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Abstract. The paper presents an application concept for PV/T - Photovoltaic Thermal Technology in
moderate climates (such as the Polish climate), at a micro scale, i.e. for a single family house. The paper
analyses the operation of a PV/T system applied to Domestic Hot Water — DHW heating and electricity
production. A mathematical model of the system operation has been developed. The paper focuses on modeling
thermal and electrical efficiency of photovoltaic/thermal - PV/T modules. It also briefly presents the governing
equations for the thermal energy balance of a storage tank, where thermal stratification effects take place.
Some selected results of the numerical simulation of the PV/T system operation are described. Daily
distribution of hourly averaged thermal and electrical efficiency of the PV/T modules without cover and with
one glazing are presented. The PV/T systems do not give significant thermal energy output in winter. PV/T
modules without glazing do not supply heat at all for three winter months, their highest thermal efficiency is in
summer and it can be nearly 15%. In the same period glazed modules have efficiency equal to nearly 24%.
However, the unglazed modules can give much more electrical energy in summer than those with glazing, and
the electrical efficiency can reach the levels of 11.4% and 9.4%, respectively. In winter the difference is

smaller, i.e. for unglazed the efficiency is 12.2%, and for glazed 11.2%.

1 Introduction

Utilization of solar energy in buildings has become of
great interest to construction companies and developers
dealing with innovative technologies, especially
nowadays when European buildings should be nearly
zero—energy according to the EU Directive on the energy
performance of buildings [1]. Building-related solar
energy technologies are connected with the architectural
and civil engineering concepts, which include the
application of solar energy systems. The solar energy
systems are usually installed on buildings’ roofs, but they
can be also incorporated into the envelope of a building,
constituting its integral elements. In such a case BIST -
Building Integrated Solar Thermal - and BIPV - Building
Integrated Photovoltaics systems are used in modern low-
energy buildings [2]. A building becomes a complex
structure of integrated architectural and energy elements,
which include different types of solar passive and active
systems.

The active solar systems convert solar radiation into
auseful form of energy: thermal or electric using
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different devices in an active way. The conversion of
solar energy takes place on the spot, for self-use by
building’s occupiers. However, the surface of a building
envelope is limited and usually there is not enough area
of south fagade and south roof to incorporate solar
thermal and photovoltaic systems to supply most of heat
and electricity needed by the building’s users. One of
possibilities to solve the problem is to use the PV/T
Photovoltaic Thermal systems, which combine both
functions in one device, i.e. in a PV/T module.

It can be underlined that PV/T Photovoltaic Thermal
technology can be used for new buildings, as well as for
existing buildings, which can be suitably renovated,
following energy sustainability measures. In order to
reach nearly zero energy consumption, or nearly zero
CO, emissions targets of new buildings or buildings
under thermal refurbishment and modernization, or going
even further to reach the goal of PEDs — Positive Energy
Districts [3], it is necessary to develop mechanisms to
enhance development and implementation of solar
systems characterized by the high fraction of solar energy
supplied to thermal and electrical systems in buildings.

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
(http://creativecommons.org/licenses/by/4.0/).
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PV/T Photovoltaic Thermal systems are believed to be
such systems.

2 PVIT modules and systems

PV/T modules can work with different electrical and
thermal efficiencies, and give different power and heat
output. It depends on the ambient conditions in which
they gain energy, mainly on solar irradiation and air
temperature, and how the energy gained is used, from
point of view of modes of operation of the system and
distribution of energy needs in time.

With a decrease of solar irradiance the power of the
PV cells and modules is reduced, caused by the decrease
of the current (the voltage reduces only slightly). The
power and efficiency of PV cells and modules decrease
with the increase of their temperature. The temperature
increase is caused by the absorbed solar radiation that is
not converted into electricity, but is converted into heat
(which is a consequence of the increase of internal
energy). With the increase of the temperature of the PV
cells the voltage is evidently decreasing (current is only
slightly increasing) causing reduction of power and
efficiency. This undesirable effect can be partially
avoided by the heat extraction from the PV cells and
modules through a fluid circulation along their bottom
surfaces. Such solution is technically realized by the
hybrid photovoltaic/thermal - PV/T module (collector)
[3].

