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Abstract: Photovoltaic-thermal panels are hybrid systems that combine the two types of conventional
solar energy technologies (photovoltaic and thermal panels) and simultaneously generate both
thermal and electrical energy in a micro-cogeneration system. Like any co-generation system,
there is an optimal balance that can be achieved between the thermal and electrical energy produced.
For this reason, it is important to establish the relationship and inter-connection between the two.
Limited research is available on the cogeneration interaction in a PVT system, so the novelty
of this article lies in the consideration of the entire energy system connected to the PVT panel,
including the storage tank and the consumer demand curve, and the investigation of the thermal
parametric variation. This study analyses the impact of the variation of some thermal parameters of
a domestic hot water tank on the electrical efficiency of a photovoltaic-thermal panel. A model of
a system of photovoltaic-thermal panels is built in a transient systems simulation program (TRNSYS)
and a one-factor-at-a-time analysis is carried out for the cold-water main temperature, tank size,
tank outlet flow and consumer demand curve. The results show that the variation of the outlet flow
to the consumer has the highest impact on the electrical efficiency, of about 6.8%. The next highest
impact factor is the size of the tank with a variation of 4.7%. Matching the profile of the consumer
is also an important aspect. It was observed that the peak electrical efficiency occurs during peak
consumer demand. Finally, the instantaneous variation of the thermal and electrical power of the
system was analysed as a function of the temperature at the inlet of the photovoltaic-thermal panel.

Keywords: PVT; micro-cogeneration; parametric analysis; TRNSYS; thermal storage tank

1. Introduction

A PVT panel combines the benefits of a solar thermal (ST) and a photovoltaic (PV) panel in a single
piece of equipment (Figure 1). It simultaneously produces heat and electricity, saving roof space,
installation/transportation, and maintenance costs [1]. A system of PVT panels can be classified as
a micro-cogeneration system. As in any cogeneration system, there is a tight relationship between the
electrical and thermal energy production.
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expressing the dependence of the electrical efficiency on the operating temperature of various cells, 

and a comprehensive review has been carried out by Dubey et al. [3]. One of the most commonly 

used correlations for the efficiency-temperature relationship was proposed by Evans and Florschuetz 
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As a result, if the temperature of the cell Tc increases, the electrical efficiency decreases. In 
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Figure 1. PVT energy diagram.

There are some significant advantages of a PVT panel over the stand-alone photovoltaic (PV) panels.
First, substantial heat losses occur in a PV panel. The flux of energy in a PVT panel is shown in Figure 2.
The losses occur through the thermalization (shown in green) of photons that carry a higher energy
than the bandgap of the semiconductor material (shown as the red line), and through non-absorption
of the photons that do not carry enough energy, respectively (shown in grey) [2]. Additional electrical
losses occur, which cannot be recovered. However, by recovering the thermal losses, the overall solar
energy conversion efficiency is improved, and useful thermal energy is produced, that can be utilized
for various applications, e.g., heating, cooling, and domestic hot water.
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Figure 2. Energy flux in a PVT panel.

Also, the PV side shows an increased electrical efficiency compared to a standard PV panel [3].
This occurs due to the fact that the PV electrical efficiency decreases with the increase of the operating
temperature of the cell. In other words, as the cell material heats up, the electrical power output is reduced.
Thus, by removing the heat of the cell through a cooling agent, useful thermal energy is obtained, and the
PV efficiency is improved. Many analytical models have been proposed for expressing the dependence of
the electrical efficiency on the operating temperature of various cells, and a comprehensive review has been
carried out by Dubey et al. [3]. One of the most commonly used correlations for the efficiency-temperature
relationship was proposed by Evans and Florschuetz [4] and is expressed in Equation (1). The electrical
efficiency of a PV cell decreases by 0.3–0.6%, depending on the type of cell [3], for each degree Celsius
above the standard operating conditions (STC), typically 25 ◦C.

