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Abstr act  
PV/T panels are innovative systems increasingly used in 
the building sector. Their energy production and overall 
efficiency depend on several factors related to the shares 
of electrical and thermal loads and to the working 
temperature of the operating fluid. Therefore, an optimal 
configuration should be found. In this work, a parametric 
analysis was performed to provide a contribute on this 
issue. The conclusive indications can be exploited by 
designers and researchers, to maximize the efficiency of 
the systems in relation to configurations and to both 
electrical and thermal loads.  
To this purpose a simulation model was designed and 
implemented in a spreadsheet, using Visual BasicTM 
functions. 
Introdu ction 
Nowadays, the energy policy of any country tries to 
address a plurality of issues like energy security, 
economic growth and environment protection (Michael 
et al., 2015).  
Considering these points of view, Renewable Energy 
Sources, appear to be a valid solution able to flank or, in 
particular situations, to entirely substitute fossil fuels. 
Actually, the renewable energy sources are used to 
supply only 14% of the world’s total energy 
consumption (Panwar, Kaushik, and Kothari, 2011), but 
their role is likely bound to increase because of the rising 
fossil fuel prices, global warming and planetary 
pollution problems which need to be addressed. 
Solar energy, among all other available energy resources 
may be considered as the most abundant, inexhaustible 
and cleanest. As a consequence, the installed area of 
solar technologies around the world is progressively 
increasing (International Energy Agency (IEA), 2018) 
with a pace that give us an idea about the unlimited 
potential available in solar energy. 
Many researchers around the world are developing the 
system based on solar energy (Joshi and Dhoble, 2018) . 
The major applications of solar energy can be classified 
into two categories: solar thermal system, which 
converts solar energy into thermal energy, and 
photovoltaic (PV) system, which converts solar energy 
into electrical energy. Usually, these systems are used 
separately.  
However, it is worthy of note that PV systems are not 
able to exploit the whole spectrum of the terrestrial solar 
radiation (0.25–2.5 µm) to generate electrical power.  As 

a matter of fact, most of the solar cell materials, respond 
to a limited portion of the terrestrial solar spectrum. 
Therefore, only the radiations corresponding to the 
response range of the solar cell material are used by the 
solar cell to generate electricity. The unused radiations 
of the solar spectrum will dissipate their energy as heat 
inside the solar cell. This heat dissipation causes the 
thermal losses in the solar photovoltaic system, thereby 
reducing its performance. The output of the PV cells 
decreases when the operating temperature of the solar 
cell increases. Thus, in order to have a better 
performance, it is essential to maintain the low operating 
temperature of the solar cells (Skoplaki and Palyvos, 
2009). 
Therefore, in order to achieve higher electrical 
efficiency, the PV module should be cooled by removing 
the heat. This goal is achieved when the PV module is 
combined with a solar air/water heater collector. This 
type of system is called solar photovoltaic thermal 
(PV/T) collector. The PV/T collector produces thermal 
and electrical energy simultaneously. Besides the higher 
overall energy performance, the advantage of the PV/T 
system lies in the reduction of the demands on physical 
space and the equipment cost through the use of 
common frames and brackets as compared to the 
separated PV and solar thermal systems placed side-by-
side.  
These features make PV/T systems suitable for building 
installations, where the problem of limited usable 
shadow-free space on building roof-tops could be 
overcome by the high overall electrical and thermal 
efficiency of a solar Photovoltaic Thermal (PV/T) 
system, which combines the electrical and thermal 
components in a single unit area. Consequently, PV/T 
collectors are currently considered as a valid contribute 
to the actual implementation of the nearly zero energy 
buildings” (NZEB) concept (Attia et al., 2017) 
(AbuGrain and Alibaba, 2017). 
A significant amount of theoretical as well as 
experimental studies on the PV/T systems has been 
carried out in the last 30 years (Chow, 2010; Joshi and 
Dhoble, 2018; Michael et al., 2015; Tyagi, Kaushik, and 
Tyagi, 2012).  
As a contribute to this topic, the parametric analysis 
performed in this paper aims to provide indications 
about the influence of the storage system on the 
temperature of the working fluid and, therefore, on the 
performance of the system. These indications can be 
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exploited by designers and researchers, to maximize the 
efficiency of the systems in relation to both electrical 
and thermal loads and to the features of the water thank. 
Specifically, the proposed analysis is composed of a 
sequence of steps. Firstly, the system was outlined by 
singling out its components and, for each component, a 
mathematical model was developed to simulate the 
involved physical phenomena. Successively, the 
mathematical relations were implemented in a 
spreadsheet, using Visual BasicTM functions. Finally, the 
software was applied to assess the performance of the 
PV/T system, by analysing each thermal and electric 
energy contribution. 
Several configurations were analysed; collector area, 
dimension and insulation properties of the water tank 
and thermal load configuration were changed in order to 
examine the effect of the interaction of the system 
components on the thermal and electric energy 
generation and on the temperature of the working fluid, 
which is a crucial parameter with a view to meeting the 
requisites of the load. 

