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Abstract

PV/T panels are innovative systems increasingly used in the building sector. As a matter of fact, in that
context they allow a set of common problems to be addressed and often solved: lack of physical space and
economic issues, always existing when PV and thermal panels are to be installed separately.

Obviously, the main objective of PV/T panels is to enhance the electrical efficiency by cooling the PV
cells, but the side positive effect is also the production of thermal energy, which can be suitably exploited
with a proper configuration of the whole system and an appropriate design of its components.

Their energy production and overall efficiency depend on several factors and therefore the effect of
different system features should be investigated. In this work, a parametric analysis was performed to
provide a contribution on this topic. The effects of the characteristics of the thermal storage on electrical and
thermal system performances were analysed, also considering the influence of the thermal load magnitude.

The conclusive considerations can be exploited by designers and researchers to maximize the efficiency
of the systems in relation to the storage tank characteristics and both electrical and thermal loads.
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1 Introduction

Nowadays, the energy policy of any country tries to address a plurality of issues such as energy security,
economic growth and environment protection [1].

Considering these points of view, Renewable Energy Sources, appear to be a valid solution able to flank
or, in particular situations, to substitute fossil fuels entirely. Actually, the renewable energy sources are used
to supply only 14% of the world’s total energy consumption [2]; likely, however, their role is bound to
increase because of the rise in fossil fuel prices, global warming and planetary pollution issues.

Solar energy, among all other available energy resources, may be considered as the most abundant,
inexhaustible and cleanest. Consequently, the installed area of solar technologies around the world is
progressively increasing [3] with a remarkable pace, owing to the unlimited potential available in solar
energy.

Many researchers around the world are developing systems based on solar energy [4,5]. The major
applications of solar energy can be classified into two categories: solar thermal systems, which convert solar



energy into thermal energy, and photovoltaic (PV) systems, which convert solar energy into electrical
energy. These systems are usually used separately.

As regards PV cells, by and large, it is acknowledged that their output decreases when the operating
temperature increases. Thus, in order to have a better performance, it is crucial to maintain the operating
temperature values of the solar cells as low as possible [6,7], also considering the weather conditions of the
site.

Therefore, in order to achieve a higher electrical efficiency, the PV module should be cooled by removing
the heat, for instance exploiting the performance of a coupled solar air/water heater collector. The resulted
combined system is called solar photovoltaic thermal (PV/T) collector and is able to produce thermal and
electrical energy simultaneously. Apart from the twofold energy performance, the advantage of the PV/T
system consists in the reduction of the demand of physical space 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 rooftops is the key issue. Consequently, PV/T collectors are currently
considered as a valid contribution to the actual implementation of the nearly Zero Energy Buildings (nZEB)
concept [8—10].

A significant amount of theoretical [11,12] and experimental studies [13] on the PV/T systems has been
carried out in the last few years, so that PV/T modules have been variously modelled [14,15]. The main
purpose of these analyses was to explore the main factors influencing the electric and thermal performances
of the systems.

As a matter of fact, albeit PV/T modules are cogenerating systems, producing both electric and thermal
energy, hardly can their performances be optimized from all the functional perspectives (heat and electric
energy conversion), so that, for the same operating conditions, single PV or thermal panels may be
characterized by a higher efficiency in their correspondent function [16].

Within this framework, a remarkable number of the available studies focus on the PV/T features, with a
view to analysing the influence of specific parameters [17] and designing efficient configurations [18-20]
also depending on the used materials [21]. In addition, specific tools capable of simulating hybrid solar
collectors were also devised [22,23]

Most of the cited studies, however, regard the panel specific features, constitutive materials and
performances, without any reference to the structure or configuration of the plant, which they are usually part
of.

As far as the integration of PV/T panels into plants and systems, the majority of research regards the
analysis of specific configurations. For instance, a trigeneration system (PV/T plus absorption chiller) is
analysed in [24] where a simulation tool was exploited to assess the energy savings for a specific case study
with fixed loads. A sensitive analysis also demonstrated that for the studied case the results are dramatically
sensitive to the variations of the PV/T area, whereas the other parameters (tank volume, fluid set point
temperatures, and flow rate) slightly affect the overall results.

A case study with fixed loads (thermal and electric) was also considered in [25] where thermo-economic
optimization of a specific solar system (for a specific range of design parameters involving the number of
concentrated photovoltaic/thermal collectors, the number of PV collectors, the number of evacuated tube
collectors, the volume of the storage tank, and the battery capacity) was performed.