ηel = ηre f [1− βr(Tc − Tr)] (1)

where η is the cell efficiency at the investigated cell temperature Tc, ηref is the cell efficiency evaluated
at the reference temperature Tr, and βr is a property called temperature coefficient.
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As a result, if the temperature of the cell Tc increases, the electrical efficiency decreases. In contrast,
a decrease in Tc leads to a better electrical efficiency.

For this reason, it is important to study the main factors that influence the value of this temperature.
This paper investigates how is the photovoltaic side influenced by some of the main thermal parameters
of the global PVT system. This issue of the thermal-electrical relationship is of importance in any
cogeneration system. For example, when looking at any combined heat and power (CHP) system,
the electrical energy production is improved when there is a sufficient thermal energy dissipation
source [5]. Similarly, in a PVT system, if the recovered heat is not dissipated to a suitable consumer,
the PV cell is not cooled down, and there is a significant drop in the electrical energy efficiency of up
to 15% [6]. While for traditional CHP systems the relationship between the thermal and electrical
production has been widely studied [7], in the case of PVT systems, there is limited research on
this topic.

The study and development of PVT panels started in the 1970s [8]. Since then, significant
research work has been dedicated towards the advancement and efficiency improvement of the PVT
technologies, by studying and optimizing some of the main parameters that influence its efficiency.

The meteorological condition (solar radiation, ambient temperature and wind speed), and the
constructive parameters of the PVT panel (insulation, channel type and width, glazing, packing factor)
are some of the factors that influence the temperature of the cell and implicitly the electrical
efficiency. The geometrical design of a PVT panel is also an important factor in the energy output.
Significant research has been carried out to investigate the impact of various geometrical configurations
(direct flow, serpentine design, parallel serpentine design, oscillatory flow, spiral flow, web design)
on the electrical and thermal efficiencies, and consequently the overall energy efficiency [9,10].
An interesting development is the application of fractal geometry for the PVT heat exchanger,
which has been tested and showed up to 400% less pressure drop in the channels compared to
traditional geometries [11]. Also, several parametric studies have been carried out on individual
PVT panels, varying other constructive parameters, such as the flow rate [12], packing factor [13],
tilt angle [13], tube spacing [14], thickness of insulation [14], and glazing [15]. The results show that
the best performance is achieved with a compromise between the electrical and thermal performance.
Another study [16] looked at the optimization of a single panel from the point of view of exergetic
efficiency with a muti-objective optimization in terms of mass flow rate, inlet temperature, air gap
thickness and insulation thickness, and found the optimum values for three types of PVT functioning
modes: Electric-driven, Thermal exergy-driven and trade-off solution. A study performed a sensibility
analysis on a PV panel integrated with a phase changing material (PCM), and showed that every
100 W/m2 increase in solar radiation can lead to about a 5 ◦C increase in peak temperature, so the
melting point of the PC should be higher than ambient temperature [17]. These types of studies are
typically a numerical model of an individual isolated PVT panel.

Other important factors that influence the cell temperature are the thermal characteristics of
the entire PVT system, mainly the temperature of the liquid at the inlet of the panel, which acts as
a cooling medium for the cell, and which in turn is based on the temperature of the liquid at the outlet
of the tank heat exchanger if we assume negligible pipe losses. The tank temperature depends on
several factors, such as the type of tank, volume, rate of domestic hot water (DHW) consumption
of the end user and initial temperature of the cold water that is injected in the tank [15]. One of the
most interesting factors is the rate of consumption of the end user, not only quantitatively, but also its
daily distribution (the consumption curve). Depending on the type of consumer (domestic, industrial,
offices, schools), the daily consumption curve can vary significantly. This study will help to better
understand the impact of the type of consumer on the efficiency of the system and give an insight into
the most efficient fit.

