm_PVT was found from 21.7 ◦C to 17.9 ◦C with the BHE of 1 m and
40 m respectively. The reduced Tpm_PVT augments the electrical performance of the cells.
The heat specific productivity of the PVT increases as the length of the BHE enlarges for
two reasons: (a) the larger heat transfer area which is provided by a larger BHE, and
(b) due to lower mean annual soil temperature which can be reached at greater depths, in
particular during summer where the close to ground surface soil mass is heated up. This
is depicted by the values listed in Table 6 where for the shortest BHE (1 m) the SPPVT_th
is 43.6 kWh m−2 and for the longest BHE this value is increased at 1138.2 kWh m−2. It is
important to state that the annual total incident irradiation is 1708 kWh m−2.

Figure 12 is printed with the aim to illustrate how the in-series hydraulic connection of
the PVTs influence their energy performance (the outlet of the first is the inlet of the second
and so on). Figure 12 shows the plate mean temperature of the PVT array as function
of one string consisted of one to eight collectors in series (the illustrated value is the
average out of all connected PVTs). The evaluation is made by considering four different
types of geothermal heat exchangers, a borefield of 4 BHEs at 2 m depth and 2 m spacing,
and a single BHE with three vertical lengths (10, 20, and 40 m). Along with the plate
mean temperatures, the fractional improvement is illustrated for all simulation scenarios
(Equation (1)). As it is expected, the plate mean temperature rises as the number of the
in-series collectors increase and reach a plateau after a certain number of collectors. In
details, for the borefield of four very shallow BHEs and for the BHE of 10 m depth the
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plate mean temperature stagnates at the fourth PVT, while for 20 m BHE the stagnation is
achieved after the seventh PVT. The BHE of 40 m does not reach a plateau at any number
of PVTs, and more collectors connected in-series are required for the stagnation. The BHEs
of 40 m does not level the Tpm due to the larger soil mass adjacent to the borehole, which
requires more PVTs in-series to stagnate. It is important to note that for the current analysis
the in parallel connection of PVT is not evaluated, and the aim is to find out the influence
of the in-series connection.

Table 6. Simulation results as function of the a single BHE with vertical length from 1 to 40 m. For 1 PVT with flowrate of
80 kg h−1. *, average annual plate mean temperature of the PV and PVT. **, mean soil temperature near BHEs.

Length of
BHE (m)

SPPV_el
(kWh m−2)

SPPVT_el
(kWh m−2)

SPPVT_th
(kWh m−2)

Pump Consump-
tion (kWh) FI (%) Tpm_PV *

(◦C)
Tpm_PVT *

(◦C)
Tsoil **

(◦C)

1 201.7 210.7 43.6 12.4 0.61 23.9 21.7 23.8
2 201.7 211.2 91.1 12.6 0.80 23.9 21.5 23.6
4 201.7 212.2 187.3 13.2 1.12 23.9 21.2 23.2
6 201.7 213.1 281.8 13.9 1.36 23.9 20.8 22.7
10 201.7 214.6 452.0 14.9 1.80 23.9 20.3 21.8
15 201.7 216.1 627.5 16.3 2.15 23.9 19.7 20.9
20 201.7 217.3 774.6 17.1 2.47 23.9 19.2 20.1
25 201.7 218.3 891.7 17.9 2.74 23.9 18.8 19.4
30 201.7 219.0 989.0 18.3 2.93 23.9 18.4 18.9
40 201.7 220.1 1138.2 18.9 3.30 23.9 17.9 18.0
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Figure 12. Upper figure, plate mean temperature (Tpm) of the PV and PVT for a variety of GHE
(10-year simulation). The Tpm is illustrated as function of the PVTs connected in series hydraulically
and depicts the average value out of all collectors, electrically are all connected with microinverters
(no strings). Bottom figure, the fractional improvement for all studied scenarios of GHE as function
of the PVTs connected in series. The flowrate for all cases is 80 kg h−1.