The real buildings’ energy demands of the University campus of Bari were also used as input to a
transient system model in [26]. The system was a solar combined cooling, heating and power one based on
hybrid PV/T modules. In the study, the water storage tank was modelled exploiting the same simulation
procedure described in [27], where a temperature stratification was considered and an analysis regarding the
influence of the storage volume on the energy and economic performance of a solar combined heat and
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power system was carried out. In this case, the specific electric and thermal loads of three reference
buildings, each typical of three locations, characterized by diverse climate conditions, were used. The system
components (e.g. number of modules, water tank volume, etc.) were dimensioned for each reference
household.

To sum up, the majority of the available research refers to either the optimization of the PV/T module
features and configurations or the analysis of the energy and economic performance of specific system
structures, when called to meet specific loads also in different climate conditions. Therefore, an important
contribution to the topic could be delivered by studies either addressing the issue of how the configuration
and size of the system components may be arranged to meet different loads or aiming at the assessment of
the thermal loads, which might be efficiently met by a specific system configuration.

In this context, the perspective of the proposed analysis regards the assessment of the thermal loads
whose magnitude might be effectively satisfied by the proper system, depending on the water storage
features, namely the tank size and thermal transmittance.

Specifically, the parametric analysis performed in this paper aims to provide indications about the effect
of the combined interaction of the storage system features (size and thermal transmittance) and the thermal
load magnitude on the temperature of the working fluid and, therefore, on the actual viability of the system.

The focus is also on the thermal losses from the storage tank and on the possibility of their exploitation to
enhance the performance of the PV/T module, while preventing thermal storage temperature from dropping
remarkably.

Therefore, the analysis is also devoted to the quality of the thermal energy attainable and not only to its
global amount.

On the other hand, if a water temperature drop is inevitable in order to guarantee acceptable performances
from the PV energy conversion point of view, the parametrical analysis reported in the presented article aims
to single out the loads that could be better met in any of the examined cases.

These indications can be exploited by designers and researchers, to maximize the efficiency of the
systems in relation to both the thermal load magnitude and the features of the water thank.

With a view to fulfilling the task, a simulation model was designed and implemented in a Visual Basic™
environment.

For the sake of simplicity, the model was designed with a view to maintaining a viability and an easiness
of use, in order to possibly perform all the needed simulations swiftly, albeit keeping an acceptable level of
accuracy, also considering that the focus of the analysis involves comparison purposes.

Several features of the system components were patterned and simulated in order to examine the effect of
the characteristics of the thermal storage on both system’s electrical and thermal performances; they vary for
the thermal load magnitude and for both the thermal insulation properties and dimensions of the tank used
for thermal storage purposes.

2 Methodology

The article presents the results of a parametric analysis focused on the assessment of the influence of both
thermal storage features and thermal load size on the performance of photovoltaic-thermal systems, in order
to single out the context and the constrains of their possible suitability.

Specifically, the aim is to investigate about the effect of the combined interaction of the storage system
features (size and thermal transmittance) and the thermal load magnitude on the temperature of the working
fluid and, therefore, on the actual suitability of the system.



From this perspective, as a matter of fact, the thermal losses might also be exploited with a view to
striking a balance between the needs of improving both the photovoltaic conversion efficiency by cooling the
PV module and the production of suitable thermal energy. In order to fulfil this task, the water storage tank
should be designed properly.

The analysis proposed in the article focuses on this aspect of the issue, also regarding the quality of the
produced thermal energy; to reach this aim, a simple model has been designed. It simulates the system
behaviour in transient regime and is based on the lumped parameter model reported in [28], modified to take
the effect of the PV module into account.

The steps of the whole procedure are synthetized in the flow-chart of Fig. 1, and described in the
following sections.
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component of the

| |
| |
| |
| |
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: : Standard PV plant PV/T plant
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Fig. 1. Flow-chart of the methodology.

Firstly, a pattern of a typical system was designed, considering the main constitutive elements (hybrid
panels, pumps, thermal storage, expansion tank, etc, Fig.2), and successively the plant operation was
modelled by implementing, in a Visual Basic™ environment, proper relationships describing the various
involved physical phenomena (e. g. photovoltaic conversion and heat exchanges) and their interaction.

Several features of some system components were patterned and simulated; they vary for the thermal load
size and for both the thermal insulation properties and dimensions of the tank used as thermal storage.

Discussed results regard both the yearly electric and thermal energy production, the water temperature of
the thermal storage and the persistence of water temperature values suited to satisfy the thermal load
requisites or, alternatively, to provide support to an auxiliary heating source.