An interesting study [18] looked at the impact of the consumer behavior on the performance of
a solar thermal system in South Africa and showed how little behavioral changes can bring significant
efficiency improvements. A paper by Nhut [19], who carried out a systemic parametric study of
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a solar-assisted house heating system with a seasonal underground thermal energy storage tank, looked
at system parameters, such as the size of the tank and the insulation thickness of the tank, in terms of
annual energy production. Another system parametric study [20] looks at a solar-heating-and-cooling
system for a detached single-family household in hot climates in terms of cost savings. Another type
of system parametric analysis that has been carried out in the literature refers to a PV system and is
done from a technical-economical point of view [21]. This study looks at the impact of the location,
weather, price of electricity, feed-in tariff, system cost, and electrical specifications on the economic
feasibility of a grid-connected PV-battery systems. A parametric study on a solar cooling system was
performed for the meteorological conditions of Athens, Greece [22], optimizing it to achieve a solar
coverage ratio up to 89.85%.

A research gap was found when looking at the systemic analysis of a building connected to
a PVT system. Most models found in the literature only considered a numerical model of the isolated
PVT panel when carrying out the sensibility analysis. Also, the few studies that looked at the entire
system were applied to different solar technologies, such as ST or PV, not PVT panels.

In this given framework, the novelty of this research is the consideration of the entire energy
system connected to the PVT panel, including the DHW storage tank and the consumer demand
curve, and the investigation of the variation of thermal parameters. The parametric study is done at
a system level, focusing on the influence of some of the thermal aspects on the electrical efficiency.
As with any cogeneration system, there is a tight relationship between the electrical and thermal
production, so it is interesting to see how the electrical efficiency is influenced by the thermal parameters
of the system. The consumer demand is also an interesting aspect to investigate, as some demand
curves will be more compatible with a PVT system than others.

This paper aims to investigate some of the main thermal factors and the amount of influence they
have on the electrical energy production of the system. This is achieved by developing a transient model
of a basic PVT system and carrying out a parametric sensibility analysis on the thermal characteristics
of the model. The results are important for establishing how the electrical efficiency of a PVT system
can be improved in the design stage based on the thermal characteristics of the model.

2. Methods and Materials

In the next section, a numerical model of the relationship between the tank outlet temperature and
the electrical efficiency of an isolated PVT panel will be outlined. Next, a model of the entire system
will be defined, carrying out a parametric analysis based on thermal factors. Finally, the results will be
interpreted in terms of percentage variation and annual electrical energy production.

2.1. Numerical Model of a PVT System

In order to establish the relation between the electrical efficiency and the temperature at the
outlet of the tank heat exchanger, two intermediate relationships are evaluated: first, the relationship
between the operating temperature of the cell Tc and the electrical efficiency ηel (Equation (2)).
Secondly, the relationship between the temperature at the inlet of the PVT panel TinPVT and the
operating temperature of the cell Tc (Equation (3)). Additionally, for the purpose of this study, it is
assumed that the heat losses along the pipes from the outlet of the tank to the inlet of the PVT are
negligible. Thus, the temperature at the outlet of the tank heat exchanger Ttank can be replaced with
the temperature at the inlet of the PVT panel (Equation (4)).

f (Tc) = ηel (2)

f (TinPVT) = Tc (3)

TinPVT = Ttank (4)
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From Equations (2)–(4), the relationship between the electrical efficiency and the temperature at
the outlet of the tank heat exchanger can be established:

f (Ttank) = ηel (5)

Next, the equations will be expanded based on a thermal numerical model [23,24] and based
on the cross-sectional scheme in Figure 3. Equation (6) describes the relationship between the cell
temperature and the electrical efficiency [23].

ηel = ηre f [1− βr(Tc − Tr)] (6)
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The temperature of the cell can be expressed as [23]:

Tc =
τG[αcβc + αT(1− βc)]I(t) − ηcI(t)βc + UtTa + UTTbs

Ut + UT
(7)

where τG is the transmissivity of the glass, αc is the absorptivity of the cell, βc is the packing factor,
αT s the absorptivity of the Tedlar layer, I(t) is the incident solar intensity, ηc is the cell efficiency,
Ut is the overall heat transfer coefficient from the solar cell to the ambient through glass, Ta is the
ambient temperature, UT is the conductive heat transfer coefficient from the solar cell to the water,
and Tbs is the temperature on the back surface of the panel and can be expressed as [23]:

Tbs =
hp1(ατ)e f f I(t) + UtTTa + hTTw

UtT + hT
(8)

where hp1 and hp2 are penalty factors, UtT is the overall heat transfer coefficient from glass to Tedlar
through solar cell, hT is the Tedlar heat transfer coefficient, and Tw is the water temperature.