A PV/T module is the main element of the solar PV/T
energy system, which provides electrical and thermal
energy, thus achieving a higher energy conversion rate of
the absorbed solar radiation, than both of such systems
operating separately. The PV modules are coupled to heat
extraction devices, in which air or water (or other liquid)
of lower temperature than that of the PV modules is
flowing through. As a result the cooling fluid is heated
whilst the PV module temperature is reduced. In the case
of air, the contact with the PV panels can be direct (flow
over the surface). While for liquids, the contact is
through a heat exchanger in a form of piping or channels
in a plate. The thermal part of the PV/T modules, i.e. heat
exchangers of the modules are usually connected to
a water storage tank. When water is used as a cooling
medium of the PV/T modules it can circulate in an open
loop between the PV/T modules and the storage tank.
When antifreeze mixture circulates between PV/T
modules and the tank the loop is closed. Heat gained by
the PV/T modules is stored in a tank and used when is
needed. If temperature of the water stored in a tank is
lower than required then an auxiliary heater is used.

Electric energy produced by PV/T modules can be
used through inverters directly by the electrical energy
appliances installed at the building or transmitted to the
grid. In a case of the on-grid system the grid is treated as
a store. When there is an excess of energy gained by the
PV/T panels then this energy can be sent to the grid. An

electrical system can also be equipped with batteries of
different size depending on their function, e.g. they can
be used as emergency store (for few hours breaks of
electrical energy supplied to the building from the grid)
or a few days store in a case of an off-grid system.

Combined PV/T systems with appropriate size of
modules and energy storage should assure provision of
the total energy needs: heating (DHW) and electricity of
buildings in moderate climates in summer. These systems
should operate in summer in monovalent mode using
only one energy source —solar energy. However, there
are some obstacles to reaching the goal of 100% solar
energy fraction supplying thermal energy to a building in
summer. Of course, knowing the level of solar energy
availability in winter, it is obvious that solar systems
need coupling to other energy systems to fulfill energy
requirements. In PV/T systems the production of
electricity is the priority, therefore it is necessary to
operate the PV modules at low temperature in order to
keep the PV cell and the PV modules electrical efficiency
at a sufficient level. This requirement limits the effective
operation of the PV/T thermal unit to low temperatures.
Thus, the extracted heat can be not enough to supply all
DHW heating needs in summer.

3 PVIT systems for DHW heating and
electricity production at the micro scale

3.1 Description of the PV/T system configuration
and operation

The paper presents an idea of application the PV/T -
Photovoltaic Thermal technology in moderate climates,
(such as the Polish climate), at the micro scale, i.e. for
a single family house. The paper analyses operation of
the PV/T system applied to Domestic Hot Water - DHW
heating and electricity production. The considered system

is presented in Fig. 1.
= .l 7
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Fig. 1. PV/T system applied for Domestic Hot Water - DHW
heating and electricity production

1 - storage tank, 2 - photovoltaic/thermal module, 3 - inverter

4 - electric energy consumption, 5 — mixer, 6 - auxiliary heater
7 - DHW consumption, 8 - filling with cold water from mains.

The thermal part of the PV/T system is a typical
active solar water heating system used for DHW heating
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and working with an conventional auxiliary heater. This
system is used to meet the demand of the owner. The
collector loop is open. In a climate characterized by low
ambient temperature, low solar irradiance and frequent
overcast, as in Poland, it is recommended to use a close
collector loop [4]. In such climatic conditions for all-year
applications an antifreeze mixture (glycol-water) is
applied and the collector loop and heat storage tank are
separated by a heat exchanger. However, the preliminary
analysis of the PV/T system operation showed that the
thermal part of the system would not work in winter, due
to small solar irradiation level and negligibly small
amount of energy converted into thermal energy. As was
mentioned, the priority is for electricity production in
considered system. If the system is not used in winter for
DHW then the water can circulate in a solar collector
loop at the rest of the year, being a heat transfer and
a heat storage medium at the same time.