The fractional improvement for all cases (geothermal heat exchangers) rises and then
reaches a plateau or reduces slightly (Figure 12). It is worth noting that the FI increases
substantial from the single PVT to the array of 2 PVTs. In particular the FI for the borefield
(4 BHEs) rises from slightly less than 2 to 4% by just adding one more collector. The
improvement on the FI is made due to the higher outlet temperature of the array which
has greater potential to transfer the solar heat into the ground. For the borefield and the
BHE of 10 m the FI levels at the 4th PVT, though for the remaining BHEs the FI drops
slightly as the number of PVTs increase. This is caused by the continuously increasing plate
mean temperature (upper figure, Figure 12) which reduces the electrical efficiency of the
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PV cells. Based on the results, for all investigated geothermal heat exchangers there is a
certain number connected in-series PVTs wherein the system achieves the higher FI. After
this point the FI remains stable for the smaller geothermal heat exchanger or reduces for
the larger ones.

3.2.4. PVT Array and Borefield Size Parametric Analysis

The very shallow borefields with less than 2 m depth are in particular interest, since
they can be built with a small drilling rig. This can improve the economy of the systems
by reducing the costs correlated to the construction of the geothermal heat exchanger [44]
and the construction time. With this particular interest, Figure 13 illustrates the electric and
heat specific productivity for three PVT array sizes (4, 8, and 12 PVTs) and six borefield
sizes (4, 8, 12, 16, 20, and 24 BHEs). Two distinctive trends are illustrated in Figure 13, the
electric and heat SP increase as the borefield enlarges and reduce as the array enlarges. As
the borefield enlarges more heat transfer area is available (BHEs) and more adjacent soil
volume, and these increase the SP (heat and power). In contrast, as the PVT array enlarges
more solar heat is transferred into the ground and that elevates the temperature of the soil
(Figure 14). The higher soil temperature ends up to higher inlet temperature for the PVT
array, and it is well known the electric and thermal efficiency of the collector reduce as
the inlet temperature rises. It is pertinent to note that the produced heat is not used and
is diffused naturally to the adjacent soil masses and surface. If the heat from the soil was
remove in order to cover a heating load (industry, space heating etc.), the productivity of
the system will improve due to the dropped soil temperature.
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Figure 13. Electric and heat specific productivity of the PV and PVTs, as function of the size PVT array
(4, 8, and 12 PVTs) and the number of the BHEs (4, 8, 12, 16, 20, and 24 BHE) (10-year simulation).
The PVT arrays are formulated with strings of four collectors in series similarly the borefield are
shaped with 4 BHEs connected in series (hydraulically). All borefields consist of BHE with 2 m
vertical length and 2 m spacing. For each string the flowrate is set to be 80 kg h−1.

Figure 14 is based on the results as these of Figure 13 and illustrates the annual solar
heat transferred to the soil per meter of BHE (upper figure) and the mean annual soil
temperature near BHEs. As it can be seen, the heat per meter BHE reduces as the borefield
enlarges, since for the same amount of heat (from PVTs) more BHEs are available. In
details, the annual heat per meter of BHE was estimated to be from 63 to 78 kWh per meter
of BHE, for the array of 4 and 12 PVTs, respectively. A benchmark can be established
from the illustrated results, regarding the annual heat transfer potential of the borefield,
which for the given analysis is about 70 kWh m−1. The mean annual soil temperature
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(bottom figure, Figure 14) varies from 23.8 ◦C to 22.3 ◦C, for the smallest and the largest
borefield accordingly.
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Figure 14. Upper figure, annual heat transferred into the ground per meter of BHE as function of
the PVT array and of the borefield size (10-year simulation). Bottom figure, soil temperature near
BHEs as function of the PVT array and of the borefield size. The PVT arrays are formulated with
strings of four collectors in series similarly the borefield are shaped with 4 BHEs connected in series
(hydraulically). All borefields are consisted of BHE with 2 m vertical length and 2 m spacing. For
each string the flowrate is set to be 80 kg h−1.