In order to facilitate comparisons among outcomes of different systems configurations, all the energy
amounts resulted from the simulations were referred to the annual electric energy production derived from a
simple photovoltaic system working at the same conditions of the actual analysed plant. Specifically, the
following indicators were evaluated:

— the ratio of the electrical energy production due to the use of the PV/T system respect to a standard PV
one:
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— the ratio of the thermal energy production to the electrical energy production of the standard PV system:
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— the increase of the electric energy production due to the use of the PV/T system with respect to a
standard PV one:

_ QE,PV/T - QE,PV
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where:

—  Qg,py/r 1s the annual electrical energy, generated by the PVT panel (Wh);

— Qg py is the annual electrical energy, generated by the PV panel characterized by the same features as the
studied PV/T one and working at the same conditions (Wh);

—  Qp is the annual available thermal energy, at load disposal (Wh).

In addition, in order to sum up results regarding the energy production, the primary energy saving
efficiency, 1, was also assessed. It is defined as [29]:

1
Mp = ——+1r 4)
Te

where:

— 7py is the efficiency of the PV panel;
— nr is the thermal efficiency of the PV/T panel;
— 7n. = 0.38 is the electrical power generation efficiency of the Italian energy system [30].

Furthermore, with a view to assessing the thermal conditions of the water storage, different parameters
were considered: the maximum water temperature during the simulation period (one year), tgmqyx. the
fraction of time in a year during which the water temperature remains higher than 25°C and 45°C
respectively, namely:

_1(ty > 25°C)

fos =g 5)

7(ty > 45°C)
%~ 78760
where T(t, > 25°C) is the length of the period of time during which the water storage temperature. t,, is
higher than 25°C, whereas 7(t4 > 45°C) is the length of the period of time during which the water storage
temperature. t,, is higher than 45°C.

(6)

3 System Modelling

The proposed simulation model is based on the lumped parameter model reported in [28], modified to
take the effect of the PV section into account. It aims at simulating the system behaviour in transient regime.

The system has been patterned considering its main components: photovoltaic module, thermal collector
and thermal energy storage system (Fig. 2).
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Fig. 2. Scheme of the analysed system.

The energy balance equation of the PV/T panel at time 7 is calculated assuming that the amount of solar
radiation, which is not involved in the PV conversion, contributes to heating the cooling fluid:

% (15Sp = nbv13Sp) = G (thoc — thic) 7
where:

— 1% is the thermal efficiency of the PV/T system;
- 1 g is the solar irradiance on the panel surface;

— S, is the panel surface;

— npy is the efficiency of the PV panel,

—  Cp is the specific heat capacity;

— G is the water flow in the PV/T panel;

—  tfoc 1s the collector outlet water temperature;

—  tg;c is the collector inlet water temperature.

The thermal efficiency of the PV/T panel may be assessed as a function of the temperature of the absorber
plate, t;, the air temperature, tg, and the solar irradiance [31]:

tT —tT £ —tT\?
Tﬁ':no_klpfa_kz pTa €))
I I

where 1, k1 and k, are parameters characterizing the collector.
The temperature of the absorber plate is assumed equal to:
T T
T tF,iC + tF,OC (9)

p 2

where t; ;- € tf ¢ are the collector inlet and outlet water temperature, respectively.
The efficiency of the PV panel can be calculated by means of [31]:
Npy = Tlr[l - ﬁ(tg,PVT - 25)] (10)

with 1, nominal efficiency of the PV panel, § temperature coefficient, and tZ cell temperature.
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Therefore, the performance of the system is a function of the cell temperature, t p, /7> Which in turn

depends on both the cell temperature of the standard PV panel working at the same condition of the actual
one, t¢ py, and the thermal collector absorber plate temperature, tp. It was assumed that:

tepvt tp
oy = S0 an

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: t.py and t,. 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, tg pv,T » 18 NeEarer to absorber temperature, t,,, than 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,
tc py, 1s usually calculated by means of the well-known equation [32]:

NOCT - 20
800

where NOCT is the Nominal Operating Cell Temperature, t; the air temperature and IE the solar irradiance

tepy = ta I (12)

on the panel surface.

The collector outlet water temperature, tr ¢, is hereafter calculated from eq. (7), by means of the
following formula:

PSS 3 (13)
F,oC F,iC CpG

where:

QF = nrUzS, — QF) (14)
and

QE = nl‘gVI[gSp (15)

The water temperature in the storage system is calculated considering the following energy balance
equation [33]:

dt . .
cppVAEdT = Qgdt — Qdt (16)

where p is the density of the fluid, V,; the storage volume, Qg the energy supply flow, and @, indicates the
thermal losses.