Heat is stored in water, and storage is accomplished
by using the thermal capacity of water. It is a short-term
thermal storage system. Thermal stratification
phenomena take place in the storage tank. It means, that
the coldest water is located at the bottom and the
temperature rises along with tank height, reaching
maximum at its very top. The hot water outlet is located
at the top part of the tank. The cold water inlet and outlet
are at the bottom. The cold water outlet supplies cold
water to PV/T modules to cool them and the heat gained
is transferred from the outlet of the modules to upper part
of the water storage tank. Heat stratification is beneficial,
because it allows user to choose an outlet nozzle position
to meet the specific temperature heating needs. Full
effectiveness of DHW heating is achieved if the
temperature at the tank bottom does not fall below certain
value and temperature difference between top and bottom
layers is also maintained at the required level.

The thermal efficiency of a solar system depends on
a number of individual factors related to the design and
construction of PV/T modules and the entire solar
system, local insolation conditions, mode of operation of
the solar system, and its method of its cooperation with
storage and auxiliary or peak heating device/system.
When solar radiation is available and the heat gained by
the PV/T modules is above the minimum value, the heat
is stored in a storage tank. The following are the basic
modes of supplying heat to the user: If there is a heat
demand and the amount of heat and temperature of water
stored in the tank is high enough then thermal energy is
supplied directly from the tank to the user. If the amount
of heat and the temperature of water stored in a tank are
too low then the water from the tank flows through the
auxiliary heater to be warm up to the required level. If the
temperature of water in a storage tank is at the minimum
level (usually it is 10°C, which is equal to the water
temperature of the supply network), then water from the
supply network can flow directly to the auxiliary heater.

The PV/T system considered in the paper is an on-grid
system without batteries. When PV/T modules operate
the electrical energy produced is used directly or
transmitted to the grid. The grid is used as a store of
energy, where according to Polish regulations [5] the
accumulation takes place with 80% efficiency. The
considered PV/T system is an on-grid system and
because of that electricity can be taken from the grid all
the time.

3.2 Mathematical model of the system operation

To analyze the solar energy availability for the surfaces
of PV/T modules of southern orientation and 30° of
inclination the solar irradiance has been calculated for
given time using the isotropic solar radiation model of
Liu-Jordan [6]. Thus, the solar irradiance G, on
an inclined surface of the PV/T is given by:

Gs(8) = G (DR (8) + Ga()Ry +
+[Gp () + Ga(D)]R,p Q)

where:

G, - direct solar irradiance on a horizontal surface in
a given time, (W/m?);

G, - diffuse solar irradiance on a horizontal surface in
a given time, (W/m?);

R, - correction factor for direct solar irradiance on an
inclined surface in a given time;

R, - correction factor for diffuse solar irradiance on an
inclined surface;

R, - correction factor for reflected solar irradiance on an
inclined surface;

p - reflectivity of the ground.

Direct and diffuse solar irradiance on a horizontal
surface at a given time can be taken from
a meteorological data base (e.g. [7]). Correction factors
for diffuse and reflected solar irradiances are constant for
given inclination and orientation of the surface under
consideration. Reflectivity of the ground can be assumed
as a constant. However, the correction factor for the
direct solar irradiance on an inclined surface must be
calculated for every moment of the considered time
(usually for every hour) [6].

The useful heat rate O, gained by the PV/T module
can be described by the Hottel-Whiller Bliss correlation

[6]:
(ta)Gs(t) +

QO = AevrF'®) |y (T, (0) - Tu()

)

where:

Apyr - area of PV/T (m?)

(Ta) — transmittance - absorptance product of the thermal
part (just heat exchanger) of the PV/T module;

F’ - PV/T module efficiency factor;

G, - solar irradiance on inclined module plane determined
by equation (1), (W/m?);



E3S Web of Conferences 70, 01002 (2018)
HTRSE-2018

https://doi.org/10.1051/e3sconf/20187001002

U, - thermal loss coefficient (W/mzK);

T, - arithmetic average of fluid inlet and outlet
temperature (K);

T,— ambient air temperature (K).

The thermal efficiency of the PV/T module is
expressed as ratio of the useful heat rate (given by
equation (2)) to the incident solar irradiance (determined
by equation (1)) for a given surface area of the PV/T
modules.