From the relationships above, the dependence of the electrical efficiency on the tank temperature
can be computed. The simulation was run for a tank heat exchanger outlet temperature variation
from 1 ◦C to 25 ◦C and the results are shown in Figure 4. As expected, as the temperature in the
tank increases, there is an increase in the cell temperature and a decrease in the electrical efficiency.
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However, the shortcoming of this analysis is the fact that tank temperature is not a parameter
that can be set in the design process, but is in turn a function of various other factors relating to
the tank. This simple simulation only takes into account a limited number of factors at the micro
level of the panel. The interaction with the system parameters is not taken into account. To this end,
in the next section, a system simulation was carried out in TRNSYS, with a PVT system connected to
a storage tank.

2.2. Transient Model of a PVT System

A simple PVT system is shown in Figure 5. It consists of a PVT collector connected to a storage
tank with a coiled heat exchanger, a circulation pump, an inlet for the cold water main, and outlet to
the consumer and an inverter/regulator for the electrical energy.
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A TRNSYS model was developed to replicate the system in Figure 4, and it includes:

• PVT collector Type 50d, modelled after DualSun Spring Hybrid panel. This type is a hybrid model that
adds a PV module to the standard flat-plate collector. It simulates a combined collector and incorporates
the analysis and work of Florschuetz [4] for flat plate collectors operated at peak power [26].

• Coiled Water Storage Tank Type 534. The tank was modelled after a commercial boiler Viessman
Vitocell 340-M. It is a constant volume storage tank with immersed heat exchangers. This component
models a cylindrical tank with a vertical configuration. The fluid in the storage tank interacts with
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the fluid in the immersed heat exchanger, with the environment (through thermal losses from the top,
bottom and edges) and with the flow streams at the inlet and outlet of the storage tank [26].

• Controller Type 2b. The on/off differential controller generates a control function which can have
a value of 1 or 0. The value of the control signal is chosen as a function of the difference between
upper and lower temperatures Th and Tl, compared with two dead band temperature differences
DTh and DTl. The new value of the control function depends on the value of the input control
function at the previous timestep. The controller is normally used with the input control signal
connected to the output control signal, providing a hysteresis effect [26].

• Circulation pump Type114. A single (constant) speed pump that is able to maintain a constant
fluid outlet mass flow rate. It sets the downstream flow rate based on its rated flow rate parameter
and the current value of its control signal input [26].

• Inverter/Regulator 48d. Models both the regulator and inverter, operates in Mode 1: Peak-power
tracking collector, monitoring state of charge [26].

• Output online and offline printer Type 65c. The online graphics component is used to display
selected system variables while the simulation is progressing. Data sent to the online plotter are
automatically printed, once per time step, to a user defined external file [26].

• Forcing function for defining the demand curve Type 14h. This is a repeated pattern. The pattern
of the forcing function is established by a set of discrete data points input by the user which
indicate the value of the function at various times in a cycle. Linear interpolation is done for
generating a continuous function from the discrete data [26].

• Weather data Type 15. It reads data from the Meteonorm database at regular time intervals,
interpolating the data at the required timestep and transmits it to other TRNSYS components [26].

The TRNSYS PVT component Type 50 was developed using the Hottel–Whillier–Bliss equations
based on the work of based Florschuetz [4]. The useful thermal output of the Type 50 is defined as:

Qu = AcFR
[
S−UL

(
T f ,i − Ta

)]
(9)

where Ac is the area of the collector (m2), FR is the heat removal factor (-) and Tf,i is the inlet temperature
of the fluid (◦C). The electrical output of the system is defined as:

Qe =
AcSηa

α

{
1−
ηrβr

ηa

[
FR

(
T f ,i − Ta

)
+

S
UL

(1− FR)
]}

(10)

where ηa is the efficiency of the cell at ambient temperature (%), α is the effective absorbance of the
cell (-), ηr is the reference cell efficiency (%), and βr is the temperature coefficient of the cell (%/K).