Under the hypothesis that the thermal losses within the water circuit are negligible and assuming that no fluid
stratification occurs within the water tank, so that the storage temperature tg 4 is uniform [28,33] (perfect
mixing hypothesis), it results that:

Q0f — Qb — Qe
—A7
CppVA

where Q} is the thermal flow through the envelope structure of the water storage, Qf, is the thermal power
sent to the thermal load, p is the density of the fluid, and V, is the volume of the storage.

7
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The hypothesis of negligible thermal losses implies that:

thoc = tria (18)

troa = tric (19)

Therefore, the following equation may be yielded:

QF = Gep(thon = thia) = Gop(thic — thoc) 20)

The thermal flow through the envelope structure of the water storage is calculated by:

Qb = Ua(tfa — t&) (21)

in which Uy is the thermal transmittance of the envelope structure of the water storage.

As regards the effective thermal power, QZ,, namely the thermal power, which is actually sent to the
thermal load, it is calculated considering that, when the thermal energy production exceeds the thermal
demand, only the needed portion of the global available thermal power Qy is used to meet the thermal load
Ly.

Therefore:

Qf = GHWCp(t;‘,A — tF basin) (22)

where Gy is the water flow of the fluid in demand loop and tr pasin the groundwater temperature, and:

Qi‘ie = Q{l if Q{I < L"I:-I

. ; . . 23

Que =Lk if Qp>Lk @
Moreover, it is assumed that:

Qie=0 if Q§<0 (24)
Finally, the collector inlet water temperature will be equal to the storage outlet water temperature:

thic' = thoa = thi" (25)

The procedure was implemented in a spreadsheet, using Visual Basic™ function and macros, and a user-
friendly interface was designed. The used time step is equal to 6 minutes (10 steps every hour).

At each time step, the climatic parameters, recorded on an hourly basis, were calculated by linear
interpolation using the values corresponding to two consecutive hours.

The code output consists of:

—  cell temperature t; py /7;

— inlet and outlet water temperature of the collector, t;,ic and t}_oc;
— water storage temperature tﬁ’ As

— generated electrical power QF;

— generated thermal energy Q%,

— global available thermal power Qf,,

—  effective thermal power QF,;

— thermal flow through the envelope structure of the water storage Q5;
— electrical efficiency npy;

— thermal efficiency n%.



4 Performed Analysis

With the aim of analysing the role of thermal storage structure on the performances of the whole system,
several configurations were patterned and simulated; they vary for the thermal load and for both the thermal
insulation properties and dimensions of the tank used for thermal storage purposes.

4.1 Climate Data

The studied PV/T system is located in Reggio Calabria, (38°07°12” North latitude, 15°40°12” East
longitude), a town situated on the Southern coast of the Italian Peninsula and characterized by a typical
Mediterranean climate profile, with mild winter climate and dry warm summer.

The needed climate data were obtained through a measurement campaign performed at the Mediterranean
University campus. Solar radiation was measured by means of a Kipp and Zonen CNR4™ net radiometer,
whereas the air temperature was measured using the Vaisala WXT 520 weather station. The technical
characteristics of the measuring equipment are reported in Table 1 and Table 2. Weather data were measured
with an hourly time step, for a whole year.

Table 1. Technical characteristics of CNR4™ net radiometer.

Spectral range 300 - 2800 nm (50% points)

Sensitivity 10 to 20 pV/ (W/m?)

Response time <185 (95% response)

Non-linearity <1 % (from 0 to 1000 W/m:irradiance)

Tilt error <1%

Field of view 180°

Directional error < 20 W/m? (angles up to 80° with 1000 W/m? beam radiation)

Irradiance 0 to 2000 W/m?

Uncertainty in daily total

< 5% (95 % confidence level)

Table 2. Technical characteristics of Vaisala WXT520.

Measured parameter Measurement range Accuracy
Air temperature -52...+60°C +0.3°C
Relative Humidity 0-100% +3% RH

Rain intensity 0-200 mm/h +0.1 mm/h

The climatic conditions of the site are synthetically depicted in Fig. 3, which reports the values of both
the monthly solar radiation on the horizontal plane and the daily average air temperature, obtained from the
measured data.

These measured climatic data were used as input to the simulation model, which assesses the values of
every parameter in correspondence of each calculation step (equal to 6 minutes) by means of the linear
interpolation method.

In addition, the hourly components of the solar radiation shining on the PV/T panel surface were assessed
by means of the Liu and Jordan method [34], starting from the knowledge of the measured hourly global
solar radiation on the horizontal surface [35].