As mentioned, the heat rate O, gained by the PV/T
module is stored in a storage tank. The tank has been
modelled as a tank with thermal stratification and has
been divided into »n layers. Numbering of layers goes
from the top to the bottom. The energy balance for the
i layer can be written as:

(pew VD) 22 = 0u(6) = G (6) = Qu(6) +
+Qs,i-1(t) — Qs,141 (1) (3)

where:

p - density of water of layer i, [kg/m’],

¢, - specific heat of water of layer i, [J/(kg K)],

V; - volume of water of layer i, [m’],

T,; - temperature of water of layer i, [K],

t -time, [s],

0O, - useful heat rate gained by the PV/T module and
supplied to the layer i, [W],

Ouw - heat rate supplied to the user flowing out of the
layer i, [W],

Q; - heat rate losses of the layer i, [W],

Osi.; - heat rate transfer between layer i and layer i-/
above, [W],

Osi+1 - heat rate transfer between layer i and layer i+/
below, [W].

To solve the problem the model of the end use pattern
of DHW has to be assumed. The time step for the end use
of water is usually equal to one hour. Extracting heat out
of the store at the top to supply heat for the end use
keeps the stratification effect. This is beneficial for
supplying the coldest water from the bottom of the tank
to the PV/T module to extract heat during its operation.
When the energy balance equations are formulated for
every layer of the tank then control functions are defined:
a PV/T module control function to determine which layer
receives warm water from the module, and a load return
control function for the liquid returning from the load [6].
To solve the governing equations a numerical simulation
was applied on a base of a purpose-written numerical
code formulated in Visual Basic [8]. The daily
distribution of hot water consumption hour by hour was
assumed [9]. The distribution assumed is not the best one
for solar energy heating systems, because there is no use
of hot water during the day time for 6 hours. Solar
irradiation was calculated using equation (1) and as an
input averaged hourly solar radiation data on horizontal
surface for averaged days of averaged months of the year
[6] for Warsaw.

Electric power output of the PV/T module can be
described by a standard formula:

P(t) = Vel(t)lel (t) 4

In case of the PV/T modules, as in regular PV
modules, the efficiency is changing, even very rapidly in
time. According to the standard definition of efficiency
the electric efficiency of the PV/T module is expressed as
ratio of the electric power output (given by equation (2))
to the energy rate input, i.e. incident solar irradiance for
a given surface area of the PV/T modules. As already
mentioned the electrical efficiency of the PV and as
a result of the PV/T strongly depends on solar irradiance,
ambient air temperature and the module temperature.
Therefore, very often the electrical efficiency of a PV
module is determined as a function of all of them. The
same situation applied to determination of the electrical
efficiency of the PV/T module. There are different
formulae in the literature to determine the PV module
temperature under different operation conditions [10] -
[14]. However, up to now there is no universal formula
recommended for analysis of the efficiency of the PV
system operating in different conditions. What is more
there is no formula for the temperature of a PV module
(Tpy) being a part of a PV/T module. One study [8]
performed, among others, was aimed at giving some
input for determination of those formulas.

One of the formula to determine the electrical efficiency
of the PV module, which can be used for the PV/T
module is following [10]:

Nat(t) = G Orer (1= Brer(Toy (0) = Trer))  (5)

where:

(ta) — transmittance - absorptance product;

1y — efficiency of the PV module in the STC (Standard
Test Conditions);

Brer— temperature efficiency factor, [1/K];

T,os— temperature of the PV module in the STC (Standard
Test Conditions) equal to 25°C.

In a specific PV/T module the PV module must have
the transmittance - absorptance product, the efficiency of
the PV module, the temperature efficiency factor and the
reference temperature of the PV determined for the STC -
Standard Test Conditions. These parameters should be
given by the PV producers. The temperature of the PV
module (7py) should be determined. It is changing in time
and depends on parameters of the system operation. This
temperature is different in a standard PV module and in
a PV/T module.

The temperature of the PV module (7py) is usually
described by different approximation formulas, which
take into account the solar irradiance and ambient air
temperature. Some of them refer to NOCT — Nominal
Operating Cell Temperature Conditions. It is difficult to
find a correlation, which determines the temperature of
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the PV in the PV/T module. As has been described, in
such a situation the temperature of the PV module
depends not only on solar radiation and ambient air
conditions, but also on heat transfer conditions between
the PV module and fluid circulating in a heat exchanger
in the PV/T module.