System Modellin g 
The hybrid system was modelled considering two 
coupled components: a PV and a thermal collector. 
Therefore, the governing equations were elaborated 
considering the system depicted in Figure 1.  
In correspondence of every calculation time step , the 
PV collector, characterized by the efficiency ���

� , 
generates the power �̇�

�  (W), whereas the thermal 
collector, characterized by the efficiency ��

� , generates 
the thermal energy per unit of time �̇�

�  (W). �̇�
�  (W) is 

the global available thermal power, that is the power 
which is globally at the load disposal, �̇��

� (W) is the 
effective thermal power, namely the thermal power 
which is actually sent to the thermal load �̇. �̇�

�  (W) is 
the thermal flow which is discarded into the environment 
through the envelope structure of the water storage. All 
the cited thermal flows and correspondent formulas are 
depicted in Figure 1. 
The performance of the system was assessed under the 
hypothesis that, due to the effect of the interaction 
between absorber plate and PV cells panel, the actual 
cell temperature ��,���  may be assumed equal to the 
average value: 

 ��,��� 
� =  

��,��
� � ��

�

�
 (1) 

where ��,�� is the cell temperature which would 
characterize the performance of a standard PV system 
operating at the same condition of the actual PV/T plant. 
The assumption was motivated by the following 
considerations. The possible values of the cell 
temperature of the PV/T panel are restrained within a 
range whose limits are: ��,�� and tp. For the higher 
inertia of the thermal component of the system (which 

exploits water as working fluid), it is more likely that the 
actual temperature of the cell, ��,��� 

� , is nearer to the 
absorber temperature, tp, than it is  to cell temperature of 
the simple PV panel. Nonetheless, as a conservative 
hypothesis from the perspective of electric production, 
an average value was considered. 
The cell temperature of the standard PV system 
operating at the same condition of the actual PV/T plant, 
��,��, is usually calculated by means of the well known 
(Evans, 1981): 

 ��,��
� = [��

� +
�������

���
��

�]  (2) 

where: 
 ���� is the Nominal Operating Cell Temperature 

(°C); 
 ��

� is the air temperaure (°C); 
 ��

� is the solar irradiance on the panel surface 
(W/m2). 

Therefore: 

 ��,���
� = 0,5 ���

� +
�������

���
��

� + ��
�� (3) 

where ��
� is the temperature of the absorber plate, 

assumed equal to: 

 ��
� =  

��,��
� ���,��

�

�
 (4) 

where:  
 ��,��

�  e ��,��
�  are respectively the inlet and the outlet 

water temperature to the collector. 

It was also assumed that: 
- no fluid stratification occurs within the water tank, 

so that the storage temperature tA is uniform 
(perfect mixing hypothesis), therefore  ���,� = ��, 
with  ���,� outlet water temperature of the water 
storage 

- all the thermal loss within the water circuit are 
negligible, so that: 

- ���,�
� = ��,��

�   
- ��,��

�  = ���,�
�   

where ���,�
�  is the inlet water temperature to the 

storage system; while  ��,��
�  and ��,��

�  are, 
respectively, the inlet an outlet water 
temperature to the collector. 