3.2.5. Variation of the Soil Temperature near BHEs

The annual variation of the soil near BHEs is shown in Figure 15 for the borefields
of 4, 12, and 24 BHEs paired with 4 PVTs in contrast to the natural soil temperature (no
system). All temperatures are illustrated at 1.5 m depth. All temperatures follow the same
trend, which is lower values during winter months and the peak values during summer
and especially on August. The natural soil temperature gets its maximum value one month
later on September. It is worth noting that the soil temperature near BHEs is about 8–10 ◦C
higher than the natural temperature during the season with the highest available solar
energy (May to September, Figure 2). This temperature difference between the system made
and the natural condition depicts the potential for further improvement of the systems
energy performance. In other words, the lower the soil temperature near BHEs, the higher
the electric SP. That highlights the need to remove the solar heat stored into the ground
during the summer months in order to enhance the electrical energy generation.

3.2.6. Comparison of the Results with the Existing Literature

Based on the results, the single PVT collector can achieve FI of 2.67% and 3.30% for
the borefield of 4 BHEs and the BHE of 40 m depth, respectively (Tables 5 and 6). With the
very shallow borefield of 4 BHEs paired with the array of 4 PVTs (connected in series) the
FI was estimated to be 4% (Figure 12). The highest value of FI estimated from the study
is at 5.5% for the array of 3 PVTs and the BHE of 40 m depth (Figure 12). In Table 7 are
listed the main findings for the existing literature, regarding the methods which can be
used to improve the PV cell efficiency by the means of PVT collectors. It is important to
note that the current analysis is to set the findings in the winder picture, since the results
are derived from different climatic conditions, systems layout, PV nominal efficiency and
so forth. Also, the results from the current study are about the annual FI while the values
listed in Table 7 are estimated for shorter time periods.
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Figure 15. Annual variation of the soil temperature near BHEs at 1.5 m depth for three borefields,
4, 12, and 24 BHEs connected with a 4 PVTs. The near BHEs temperatures are contrasted with the
natural soil temperature at 1.5 m (without system). All BHEs assumed to be 2 m deep and 2 m
spacing, the array of 4 PVTs are in series connected hydraulically.

Table 7. Summary of the methods found in the existing literature about the improvement of the
PV cell efficiency by utilizing PVT collectors. The listed fractional improvements illustrate values
estimated via a certain time period (instantaneous, hourly, daily FI).

Work System FI (%)

Experiment [16] Open loop air-based PVT systems (Singapore) 12–14

Experiment [17] Open loop air-based PVT systems
(Sydney, Australia) 10.6–12.2

Experiment andSimulations [22] Water based PVT with horizontal GHE of 80 m
buried 3 m (North-West India) 1.02–1.41

Experiment (Indoor) [24] Water based PVT system with serpentine
shaped absorber (Indoor) 3

Experiment [25]
Water based PVT with microchannel pair with

a spiral shaped GHE (3 depth)
(Ankara, Turkey)

10

Experiment and imulations [20] Water bases PVT system with water tank
(Dhahran, Saudi Arabia) 9

Experiment [21] Water bases PVT system with water tank
(Athens, Greece) 0.32

3.2.7. Capital Cost of the Investigated System

After consultation with industry, the capital cost per installed kWp of the proposed
system breaks down to: the cost for PVT absorbers (180–240 € per kWp), the circulation
pump cost (40–70 € per kWp) and the BHE cost per meter of BHE (70–90 € per m of BHE).
Based on the above stated prices and the system with 4 PVTs and the 4BHEs (Figure 12),
the initial cost of the system per installed kWp varies from 680 € to 1030 €. This investment
can offer about 3.8% more electricity yield than a conventional PV system (Figure 12). Here
we can provide the current price for two axes tracker systems which is from 900 to 1300 €
per kWp. The stated capital costs are about to provide the magnitude of the investigated
system in contrast to an established technology (two axes tracking). The comparison on the
capital costs refers to the Greek market only and a rigorous economic analysis is required
for obtaining accredited results.
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4. Conclusions

In the present work, a PVT—geothermal system is evaluated regarding its capacity
to increase the annual generated electricity contrary to a conventional PV system. Ex-
perimentation was carried out with a PV and PVT collector in Athens (Greece), with the
aim to collect data for the validation of the models. The models of the PV and PVT were
formulated in TRNSYS and validated. With the built models, simulation based parametric
analyses were contacted by varying the size of the PV and PVT array, the flowrate, and the
size of the geothermal heat exchanger (GHE) as well.