Tripanagnostopoulos [10] proposed to call the
temperature of the PV in the PV/T module as (Tpy) To
determine this temperature he suggested to use Lasnier
and Ang formula [15] for the regular PV module
temperature and correct it through introduction of the
temperature difference between the Ty arithmetic average
of the fluid inlet and outlet temperature at the PV/T
module and the ambient air 7, temperature. Thus, to
calculate the electrical efficiency of the PV/T module it is
necessary to use in equation (5) instead the value of the
Tpy temperature the value of (7pp),; which can be
expressed as follows:

(Toy)esr () = 30 + 0.0175(G,(t) — 300) +
+1.14(T,(¢) — 25) + (Tf(t) - Ta(t)) (6)

The daily distribution of electricity consumption hour
by hour was assumed [16].The distribution assumed is
similar to that of DHW consumption, assuming that for
6 hours during the day time electricity consumption is
very small (only stand-by mode of electrical appliances is
used). Such a situation is not good for solar energy
utilization, because the solar energy availability and
electrical energy use are not coherent in time. It means
that during the day time, energy produced by the PV/T
modules will be send to the grid and electricity from the
grid will be used when there is no solar radiation or its
level is low.

3.3 Results of simulation studies

Some selected results of numerical simulation of the
PV/T system operation at a micro scale in Polish climatic
conditions are presented in this section. Simulation
studies have been performed for different sizes of the
PV/T system used to supply heating energy for the DHW
system and electric energy for lighting and other
electrical appliances. Daily consumption of heating
energy for the DHW system is about 8.15 kWh and
electricity about 8.22 kWh. As mentioned, daily
distribution of energy consumption changes during the
day time, but states the same for every day of the year.
The maximum energy consumption is in the evening
from 5 p.m. to 11 p.m. and in the morning from 7 a.m. to
9 a.m., but at that time is much smaller.

The PV/T system selected for presentation in the
paper seems to be the most suitable for electrical energy
consumption of the building. There are PV/T modules of
Apy area equal to 22.2 m’ with installed capacity of
3 kW,. They are located on a south roof inclined at 30°.
The volume of the water storage tank is 1.11 m’ (height

2.34 m, diameter 0.78 m). Two types of the PV/T
modules have been analyzed: with a glazed cover and
without.

Figures 2 and 3 present the daily distribution of
hourly averaged thermal efficiency of the PV/T modules
without cover and with one cover, respectively. As could
be expected, the glazed (one cover) PV/T modules are
characterized by much higher thermal efficiency than the
unglazed. The highest thermal efficiency is in summer
and can reach 15% in the case of unglazed modules and
nearly 24% in the case of glazed modules. In winter for
three months: December — February the unglazed
modules do not work and in November for very short
time, about 2 hours, with low efficiency (maximum 5%).
The glazed PV/T modules do not operate in December
and in January only for about 1 hour (maximum
efficiency 5%). However, results present in Fig. 4 and
5 show the opposite situation in the case of the daily
distribution of electrical efficiency of the considered
PV/T modules. Electrical efficiency is the highest in
winter and the lowest in summer. In a case of PV/T
modules without covers the highest electrical efficiency
is in winter in the morning and reaches 12.2%, in a case
of modules with a cover it reaches 11.2%. In summer
minimal electric efficiency is about 2 p.m. and for the
PV/T modules without cover it can drop to 10.1% and for
modules with a cover even much more to 8%. It is
evident, that the cover is a good solution for improving
thermal efficiency of the PV/T module but it cannot be
recommended for the efficient operation of the PV part of
the module.