Measured data allowed the actual climate conditions of the site to be taken into account, especially as far
as solar radiation is concerned [36].
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Fig. 3. Monthly solar radiation on the horizontal plane and daily average air temperature.

4.2 Thermal load

Four constant thermal loads, Ly, were considered; their amounts are reported in Table 3.
Specifically, in Table 3, the yearly thermal demand Ly ,, is conveyed as a function of the yearly electric

production, Q py, of the PV system working at the same conditions of the actual PV/T:

Lyy = Qgpyy Xk (26)
with k = 0.0; 0.5; 1.0; 2.0.

The value of Qg py,, assumed as reference, resulted from the simulation of a standard PV system with
unitary panel surface.

The constant thermal power instantaneously requested by the load, Ly j, ,was hence calculated by means
of the following equation:

Ly
Lih = gogc 27)

Table 3. Thermal loads.

Load hypothesis Yearly thermal energy demand, Instantaneous thermal load
Ly, (kWh) Ly (W)
LOO > Lyy=0 0 0
01> Ly, =0.5Qzpy, 136 15.5
L02 > Lyy = Qepyy 272 31
L03> Ly, =20Qppyy 543 62

The choice of using a constant thermal load profile only relies on the fact that former analyses [37]
demonstrated that the result variability due to the thermal load profile (constant or variable) is real, but less
significant than the one caused by variation in storage features such as transmittance and shape factor.

Moreover, the aim of the study is to compare the output yielded by different system feature configurations
rather than determine an absolute value of energy production. From this perspective, the real issue is that the
input data and initial conditions are equal for each simulated configuration.
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4.3 PVT panel
The studied PV/T panel consists of a Monocristalline PV module and a sheet and tube absorber. The
panel surface is 1 m?, the electrical and thermal specifications of the system are reported in Table 4.

All the simulations regarded a panel with unitary surface, peak power of 120 W/m?, facing South and
inclined at an angle of 28° to the horizontal plane.

Table 4. PV/T panel technical features.

Electrical specifications Thermal specifications
1 () NOCT (°C) B (%/°C) 1o () kq (W/m’K) ky (W*/m'K’)
0.150 45.0 -04 0.500 4.58 0.00135

Solar irradiance on the PV/T surface was calculated by means of the Liu and Jordan method [34], using
the measured data on the horizontal plane.

4.4 Storage tank

With a view to evaluating the effect of the characteristics of the thermal storage, several insulation
configurations of the tank were considered. The correspondent thermal transmittance values are reported in
Table 5; moreover, the simulations were performed for various values of the shape factor, that is the ratio of
the surface of the tank envelope, S, to its volume, V.

Table 5. Considered thermal transmittance values of the storage tank.

Case Thermal transmittance, U (W/m’K)
u30 3.0
u15 1.5
uo8 0.8
uo02 0.2
5 Results

Firstly, with a view to giving a preliminary information regarding the obtained results, Fig. 4 and Fig. 5
report the time trend of the water storage temperature, air temperature and solar radiation on the panel
surface for a summer week and for a winter week, respectively. Similar results can be obtained for each
involved parameter (e.g. cells and fluid temperatures, generated electric and thermal energy, electric and
thermal efficiency, etc.)

Specifically, the trends depicted in the two figures refer to a specific case consisting of the following
conditions:

— Load configuration L02, Ly , = 31 W;
— Thermal transmittance U30, U = 3.0 W /m?°C:
—  Shape factor S/V = 6.0 m™1.

It can be noted that the water storage temperatures are lower than 35°C also during the June week, and
their trend follows the climatic condition variability (air temperature), with a thermal inertia whose effect is
visible during the cooling phase starting after sunset; this is in accordance with other findings [26].
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Obviously, Fig. 4 and Fig. 5, referring to a single case in a short period of time, can be considered only as
an example of the system behaviour. In fact, they give no information regarding both the annual system
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Fig. 4. Time trend of water storage temperature, air temperature and solar radiation on the panel surface
(summer week, Ly, = 31 W, U =3.0W/m?°C,S/V =6m™?).
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Fig. 5. Time trend of water storage temperature, air temperature and solar radiation on the panel surface
(winter week, Ly, =31 W, U = 3.0 W/m?°C,S/V = 6m™).

performance and the effect of the change in the parameter values involved in the parametric analysis.

Actually, results of the parametric analysis, on an annual basis, are depicted in figures from 6 to 16,
which summarize the outcomes of the performed simulations as a function of the shape factor, S/V, namely
the ratio of the surface of the tank (i.e. the heat exchange surface to the outdoor environment), S, to its
volume, V. This is an important parameter, which strongly influences the transient behaviour of systems
involved in heat transfer processes. Being able to give an account of both the size and thermal response of

Irradiance (W/m?)