Both models of the PV and PVT are capable of estimating the production of the
electrical energy. With more details, the RMS error regarding the electricity was calculated
to be 2.12 W and 1.76 W for the PV and the PVT, respectively. The RMS error for the
temperature outlet of the PVT was estimated to be 0.36 ◦C. Additionally, both models
illustrate the capability of following transient weather conditions, with the only inadequacy
for the PVT being the ability to estimate the outlet temperature during raining weather.

The percentage fractional improvement (FI) estimated via the implementation of the
PVT-shallow geothermal system varies from 0.61 to 5.5% for the shortest borehole heat
exchanger (BHE) of 1 m and the longest of 40 m, respectively. The estimated FI values of
the current work are at the same magnitude with this illustrated by the existing literature,
from 1% up to 10%. The electric annual specific productivity (SP) for PV was estimated
to be about 202 kWh m−2 and for the base case scenario of 4 PVTs paired with 4 BHEs
(2 m depth) to be 213 kWh m−2. It is important to highlight that the proposed system
outperforms energetically the conventional PV system even with the smaller BHE of 1 m
paired with 1 PVT collectors. Furthermore, the FI and SP are two indices which can be
used for the evaluation of the systems, and the FI can illustrate the overall performance.
Through the FI the importance of very efficient circulation pump is shown. The electric
SP of the PVT was found to increase as the GHE enlarges and to decrease as the flowrate
rises. Also, as the flowrate increases the outlet temperature of the PVT reduces and this
reduction drops the potential for heat transfer to the ground.

Throughout all parametric analyses, the annual mean soil temperature was found to
reach a steady state value after the fifth year of operation. Also, a significant enhancement
on the FI was found by increasing the number of the PVT collectors connected in series. A
distinctive different between the mean soil temperature caused by the systems was found
against the natural temperature of the soil. This temperature difference is estimated to be
about 8 ◦C during the summer months. It is a good practice to investigate methods with
the aim to reduce the soil temperature during summer, and by that to increase the electric
SP of the system. The connection of the proposed system with heating loads may be a way
to remove heat from the soil and by that to utilize the produced heat.
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Nomenclature

Nomenclature Acronyms and Subscripts

Ac PV panel area, m2 BHE borehole heat exchanger

bo incidence angle modifier coefficient, - cell PV cell

E electrical energy, kWh cond conduction, -

FI percentage fractional improvement, % conv convection, -

GT total incidence irradiance, W m−2 GHE geothermal heat exchanger

h heat loss coefficient, W m−2 K−1 PV photovoltaic panel

m mass flowrate, kg h−1 PVT photovoltaic and thermal collector

MC sensible heat capacity, J K−1 rad radiation, -

n number of collectors, -

P power, W

Q thermal energy, kWh

S absorbed irradiance, W m−2

SP annual Specific productivity, kWh m−2

SPPVT_el PVT’s annual electric specific productivity, kWh m−2 Greek letters

SPPVT_th system’s annual heat specific productivity, kWh m−2 βcell temperature power coefficient, K−1

Ta ambient temperature, K ηe PV cell efficiency, -

Tpm effective plate mean temperature, K ηn PV cell nominal efficiency, -

Tsky effective sky temperature, K θi solar incident angle, degrees

Tpm_PVT PVT effective plate mean temperature, K Kθ incident angle modifier, -

Tpm_PV PV effective plate mean temperature, K

UL overall Heat loss coefficient, W m−2 K−1

VW wind speed, m s−1
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