As regards the effective thermal power �̇��
� , namely the 

thermal power which is actually sent to the thermal load 
(L), ̇it was calculated considering that, when the thermal 
energy production exceeds the thermal demand, only the 
needed portion of the global available thermal power �̇� 
(Figure 1) is used to meet the load �̇: 
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�̇��

� = �̇�
� �� �̇�

� ≤ ��̇

�̇��
� = �̇ �� �̇�

� > �̇�
 (5) 

Moreover, it was also assumed that  

 �̇��
� = 0 �� �̇�

� < 0 (6) 

Finally, the electrical efficiency of the panel is: 

 ���,��� = ���1 − ����,��� − 25�� (7) 

Whereas, the thermal efficiency of the panel is: 

 ��,���
� = �� − �� �

��
����

�

��
� � − �� �

��
����

�

��
� �

�

 (8) 

where: 

- ��
�, is the efficiency of the collector in 

correspondence of the reference temperature 
(25°C); 

- β is the temperature coefficient of the panel [%°C-

1]; 
- ��, �� and �� are parameters characterizing the 

collector; 
- ��

� is the temperature of the absorber plate, assumed 

equal to: ��
� =  

��,��
� ���,��

�

�
. 

The model was implemented in a spreadsheet, using 
Visual BasicTM function and macros, and a user-friendly 
interface was designed for the code. 
The code output consists of: 

 cell temperature ��,���
� ; 

 inlet and outlet water temperature to the 
collector,  ��,��

�  and  ��,��
� ; 

 water storage temperature ��
�; 

 generated electrical power �̇�
� ; 

 generated thermal energy �̇�
� ; 

 global available thermal power �̇�
� ; 

 effective thermal power �̇��
� ; 

 thermal flow through the envelope structure of 
the water storage �̇�

� .; 
 electrical efficiency ���,���

� ; 
 thermal efficiency ��,���

� . 

Perfor med Analys is 
In order to analyse the performance of the system, 
several configurations were patterned and simulated. 
They are summarized in Table 1, which reports the 
identification code (ID) of the case, the volume of the 
water storage (Vs), the thermal transmittance of the tank 
envelope (Us), the load type and the area of the panel 
surface (Sp). 

Table 1. Analysed configurations. 

ID 
Vs 

(m3) 
Us 

(W/m2°C) 
Load 
type 

Sp 
(m2) 

S1-U05-L0-V025 0.25 0.50 None 1 
S1-U05-L0-V025 10.0 0.50 None 1 
S1-U05-LC-V025 0.25 0.50 Constant 1 
S1-U05-LC-V10 10.00 0.50 Constant 1 

S1-U05-LV-V025 0.25 0.50 Variable 1 
S1-U05-LV-V10 10.00 0.50 Variable 1 
S1-U5-L0-V025 0.25 5.00 None 1 
S1-U5-L0-V025 10.0 5.00 None 1 
S1-U5-LC-V025 0.25 5.00 Constant 1 

S1-5-LC-V10 10.00 5.00 Constant 1 
S1-U5-LV-V025 0.25 5.00 Variable 1 
S1-U5-LV-V10 10.00 5.00 Variable 1 

S5-U05-L0-V025 0.25 0.50 None 5 
S5-U05-L0-V025 10.0 0.50 None 5 
S5-U05-LC-V025 0.25 0.50 Constant 5 
S5-U05-LC-V10 10.00 0.50 Constant 5 

S5-U05-LV-V025 0.25 0.50 Variable 5 
S1-U05-LV-V10 10.00 0.50 Variable 5 
S5-U5-L0-V025 0.25 5.00 None 5 
S5-U5-L0-V025 10.0 5.00 None 5 
S1-U5-LC-V025 0.25 5.00 Constant 5 

S5-5-LC-V10 10.00 5.00 Constant 5 
S5-U5-LV-V025 0.25 5.00 Variable 5 
S5-U5-LV-V10 10.00 5.00 Variable 5 

 
Climate Data  
Climate data (solar radiation and air temperature - Figure 
2) were measured at the Mediterranean University 
campus in Reggio Calabria (38°5.7' North Latitude; 
15°39.3' East longitude). 