4 Conclusions

Simulation studies performed show that PV/T systems
with modules without a cover can operate with relatively
high electrical efficiency during the whole year, and
especially in winter, in micro systems supplying heating
energy for a DHW system and electricity in moderate
climates. Systems with glazed modules have lower
electrical efficiencies, especially in summer. As has been
already mentioned the opposite situation can be noticed
from the point of view of thermal efficiency, which is
larger for the glazed modules. As simulation studies
showed, changes of the share of solar energy in
supplying energy needs annually have the same tendency
(these results are not presented in the paper, but can be
found in literature [8]). For the considered size of the
PV/T systems and energy needs the modules with glazing
can fully cover the DHW demand during 5 months, from
May to the end-of September, but they cannot cover the
electricity demand, which can be at level of 67% in
September to 93% in June. At the same time the modules
without glazing can cover the heating demand only from
62% in September to 90% in July, but they can cover all
the electricity demand from May till the end of August
(using the grid as storage). What is more, during all these
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four months there is surplus of energy sent to the grid, metering) can be taken out of the grid later e.g. in winter
which (according to existing regulations including net months.
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Fig. 5. Daily distribution of hourly averaged electrical efficiency of the PV/T modules with a cover.

All this shows that micro PV/T systems can be
recommended for moderate climates. Because of their
electrical efficiency perhaps it is better to use the PV/T
modules without covers. In such a case they do not
operate in winter as thermal modules, so without danger
of freezing the water can be used as working fluid for the
rest of the year. However, if more heat could have been
extracted in summer from the modules, because of much
larger heating needs (e.g. swimming pools, underground
thermal energy storage), then also the electrical
efficiency would not drop so much. It can be stated that
the PV/T technology can assure more effective operation

of the PV modules if they are cooled during their
operation, which in a moderate climate is mainly needed
in summer and spring. There are many questions to be
answered. The PV/T technology is a new one and it is
very difficult to formulate the final recommendation.
Much more theoretical and experimental research is
needed, including optimization studies.
Building-integrated  photovoltaic/thermal  systems
(BIPV/T) should become popular in buildings in
moderate climates. They can be integrated with building
envelope, primarily its main fagade and roof on the
southern side. They can be treated as a kind of a building
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envelope (“construction”) element, electricity generator
(device which simultaneously generate electricity) and
heating device. Depending on energy consumption of the
building and taking into account the pattern of the
heating energy use, part of the envelope can be
constructed as the BIPV/T and a part just as the BIST —
Building Integrated Solar Thermal System.
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Analysis of thermal and electrical efficiency of photovol-taic/thermal – PV/T modules operating in moderate climate 
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Abstract. The paper presents an  application concept for PV/T - Photovoltaic Thermal Technology in moderate climates (such as the Polish climate), at a micro scale, i.e. for a single family house. The paper analyses the operation of a PV/T system applied to Domestic Hot Water – DHW heating and electricity production. A mathematical model of the system operation has been developed. The paper focuses on modeling thermal and electrical efficiency of photovoltaic/thermal - PV/T modules. It also briefly presents the governing equations for the thermal energy balance of a storage tank, where thermal stratification effects take place. Some selected results of the numerical simulation of the PV/T system operation are described. Daily distribution of hourly averaged thermal and electrical efficiency of the PV/T modules without cover and with one glazing are presented. The PV/T systems do not give significant thermal energy output in winter. PV/T modules without glazing do not supply heat at all for three winter months, their highest thermal efficiency is in summer and it can be nearly 15%. In the same period glazed modules have efficiency equal to  nearly 24%. However, the unglazed modules can give much more electrical energy in summer than those with glazing, and the electrical efficiency can reach the levels of 11.4% and 9.4%, respectively. In winter the difference is smaller, i.e. for unglazed the efficiency is 12.2%, and for glazed 11.2%.
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1 Introduction

Utilization of solar energy in buildings has become of great interest to construction companies and developers dealing with innovative technologies, especially nowadays when European buildings should be nearly zero–energy according to the EU Directive on the energy performance of buildings [1]. Building-related solar energy technologies are connected with the architectural and civil engineering concepts, which include the application of solar energy systems. The solar energy systems are usually installed on buildings’ roofs, but they can be also incorporated into the envelope of a building, constituting its integral elements. In such a case BIST - Building Integrated Solar Thermal - and BIPV - Building Integrated Photovoltaics systems are used in modern low-energy buildings [2]. A building becomes a complex structure of integrated architectural and energy elements, which include different types of solar passive and active systems.