Irradiance (W/m?)

the water storage, the shape factor was deemed a proper parameter to be used for the parametrical analysis.
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Therefore, for all the reported graphs, the shape factor is the X-axis variable. Its values depend on the
geometrical dimensions of the tank; the larger the storage is, the smaller the shape factor is.

Specifically, the figures depict the trends of:

— the increase of the electric energy production due to the use of the PV/T system respect to a standard PV
one, Ag;

— the ratio of the thermal energy production to the electrical energy production of the standard PV system,
Ry;

— the maximum yearly water temperature in the storage tank, t4 max;

— the fraction of time during which the water temperature in the storage tank remains higher than 25°C and
45°C, respectively, namely f,5 and f;5.

In Fig. 6 and Fig. 7, the yearly increase of the electric energy production due to the cooling of the PV
system is reported.

It can be inferred that, the highest increase Ag in the energy production always occurs in correspondence
of the lowest values of the shape factor (largest storage volume).

For S/V < 1.8 m™1 it was found 4% < Ag< 5%, regardless the values of the involved parameters (load
magnitude, tank transmittance).

In addition, Ay, whose values never exceed 5%, always decreases when the shape factor increases. The
rate and shape of this decreasing trend depend on the thermal load and the thermal transmittance of the tank.

6%

5%

4%

3%
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8% 1
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2% §
49 1| ---- vozLoo
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-12% 1

uU02 Lo1

uU02 L02
U02 L03

a) b)

Fig. 6. Electric energy production increase, Ag, for various load conditions:
case a) U=3.0 W/m’K; case b) U=0.2 W/m*/K.

Specifically, regardless the thermal load values, the gradient of the curve rises with S/V, when the less
insulated tank is involved (Fig. 6-a). On the contrary, the same gradient decreases and tends to 0, when the
insulation properties of the tank are improved (Fig. 6-b). Moreover, in this latter case (Fig. 6-b), when
S/V >4 m™1, only the presence of the highest thermal load rate (Ly, = 62 W, configuration L03) allowed
Ap, values higher than 0.

The effect of the tank heat loss coefficient is also inferable from Fig. 7, where a change in the curve
concavity (from upward to downward), occurring when U increases, is also clearly visible for both the
depicted load configurations (L0O and L03).
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Fig. 7. Electric energy production increase, Ag, for various trasmittance values of the storage tank:
case a) no thermal load; case b) thermal load condition LO3.

Similar behaviour regards the thermal energy production and it is depicted in Fig. 8 and Fig. 9, which
report the trend of the ratio of the thermal energy production to the electrical energy production of the
standard PV system, Ry, versus the shape factor S/V.
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a) b)

Fig. 8. Ratio of the thermal energy production to the electrical energy production of the standard PV system, Ry;:
case a) U=3.0 W/m’K; case b) U=0.2 W/m*/K.
It is worthy of note that when the least insulated tank (Fig. 8a, U=3.0 W/m’K) is involved, the
improvement of thermal energy production R, is almost constant with S/V, for S/V < 4m™1.

On the contrary, for S/V > 4 m™?! the thermal energy production starts decreasing when S/V rises, for all
the considered thermal load configurations.

The decreasing trend, for rising S/V values, always characterizes the results regarding the most insulated
tank (Fig. 8b, U=0.2 W/m’K). Moreover, in this case, the curve decrease rate is higher than the one obtained
in correspondence of large U-values. In other words, the diminution in energy production, for rising S/V

values, becomes significant when the transmittance of the storage tank is low.
14



Presumably, this occurrence is caused by the effect of the warm climate conditions of the site: for the
least insulated tank (U=3.0 W/m’K), the outdoor environment contributes to heating the fluid; this
contribution counteracts the effect due to the shape factor increase, so that the trend of the yearly available
thermal energy versus S/V decreases with a rate lower than the one occurred in correspondence of small U
values (U=0.2 W/m’K).

Specifically, when the insulation features of the tank do not allow the external environment to contribute
to the heating process of the storage fluid, the amount of produced thermal energy is more strongly
influenced by the shape factor S/V.

The influence of the thermal transmittance on the curve concavity is visible in Fig. 9. When U increases,
the curve concavity changes from upward to downward.
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Fig. 9. Ratio of the thermal energy production to the electrical energy production of the standard PV system, Ry:
case a) no thermal load; case b) thermal load condition L03.