The alternative modelling method to Type 50 is a 3d heat transfer model that accounts for the
heat transfer mechanisms in the layers of a PVT panel. However, for the purpose of a quantitative
analysis energy production and efficiency, the TRNSYS model was validated with experimental data
in a number of studies [27,28]. This particular system was not found replicated in the literature in
an experimental set-up. As a result, validation with real data was not possible. This is an interesting
topic for further research.

The simulation assumes that the optical properties of materials are constant, heat pipe losses
are negligible, and no surrounding partial shading or dusting is considered. Thermal losses occur in
the heat exchanger of the tank, which has an overall efficiency of 90%, as well as through top, edge and
bottom losses, with a thermal loss coefficient of 5 kJ/(hm2K). The inverter has an electrical efficiency
of 98%. The TRNSYS system is shown in Figure 6.
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Figure 6. TRNSYS System.

2.3. Parametric Analysis

The parametric analysis is performed according to the one factor at a time method (OFAT). The goal
of this analysis is to identify the impact that each of the parameters has on the electrical efficiency of
the panel. The ‘default’ parameters are listed in Table 1 below. The PVT area is equivalent to that of
a system consisting of two PVT panels, assumed to be connected in series.

Table 1. Default parameters.

Parameter Notation Value

Ambient Temperature Ta 25 ◦C
Solar Radiation G 1000 W/m2

Wind speed vw 0 m/s
Reference electrical efficiency of cell ηc 16%

Pump flow rate
.

mpump 200 L/h
PVT area A 3 m2

Tank volume Vtank 250 L
Temperature coefficient βr −0.5%

Tank outlet flow rate
.

mout 5 L/h
Tank inlet temperature Tin 7 ◦C

For the analysis, one of the parameters is varied according to Table 2 below, while the rest are kept
constant to ‘default’ values. The simulations are run for 24 h, and they are the equivalent of an indoor
experimental set up.

Table 2. Range of variation of parameters.

Parameter. Range Step

Tank inlet temperature 1–25 ◦C 5 ◦C
Tank outlet flow rate 1–30 L\h 5 L

Tank volume 100–600 L 100 L
Demand curve refer to 4.4 refer to 4.4
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3. Results and Discussion

In this section, the result of the OFAT analysis will be presented and discussed.

3.1. Tank Inlet Temperature

The inlet temperature in the tank is dependent on the temperature of the cold water main,
which can vary on the Globe up to 25 ◦C, with an optimum of 7 ◦C [29]. For this study, the temperature
was varied from 1 to 25 ◦C to see the magnitude of the effect on the electrical efficiency of the panel.
It’s expected that colder water will lead to better cooling of the system and better cell efficiency.

The graphs in Figure 7 illustrate the results of the simulation in terms of electrical efficiency
and cell temperature. In the initial state, before the temperature rise, the electrical efficiency of the
PVT panel is shown to have the default value of 16%. However, this is only theoretical as there is no
electricity production before the beginning of the solar radiation. As the temperature in the cell begins
to rise above the STC of 25 ◦C and the solar radiation begins, the production of electrical energy starts
and the temperature of the cell rises. The results indicate a small and proportional decrease in the
electrical efficiency with higher tank inlet temperatures, with a variation of only 0.2%. That being said,
the inlet temperature from the cold-water main is a constant in any given location of the system, so this
analysis can only be applied when comparing equivalent systems in various locations.Energies 2020, 13, x FOR PEER REVIEW 9 of 17 

 

 
 

(a) (b) 

Figure 7. The variation of the (a) electrical efficiency; (b) cell temperature; as a function of the tank 

inlet temperature. 

As a comparison and in order to ensure the theoretical constant parameter simulation would 

also work for actual meteorological conditions, the same simulation was run for a typical summer 

day in Bucharest, Romania. In this case, the solar radiation and temperature were no longer constant 

according to Table 1, but varied according to Figure 8. The results are shown in Figure 9. It can be 

observed that the same proportional difference as in the OFAT analysis is kept between the steps, but 

the efficiency drops even lower to 15.7% with a cell temperature of 60 °C due to temperatures and 

radiation being higher that the STC at midday. The peak occurs at maximum radiation around noon, 

with an additional spike around 16 due to the peak ambient temperature. The rest of the simulation 

results are run for constant STC conditions. 