The active solar systems convert solar radiation into a useful form of energy: thermal or electric using different devices in an active way. The conversion of solar energy takes place on the spot, for self-use by building’s occupiers. However, the surface of a building envelope is limited and usually there is not enough area of south façade and south roof to incorporate solar thermal and photovoltaic systems to supply most of heat and electricity needed by the building’s users. One of possibilities to solve the problem is to use the PV/T Photovoltaic Thermal systems, which combine both functions in one device, i.e. in a PV/T module. 

It can be underlined that PV/T Photovoltaic Thermal technology can be used for new buildings, as well as for existing buildings, which can be suitably renovated, following energy sustainability measures. In order to reach nearly zero energy consumption, or nearly zero CO2 emissions targets of new buildings or buildings under thermal refurbishment and modernization, or going even further to reach the goal of PEDs – Positive Energy Districts [3], it is necessary to develop mechanisms to enhance development and implementation of solar systems characterized by the high fraction of solar energy supplied to thermal and electrical systems in buildings. PV/T Photovoltaic Thermal systems are believed to be such systems.

2 PV/T modules and systems

PV/T modules can work with different electrical and thermal efficiencies, and give different power and heat output. It depends on the ambient conditions in which they gain energy, mainly on solar irradiation and air temperature,  and how the energy gained is used, from point of view of modes of operation of the system and distribution of energy needs in time. 

With a decrease of solar irradiance the power of the PV cells and modules is reduced, caused by the decrease of the current (the voltage reduces only slightly). The power and efficiency of PV cells and modules decrease with the increase of their temperature. The temperature increase is caused by the absorbed solar radiation that is not converted into electricity, but is converted into heat (which is a consequence of the increase of internal energy). With the increase of the temperature of the PV cells the voltage is evidently decreasing (current is only slightly increasing) causing reduction of power and efficiency. This undesirable effect can be partially avoided by the heat extraction from the PV cells and modules through a fluid circulation along their bottom surfaces. Such solution is technically realized by the hybrid photovoltaic/thermal - PV/T module (collector) [3]. 

A PV/T module is the main element of the solar PV/T energy system, which provides electrical and thermal energy, thus achieving a higher energy conversion rate of the absorbed solar radiation, than both of such systems operating separately. The PV modules are coupled to heat extraction devices, in which air or water (or other liquid) of lower temperature than that of the PV modules is flowing through. As a result the cooling fluid is heated whilst the PV module temperature is reduced. In the case of air, the contact with the PV panels can be direct (flow over the surface). While for liquids, the contact is through a heat exchanger in a form of piping or channels in a plate. The thermal part of the PV/T modules, i.e. heat exchangers of the modules are usually connected to a water storage tank. When water is used as a cooling medium of the PV/T modules it can circulate in an open loop between the PV/T modules and the storage tank. When antifreeze mixture circulates between PV/T modules and the tank the loop is closed. Heat gained by the PV/T modules is stored in a tank and used when is needed. If temperature of the water stored in a tank is lower than required then an auxiliary heater is used. 

Electric energy produced by PV/T modules can be used through inverters directly by the electrical energy appliances installed at the building or transmitted to the grid. In a case of the on-grid system the grid is treated as a store. When there is an excess of energy gained by the PV/T panels then this energy can be sent to the grid. An electrical system can also be equipped with batteries of different size depending on their function, e.g. they can be used as emergency store (for few hours breaks of electrical energy supplied to the building from the grid) or a few days store in a case of an off-grid system.

Combined PV/T systems with appropriate size of modules and energy storage should assure provision of the total energy needs: heating (DHW) and electricity of buildings in moderate climates in summer. These systems should operate in summer in monovalent mode using only one energy source –solar energy.  However, there are some obstacles to reaching the goal of 100% solar energy fraction supplying thermal energy to a building in summer. Of course, knowing the level of solar energy availability in winter, it is obvious that solar systems need coupling to other energy systems to fulfill energy requirements. In PV/T systems the production of electricity is the priority, therefore it is necessary to operate the PV modules at low temperature in order to keep the PV cell and the PV modules electrical efficiency at a sufficient level. This requirement limits the effective operation of the PV/T thermal unit to low temperatures. Thus, the extracted heat can be not enough to supply all DHW heating needs in summer. 