 
Figure 1. Scheme of the analysed system. 
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Solar radiation was measured by means of a CNR4TM net 
radiometer (Kipp and Zonen), which, in turn, consists of 
a pyranometer pair, disposed on the opposite surfaces of 
the probe’s plane, and a pyrgeometer pair in a similar 
configuration.  
Air temperature was measured by means of the Vaisala 
WXT 530 weather station. 

 
Figure 2. Monthly horizontal solar ra diation and 

monthly average air temperatu re 
Ther mal load 
The analysed thermal load consists in the energy demand 
for Domestic Hot Water (DHW) for a flat of about 100 
m2. It was assessed by means of the procedure reported 
in the UNI/TS 11300-2 Standard (Ente Nazionale 
Italiano di Unificazione, 2014). 
Two load configurations were considered: variable and 
constant. 
In the variable configuration the daily load, calculated by 
means of the UNI/TS 11300-2 Standard procedure, was 
spread along the hours of the day according to the end 
user profile, as reported in Figure 3, which refers to the 
ratio between the hourly load and the daily load. It was 
elaborated following the indication reported in 
(AICARR, 2005). 

 
Figure 3 – Hourly distribution of the daily thermal load. 

Successively, such load was statistically treated to obtain 
a daily variant DHW demand. Specifically, an hourly 
noise was added to make the load data more realistic: 
each day’s load profile was perturbed by a random 
amount, so that the load retains the same size, but is 
scaled upwards or downwards. 
The resulted time trend of the daily load is reported in 
Figure 4. 

In the constant configuration the annual load was 
constantly allotted to each hour according to the 
formula: 

 ��� =
∑ ���

����
���

����
 (9) 

where ��� is the constant hourly thermal load, ��� is the 
variable hourly thermal load at time i. 

 
Figure 4 –Daily thermal load. 

PV/T collector f eature s 
The characteristics of the analysed system are reported 
in Table 2. 

Table 2. Characteristics of the analysed panel. 
PV panel features 

Peak power (W) 170 
�� 0.15 

NOCT (°C) 45.0 
β [%°C-1] -0.4 

Ther mal feature s 
�� 0.500 

�� (W m-1 K-1) 4.58 
�� (W2 m-2 K-2) 0.00135 

Results 
Figure 5 and Figure 6 report the annual energy 
production of the configurations corresponding to the 
configurations in which �� =  5 �� was considered.  

 
Figure 5 – Annual electrical energy production 

(�� =  5 ��). 
Specifically, Figure 5, where the standard PV system 
(PV-S5) is used as a reference (yellow bar), refers to the 
electric energy �� , whereas Figure 6 refers to the global 
available thermal energy ��. 
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Figure 6 – Annual thermal energy production 

(�� =  5 ��). 
It is worthy of note that the load configuration (constant 
or variable) feebly influences both energy productions 
which are more strongly affected by the storage volume 
and the insulation properties of the tank. 
On balance, as expected, larger tanks with higher 
thermal transmittance values are to be preferred if 
electrical energy production is the main goal of the 
system. 
As a matter of fact, both these conditions contribute in 
reducing the cell temperature, thus enhancing the 
efficiency of the PV system. 
This conclusion may be inferred by the data reported in 
Figure 7 and Figure 8, which depict, as an example, the 
time trend of the cell temperature during the first six 
days of the months of June and December. 

 
Figure 7 – Cell temperatu re trend   

(�� =  5 ��; �� =  0.5 �������). 
On the other hand, larger and less insulated tanks reduce 
the amount of available thermal energy produced 
annually (Figure 6). Nevertheless, it may be always used 
to pre-heat the water that must be delivered to the load. 
From this perspective the temperature of the water 
storage plays a pivotal role. In fact, regardless of the 
global amount of thermal energy annually available, it is 
the temperature at which this energy is provided that 
influences the system capacity to meet the load. 
The time trend of the water storage temperature is 
depicted in Figure 9 and Figure 10 for the first six days 
of both June and December. Reported data refer to the 
�� = 5 �� configuration. For comparison purposes, both 

constant load (LC) and no-load (L0) configurations were 
reported. 
It can be noted that for the highest storage volume, the 
water temperature is not always suited to comply with 
the requisites of the load which needs water at a 
temperature of 37°C at least. 
Therefore, in this case the water storage can be exploited 
to pre-heat the water, supporting the auxiliary heating 
source. 