 

Figure 8. Meteorological data from Meteonorn database for a typical summer day in Bucharest, Romania. 

13

13.5

14

14.5

15

15.5

16

0 2 4 6 8 10 12 14 16 18 20 22 24

E
le

ct
ri

ca
l 

e
ff

ic
ie

n
cy

 (
%

)

Time (hours)

1oC 5oC 10oC

15oC 20oC 25oC

25

30

35

40

45

50

55

60

0 2 4 6 8 10 12 14 16 18 20 22 24

C
el

l 
te

m
p

e
ra

tu
re

 (
o
C

)

Time (hours)
1oC 5oC

10oC 15oC

0

5

10

15

20

25

30

0

500

1000

1500

2000

2500

3000

3500

0 2 4 6 8 10 12 14 16 18 20 22 24

T
em

p
e

ra
tu

re
 (

o
C

) 
a

n
d

 w
in

d
 s

p
ee

d
 (

m
/s

)

R
a

d
ia

ti
o

n
 (

W
/m

)

Time (hours)

Total horizontal radiation Beam radiation

Diffuse radiation T_amb

Figure 7. The variation of the (a) electrical efficiency; (b) cell temperature; as a function of the tank
inlet temperature.

As a comparison and in order to ensure the theoretical constant parameter simulation would
also work for actual meteorological conditions, the same simulation was run for a typical summer
day in Bucharest, Romania. In this case, the solar radiation and temperature were no longer constant
according to Table 1, but varied according to Figure 8. The results are shown in Figure 9. It can be
observed that the same proportional difference as in the OFAT analysis is kept between the steps,
but the efficiency drops even lower to 15.7% with a cell temperature of 60 ◦C due to temperatures and
radiation being higher that the STC at midday. The peak occurs at maximum radiation around noon,
with an additional spike around 16 due to the peak ambient temperature. The rest of the simulation
results are run for constant STC conditions.
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Figure 8. Meteorological data from Meteonorn database for a typical summer day in Bucharest, Romania.Energies 2020, 13, x FOR PEER REVIEW 10 of 17 
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Figure 9. The variation of the (a) electrical efficiency; (b) cell temperature; during a typical summer
day in Bucharest, Romania.

3.2. Tank Volume

The default volume of the modelled tank is 600l. For the parametric variation, the tank is scaled
down to 100l, with increments of 100l up to 600l. The results of the simulations are shown in Figure 10.
In this case, the difference between the steps is not proportional as observed for the inlet temperature.
With the smallest tank size, a steep decrease in efficiency occurs, followed by a flat curve down to 13.5%.
As the tank size increases, the efficiency also increases as the temperature in the tank is lower, and also
the shape of the curve changes to a constant slope. The difference between the highest and lowest step
is more significant than in the previous simulation, with a value of about 0.7%. With the smallest tank
size of 100l, the curve flattens to a value of 13.5% for electrical efficiency, and after this point there is no
further decrease.
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Figure 10. The variation of the (a) electrical efficiency; (b) cell temperature; as a function of the
tank volume.

3.3. Flow Rate to Consumer

The flow rate at the outlet of the tank is equivalent to the rate of consumer demand. In this case,
the simulation was run for volumes of 0–20L/h. This is the equivalent of 0–480 L/day.

The results in Figure 11 indicate that the higher the water draw, the better the electrical efficiency.
This is due to the fact that hot water in the tank is replaced with cold water from the main at a higher
rate and the cell is better cooled. The difference between the maximum and minimum simulation step
is 1.1%. With a lower flow rate, the curve is steeper, and the stabilization point is further along in time.
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Figure 11. The variation of the (a) electrical efficiency; (b) cell temperature; as a function of the flow
rate to the consumer.