To sum up, Fig. 10 reports the trend of primary energy savings efficiency, referred to different load
conditions and tank configurations, versus the shape factor S/V. The curves show the same profile as the
energy production.
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Fig. 10. Annual primary energy savings efficiency:
case a) U=3.0 W/m’K; case b) U=0.2 W/m*/K.

With a view to drawing conclusions about the possible system usability, it is also worth analysing the
quality of the generated thermal energy, which can be esteemed as a function of the temperature
characterizing the energy production.

From this perspective, information regarding the water storage temperature can be inferred from Figg. 10-
14. They report the year fraction f'(f,5 or f35) during which the water storage temperature keeps higher than
a fixed value (either 25°C or 45°C) as a function of the shape factor S/V.

Considering that the groundwater temperature was assumed constant and equal to 15°C, the water
temperature value of 25°C is considered as representative of those situations where the PV/T systems are
only exploited to preheat the thermal fluid. On the contrary, the value of 45°C usually characterizes thermal
energy suitable for satisfying domestic hot water demand.

Firstly, it can be noted that both f,5 and f;5 increase with S/V. Therefore, albeit the thermal energy
production decreases when S/V increases, the quality of the generated energy improves, because higher
values of water temperature are maintained for a longer period of time.

For instance, when the most insulated tank is involved (Fig. 11b, U=0.2 W/m’K), a water storage with
S/V > 4 m~1 allowed temperatures higher than 25°C to be kept for a period of time wider than 60% of the
whole year, also when the highest value of the load (L03, Ly, = 62 W) is considered.

On the contrary, with the least insulated tank (Fig. 11a, U=3.0 W/m’K) the same result is only yielded for
S/V>8mtand Ly, <31W.

This means that, albeit a properly insulated tank may reduce the amount of the generated thermal energy
(Fig. 8), it contributes to improving the quality of this production, allowing higher values of water
temperature to be kept for quite long period of time, also when larger storage volumes are involved.
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Fig. 11. Fraction of time in a year during which the water temperature remains higher than 25°C, f,5:
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Fig. 12. Fraction of time in a year during which the water temperature remains higher than 25°C, f,s:
case a) no thermal load; case b) thermal load condition L03.
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Fig. 14. Fraction of time in a year during which the water temperature remains higher than 45°C, f,.:
case a) no thermal load; case b) thermal load condition LO3.

Similar conclusions can be drawn by Fig.15 and Fig. 16, which report the trend of the maximum water
storage temperature versus S/V.
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The paper illustrates the results of a parametric analysis, which aims to provide indications about the
influence of the combined interaction of the storage structure (size and thermal transmittance) and the
thermal load magnitude on the temperature of the working fluid and, therefore, on the performance of PV/T
systems.

As a matter of fact, the investigation also regards thermal losses from the storage tank and the possibility
of their exploitation to enhance the cooling effect of the PV/T panel, while avoiding remarkable drop of the
water storage temperature.

Therefore, the analysis presented is also devoted to the quality of the thermal energy, which is attainable

and not only to its global amount.
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However, if a water temperature drop is inevitable in order to guarantee acceptable performances from
the PV energy conversion point of view, the parametrical analysis reported in the presented article aims to
single out the loads that could be better met in any of the examined cases.

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.

The system has been analytically modelled considering main components and, in order to simulate its
performances, a specific code was elaborated and implemented in a spreadsheet, using Visual Basic'™
function and macros.

Several configurations were patterned and simulated, varying the thermal load and both the thermal
insulation properties and dimensions of the tank used for thermal storage purposes. Specifically, the electric
and thermal energy production and the storage water temperature have been analysed as a function of the
shape factor of the storage tank.

Results show that:

— the highest increase of the electricity production Ag, with respect to the energy production of the
standard PV panel working at the same conditions of the analyzed PV/T one, never exceeded 5%, for all
the analyzed configurations (A< 5%);

— for S/V < 1.8m™? it was found that 4% < Ag< 5%, regardless the values of the involved parameters
(load magnitude, tank transmittance);

Therefore, for the sake of electrical production optimization regardless system configurations, storage
tanks with small shape factors, S/V < 1.8 m™!, should be used. This condition makes the cooling effect
independent from both the tank insulation features and the thermal load magnitude.

As regards the thermal energy production, the better performances occur for low values of the shape
factor and high thermal loads. However, in this case it is very important to consider the temperature of the
water in the thermal storage tank, which should reach appropriate values to be used in HVAC plant or for
domestic heat water purpose.

The reported results show that small shape factors and poorly insulated tanks do not allow proper values
of water temperature to persist for a sufficiently long period of time. The availability of hot water for long
periods of time increases with the increase of the shape factor and with the decrease of the thermal
transmittance of the tank envelope.