 
Figure 8 – Cell temperatu re trend   
(�� =  5 ��; �� =  5 �������).  

 
Figure 9 – Water Storage temperatu re 

( �� = 5 ��;  �� = 0.5 �������) 

 
Figure 10 – Water Storage temperatu re 

(�� = 5 ��; �� = 5.0 �������) 

Annual energy production for the �� =  1 �� 
configurations are reported in Figure 11 and Figure 12. 
In this case, on average, the electrical production of the 
PV/T system is always about 5% higher than the one 
provided by the standard PV. The storage configuration 
seems to have a slender influence on this behaviour, also 
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demonstrated by the cell temperature time trend (Figure 
13 and Figure 14). 
As far as the annual thermal energy production is 
concerned, it may be noted how it rises with the storage 
volume.  

 
Figure 11 – Annual electrical energy production 

(�� =  1 ��). 

 
Figure 12 – Annual thermal energy production 

(�� =  1 ��). 

The contribute of the thermal flows through the tank 
envelope play a pivotal role within this context. As a 
matter of fact, during spring and summer periods these 
flows heat up the water storage, so that if both the 
dimension and the thermal transmittance of the tank 
envelope are increased, the water undergoes an 
additional heating that is able to compensate the reduced 
production from the panel. 
Figure 15, which depicts, as an example, the time trend 
of the thermal flows through the tank envelope during 
three days of August for the two analysed thermal 
transmittance configurations and V=10 m3, makes this 
phenomenon even more evident.  
However, as regard to the water temperature, it may be 
concluded that, on average, it is not suited to comply 
with the requisites of the load which needs water at a 
temperature of 37°C at least. This conclusion can be 
drawn from the analysis of the data reported in Figure 
16, which depicts the water storage daily average 
temperature for two configurations of the tank insulation 
properties 

 
Figure 13 – Cell temperatu re trend   

(�� =  1 ��; �� =  0.5 �������). 

 
Figure 14 – Cell temperatu re trend   

(�� =  1 ��; �� =  5.0 �������). 

 
Figure 15 – Thermal flows through the tank envelope 

(�� = 1 ��). 
Therefore, the water storage can be exploited to pre-heat 
the water, thus supporting  auxiliary heating source. 

 
Figure 16 – Water Storage daily average temperatu re 

(�� = 1 ��). 
 

250

255

260

265

270

275

280

285

290

LC-V025 LC-V10 LV-V025 LV-V10 PV LC-V025 LC-V10 LV-V025 LV-V10

U05 U05 U05 U05 - U5 U5 U5 U5

S1 S1 S1 S1 S1 S1 S1 S1 S1

Q
e

(k
W

h
/y

e
ar

)

Case ID

0

1000

2000

3000

4000

5000

6000

7000

8000

LC-V025 LC-V10 LV-V025 LV-V10 PV LC-V025 LC-V10 LV-V025 LV-V10

U05 U05 U05 U05 - U5 U5 U5 U5

S1 S1 S1 S1 S1 S1 S1 S1 S1

Q
u

(k
W

h
/y

e
ar

)

Case ID

-1.2

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0 3 6 9 12 15 18 21 0 3 6 9 12 15 18 21 0 3 6 9 12 15 18 21

13 14 15

Aug

w
at

e
r 

st
o

ra
ge

 t
e

rm
al

 f
lo

w
 Q

d
 (k

W
h

)

 U05-LC-V10 U5-LC-V10

0

10

20

30

40

50

60

70

1 1223 3 1425 8 19301021 2 1324 4 1526 7 1829 9 20311122 3 1425 5 1627 8 1930

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

W
at

e
r 

st
o

ra
ge

 t
em

p
e

rt
u

re
 (

°C
)

U05-LC-V025 U05-LC-V10 U5-LC-V025 U5-LC-V10

________________________________________________________________________________________________ 

________________________________________________________________________________________________ 
Proceedings of the 16th IBPSA Conference 
Rome, Italy, Sept. 2-4, 2019

 
4414

 

 
  