3.4. Various Demand Curves

The daily profile of hot water is dependent upon various parameters: type of building, the number
of end-users, appliances, ambient condition, seasonal variations, the average daily hot water volume
and the yearly demand [30].
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The default household hot water demand was obtained using the DHW-calc software, which can
generate realistic DHW profiles for European countries for any required period of time and
timestep [31,32]. A number of initial parameters are defined (total mean daily water volume,
probability distribution, holidays).

The hot water demand of the hotel was taken from a study with real measurement of the demand
of one double room with two occupants in a city hotel, located in downtown Kyoto city [33]. The curve
is shown in Figure 12. The demand of a hotel is particular compared to the household, as we can
observe that the peak demand occurs later in the evening, as typically hotel guests are out late.
The measurements are taken in Kyoto, Japan, which has a temperate humid climate, different from
the temperate continental climate of Bucharest. This means that the amount of water drawn is also
different, since ambient conditions are an important factor in the amount of water demand [34,35].
However, since all the demand curves were scaled down to match each other at 200 l/day, the important
factor here is not the total volume, but the daily distribution, which is typical to hotel guests in big
cities (out during the day, up late in the night).
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Figure 12. DHW demand curves for various buildings.

Other profiles considered are those of a kindergarten and school. They show similar curves with
slight variations, both peaking at midday when there is the maximum water draw for lunchtime.
The data was collected from a study [36] where the gym was excluded from the school campus, as it
would considerably impact the curve.

The demand curve of the office building was adapted from a small office building in Estonia [36].
The curve peaks at midday, with an additional period of consumption at the end of the office hours.

The demand data are summarized in Table 3.

Table 3. Demand data summary.

Type of Building Location of Measured Data Reference

Home Europe [31,32]
Hotel Japan [33]

Kindergarten Estonia [36]
School Estonia [36]
Office Estonia [36]
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For the parametric study on the demand curve, an average total water draw of 200 L was
considered for the daily usage, varying only the daily curve distribution according to the source data.
In the case of larger users, such as hotels or office buildings, this is an assumption that scales down the
size of the user to an equivalent home. The demand curves are illustrated in Figure 12 for a typical
weekday (Monday–Friday, scaled down from the data to reach an area under each curve of 200 L/day).

The results of the 24-h simulations are shown in Figure 13 below. It’s interesting to observe that the
peak efficiency occurs during the peak demand of each curve. A variation of more than 1% is observed
between the peak and minimum electrical efficiency overall, and about 0.5% at a particular time.
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3.5. Power vs. PVT Inlet Temperature

An interesting aspect to observe is the variation of the instantaneous power as a function of
the temperature of the coolant at the inlet of the PVT panel, shown in Figure 14. This was carried
out with all the parameters kept constant to the default values. As expected, the electrical power
(Pel) decreases with higher inlet temperatures. For this particular modelled panel, the approximate
slope of the curve is −2.14. The instantaneous thermal power extracted from the PVT panel (PthPVT),
calculated at the outlet of the panel, as a function of the temperature difference between the inlet and
the cell, also decreases as the temperature at the inlet of the panel increases, with a slope of −16.28.
That is due to the fact that the difference in the temperature decreases. However, if we look at the net
instantaneous power delivered to the tank, calculated as the rate at which energy is removed from the
tank through the specified outlet port minus the rate at which energy is added to the tank through the
corresponding inlet port, it can be observed that it increases with a slope of +12.14. This means that
the total amount of energy produced by the system is increasing, keeping in mind that the outlet flow
rate to the consumer is constant during the simulation.
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Figure 14. Instantaneous power versus PVT inlet temperature.