Water storage temperature value, only suitable for preheating purposes, higher of 25°C for more than
60% of the whole year (f,5 > 60%) was obtained for:

— §/V > 2.0 m™1, regardless the tank insulation properties, when no thermal load is involved
- §/V > 8.0 m™1, regardless the tank insulation properties, when Ly, = 62 W

Of course, when meeting the electrical load is the priority, less insulated storage tanks, with smaller shape
factors should be preferred, even though it should also be considered that the attainable rise in electrical
energy production, with respect to the amount generated by a standard PV panel working at the same
condition of the studied PV/T one, never exceeded 5%.

On the contrary, when the main goal is the satisfaction of the thermal demand and a high storage water
temperature is needed, tanks with high shape factors and low thermal transmittance are more suited to fulfil
the purpose. In this case an adequate design of the storage tank could lead to a remarkable improvement of
the system thermal performances, with detrimental effect on the PV electrical production, whose value
would tend to the one attainable with a standard PV panel. In this case, the PV/T system could also be
configured so that it may act as a cogeneration one, although guaranteeing the same electrical energy
production as the standard PV panel working at the same conditions.
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In conclusion, PV/T systems have a great potential as cogeneration devices, given that electrical and
thermal outputs are generated at the same time.

However, attention should be payed to the system features, so that, at least, the performances of a
standard PV system are guaranteed, while assuring that thermal energy at a proper temperature is also
generated.

From this perspective, the contribution of the analysis to the topic is based on the fact that the performed
parametric study can devise general information regarding the possible ranges of values which may be
assumed by the variables/parameters used to describe the operation of the system, in correspondence of
various conditions.

This could give practical indications about the possible operational regimes of the system depending on
the features of the tank and the magnitude of the load.

For example, when the load magnitude is known, results of the analysis can be used for a rough sizing of
the tank, selecting a shape factor able to take into account both the perspectives of electric and thermal
energy production.

Therefore, the results of the analysis proposed here may provide useful information, even though
additional research is also needed to draw definitive conclusions on this topic, especially when economic
considerations are involved or the effects of the climatic conditions are considered. In this direction, the
development of the research is being planned.

In addition, a comparison with experimental data will be also the future development of the research
activity and, to reach this aim, an experimental apparatus is going to be realized at the Mediterranean
university campus.

7 Nomenclature

Ag increase of the electric energy production due to the use of the PV/T system respect to a
standard PV one
fas fraction of time in a year during which the water temperature remains higher than 25°C
fas fraction of time in a year during which the water temperature remains higher than 45°C
G water flow of the fluid in the PV/T system (kg/s).
Guw water flow of the fluid in demand loop (kg/s).
Ig solar irradiance on the panel surface (W/m?);
NOCT  Nominal Operating Cell Temperature (°C);
)5 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);
)5 global available thermal power, namely the power which is globally at the load disposal
(W);
0%, effective thermal power, namely the thermal power which is actually sent to the thermal
load (W);

Ly yearly thermal load (kWh);

Qk py yearly electrical energy, generated by the PV panel characterized by the same features as
the studied PV/T one and working at the same conditions (kWh);
Qgpv T  yearly electrical energy, generated by the PV/T panel (kWh);

Qy yearly available thermal energy, at load disposal (kWh);

S, area of the panel surface (m?);
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Ry ratio of the thermal energy production to the electrical energy production of the standard
PV system (non-dimens.);

Rg ratio of the electrical energy production due to the use of the PV/T system respect to a
standard PV one (non-dimens.);
ty air temperature (°C);
tr a storage temperature (°C);

trpasin  groundwater temperature (°C);

tepy cell temperature of a standard PV system operating at the same condition of the actual
PV/T plant (°C);
tepyyr  actual cell temperature of the PV/T collector (°C);
tra water temperature in the storage system (°C);
tria inlet water temperature to the storage system (°C);

troa outlet water temperature of the water storage (°C);

tric inlet water temperature to the collector (°C);
troc outlet water temperature from the collector (°C);
ty temperature of the absorber plate (°C);
Ag increase of the electric energy production due to the use of the PV/T system respect to a
standard PV one;
Mp primary energy saving efficiency (non-dimens.);
Ne electrical power generation efficiency of the Italian energy system (non-dimens.);
Ny nominal efficiency of the PV panel (non-dimens.);
B temperature coefficient of the panel (%°C™);
Npy electrical efficiency (non-dimens.);

Mo, k1 ,k, parameters characterizing the thermal collector (non-dimens.);

nr thermal efficiency (non-dimens.).
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