Conclus ion 
The paper illustrates the results of a parametric analysis 
which aims to provide indications about the influence of 
the system configuration on the temperature of the 
working fluid and, therefore, on the performance of PVT 
systems. These indications can be exploited by designers 
and researchers, to maximize the efficiency of the 
systems in relation to both electrical and thermal loads 
and to the features of the water storage. 
In order to simulate the system performances a specific 
code was elaborated and implemented in a spreadsheet, 
using Visual BasicTM function and macros.  
Results seem to demonstrate that, from the perspective 
of the yearly electrical energy production: 

• the water storage configuration plays a pivotal role 
when the largest collector surfaces are involved; in 
this case, the water storage configuration is crucial 
to dissipate the heat from the PV cells and to 
improve the collector efficiency; 

• the water storage influence is negligible for the 
system configuration which involves the smallest 
collector area; in this case, the excess heat is 
removed efficiently from the PV cells regardless 
the water storage dimension or insulation properties 
of the tank. 

As far as the thermal production is concerned, it can be 
stated that: 

• both the smallest collector area configuration and 
the largest one allowed the PVT system to act as a 
pre-heating device supporting the auxiliary heating 
source; 

• the most efficient configuration demonstrated to be 
the one with the largest collector area and the 
smallest and most insulated storage which allowed 
the highest water temperature to be reached, 
especially during spring-summer seasons; 

• in the case of the smallest collector area 
configuration, the highest thermal production was 
obtained with the largest and less insulated water 
tank; this configuration, as a matter of fact, made 
the heat flow through the tank envelope rise; owing 
to both the mild outdoor air temperature 
characterizing the site, the phenomenon caused the 
intensification of the heat gains through the tank 
envelope which acted balancing the limited 
production of the small thermal collector, thus 
raising the water temperature. 

In conclusion, the selection of the best configuration 
depends on the purpose that is to be fulfilled. 
When the electrical load has priority over the thermal 
one, larger collector area may call for larger and less 
insulated water tank both to enhance the cooling effect  
and to improve the system performance; but this does 
not happen when smaller collector surfaces are involved: 
in this case the water storage configuration demonstrated 
a negligible influence on the electrical power generation. 
On the contrary, when thermal load has priority over the 
electrical one, heat production needs to be maximized. 

The water storage configuration which allows this 
objective to be reached depends on the collector size. 
For the considered climate conditions, the reduced heat 
production from small collector area may be improved 
with larger and less insulated water storage tanks. 
Conversely, when large collector areas are involved, the 
heat production rises when smaller and more insulated 
water storage tanks are installed.  
In this case, the limit to the reduction of the water 
storage size is determined by the necessity of not 
compromising the needed cooling effect of the PV cells 
and the consequent electrical power production. 

Nomenclature  
G water flow (kg/s). 
��   solar irradiance on the panel surface (W/m2); 
�� , �� parameters characterizing the collector (non-

dimens.); 
�̇� thermal load (W); 
����   Nominal Operating Cell Temperature (°C); 

�̇�
�   thermal flow which is discarded into the 

environment through the envelope structure of 
the water storage (W); 

�̇�
�  generated electrical power (W); 

�̇�
�  generated thermal power (W); 

�̇�
�  global available thermal power, namely the 

power which is globally at the load disposal 
(W); 

�̇��
�  effective thermal power, namely the thermal 

power which is actually sent to the thermal load 
(W); 

Sp area of the panel surface (m2); 
�� air temperaure (°C); 

tA storage temperature (°C); 
��,�� cell temperature e of a standard PV system 

operating at the same condition of the actual 
PV/T plant (°C); 

��,���  actual cell temperature of the PV/T collector 
(°C); 

���,� inlet water temperature to the storage system 
(°C); 

 ���,� outlet water temperature of the water storage 
(°C); 

��,��  inlet water temperature to the collector (°C); 

��,�� outlet water temperature to the collector (°C); 

tp temperature of the absorber plate (°C); 

Gree k Symbols 
β  temperature coefficient of the panel (%°C-1); 

�� parameter characterizing the collector (non-
dimens.); 
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���,��� electrical efficiency (non-dimens.); 
�� efficiency of the thermal collector in 

correspondence of the reference temperature 
(°C); 

��,��� thermal efficiency (non-dimens.). 
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