3.6. Discussion

The parametric analysis revealed that the flow rate at the outlet of the tank is the most impactful
factor on the electrical efficiency, and secondly ranked is the tank volume, as shown in Figure 15.
This indicates the fact that the consumer demand is a critical factor in the efficient performance of
a PVT system. If the system is not of a size suitable to the consumer, there may not be sufficient
hot water drawn from the tank and the temperature increases, having a big impact on the electrical
performance of the system. In practice, in some buildings, this situation occurs. For example,
in schools and other educational units, during holidays the water demand drops significantly and,
as a consequence, the electrical efficiency also drops significantly. Mitigation measures should be put
in place for these situations, such as additional cooling by ventilation, overdesigning the size of the
tank or additional cooling of the tank by removing an amount of hot water. Further research will look
at the effects and overall energy impact of these various measures. The curve of the consumer demand
is also important. Dwellings that require higher volumes of water during midday, when the peak solar
radiation occurs, are more suitable for a PVT system, such as school, kindergarten, or office buildings.
However, as stated previously, in these cases, the annual demand is not constant due to holidays.
Homes and hotels have a peak consumption later in the day, but their demand is more or less constant
during the year.
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Figure 15. Ranking of the impact of parameters.

Table 4 summarises the maximum variation between the minimum and maximum steps of the
OFAT simulation. The variation from the total refers to the maximum electrical efficiency that can be
achieved by the chosen PV cell. The annual variation in terms of energy refers to a total of annual
energy produced by a residential PVT system of 1173.24 kWhEL [25].
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Table 4. Results summary.

Parameter Variation % Variation from Total Annual Variation in Terms of Electrical Energy (kWh)

Tank inlet temperature 0.242 1.514 17.76
Tank outlet flow rate 1.099 6.871 80.62

Tank volume 0.664 4.153 48.72
Demand curve 0.574 3.588 42.09

4. Conclusions

This paper modelled the temperature interactions in a simple PVT panel and in a PVT system
connected to a DHW storage tank. Next, an OFAT parametric analysis was carried out to investigate
the impact on the electrical efficiency of various thermal characteristics: size of DHW tank, flow rate to
the consumer, cold water main inlet temperature, and consumer demand curve. The analysis was
done by keeping all the other parameters constant and varying only the investigated parameter.

The results show that the variation of the outlet flow to the consumer has the highest impact on the
electrical efficiency, of about 6.8%. The next highest impact factor is the size of the tank with a variation
of 4.7%. The cold-water main temperature showed a variation of only 1.5%. Matching the profile of the
consumer is also an important aspect, as it was observed that the peak electrical efficiency occurs during
peak consumer demand. Finally, the instantaneous variation of the thermal and electrical power of the
system was analysed as a function of the temperature at the inlet of the photovoltaic-thermal panel.
The results of this analysis indicate that the net instantaneous power delivered to the tank increases at
a rate of 12.14% with the increase of temperature of the PVT inlet fluid.

The main conclusions of this research can be summarized as:

• The lower the cold-water temperature of the main, the better the cell electrical efficiency.
• The bigger the water storage tank, the better the cell electrical efficiency.
• The higher the consumer water demand, the better the cell electrical efficiency.
• When there is a peak in the hot water demand from the consumer, the electrical efficiency of the

cell also peaks.
• The biggest impact on the electrical efficiency is the water draw to the consumer.
• With increasing temperature of the fluid at the inlet of the PVT panel, the instantaneous electrical

power decreases, the instantaneous thermal power also decreases, but the net instantaneous
thermal power added to the tank increases.

Some areas of further research to be carried out have been identified:

• Mitigation measures for the cases when there is not sufficient hot water consumption to the user.
• Validation of model with an experimental system.
• An economic analysis of the parameters studied in this paper.
• Analysis of the coupling of a PVT system to a heat pump.
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Nomenclature

η efficiency (%)
T temperature (◦C)
k thermal conductivity (W/mK)
δ thickness (m)
U thermal loss coefficient (W/(m2K))
S solar energy absorbed (W)
Pel electrical power (W)
PthPVT thermal power output by PVT (W)
Pth_net_tank net thermal power in the tank (W)
A area (m2)
.

m flow rate (L/h)
βr temperature coefficient (%/K)
α absorptivity (-)
U heat transfer coefficient (W/(m2K))
h penalty factor [-] (-)
PVT photovoltaic thermal
STC standard testing conditions
DHW domestic hot water
PV photovoltaic
ST solar thermal
CHP combined heat and power
PCM phase change material
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