3 PV/T systems for DHW heating and electricity production at the micro scale

3.1 Description of the PV/T system configuration and operation

The paper presents an idea of application the PV/T -Photovoltaic Thermal technology in moderate climates, (such as the Polish climate), at the micro scale, i.e. for a single family house. The paper analyses operation of the PV/T system applied to Domestic Hot Water – DHW heating and electricity production. The considered system is presented in Fig. 1.
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Fig. 1. PV/T system applied for Domestic Hot Water – DHW heating and electricity production

1 - storage tank, 2 - photovoltaic/thermal module, 3 - inverter  

4 - electric energy consumption, 5 – mixer, 6 - auxiliary heater

7 - DHW consumption, 8 - filling with cold water from mains.

The thermal part of the PV/T system is a typical active solar water heating system used for DHW heating and working  with an conventional auxiliary heater. This system is used to meet the demand of the owner. The collector loop is open. In a climate characterized by low ambient temperature, low solar irradiance and frequent overcast, as in Poland, it is recommended to use a close collector loop [4]. In such climatic conditions for all-year applications an antifreeze mixture (glycol–water) is applied and the collector loop and heat storage tank are separated by a heat exchanger. However, the preliminary analysis of the PV/T system operation showed that the thermal part of the system would not work in winter, due to small solar irradiation level and negligibly small amount of energy converted into thermal energy. As was mentioned, the priority is for electricity production in considered system. If the system is not used in winter for DHW then the water can circulate in a solar collector loop at the rest of the year, being a heat transfer and a heat storage medium at the same time. 

Heat is stored in water, and storage is accomplished by using the thermal capacity of water. It is a short-term thermal storage system. Thermal stratification phenomena take place in the storage tank. It means, that the coldest water is located at the bottom and the temperature rises along with tank height, reaching maximum at its very top. The hot water outlet is located at the top part of the tank. The cold water inlet and outlet are at the bottom. The cold water outlet supplies cold water to PV/T modules to cool them and the heat gained is transferred from the outlet of the modules to upper part of the water storage tank. Heat stratification is beneficial, because it allows user to choose an outlet nozzle position to meet the specific temperature heating needs. Full effectiveness of DHW heating is achieved if the temperature at the tank bottom does not fall below certain value and temperature difference between top and bottom layers is also maintained at the required level.

The thermal efficiency of a solar system depends on a number of individual factors related to the design and construction of PV/T modules and the entire solar system, local insolation conditions, mode of operation of the solar system, and its method of its cooperation with storage and auxiliary or peak heating device/system. When solar radiation is available and the heat gained by the PV/T modules is above the minimum value, the heat is stored in a storage tank. The following are the basic modes of supplying heat to the user: If there is a heat demand and the amount of heat and temperature of water stored in the tank is high enough then thermal energy is supplied directly from the tank to the user. If the amount of heat and the temperature of water stored in a tank are too low then the water from the tank flows through the auxiliary heater to be warm up to the required level. If the temperature of water in a storage tank is at the minimum level (usually it is 10°C, which is equal to the water temperature of the supply network), then water from the supply network can flow directly to the auxiliary heater. 

The PV/T system considered in the paper is an on-grid system without batteries. When PV/T modules operate the electrical energy produced is used directly or transmitted to the grid. The grid is used as a store of energy, where according to Polish regulations [5] the accumulation takes place with 80% efficiency. The considered PV/T system is an on-grid system and because of that electricity can be taken from the grid all the time.

3.2 Mathematical model of the system operation

To analyze the solar energy availability for the surfaces of PV/T modules of southern orientation and 30° of inclination the solar irradiance has been calculated for given time using the isotropic solar radiation model of Liu-Jordan [6]. Thus, the solar irradiance Gs on an inclined surface of the PV/T is given by:



 		(1)

where:

Gb  - direct solar irradiance on a horizontal surface in a given time, (W/m2);

Gd  - diffuse solar irradiance on a horizontal surface in a given time, (W/m2);

Rb  - correction factor for direct solar irradiance on an inclined surface in a given time;

Rd  - correction factor for diffuse solar irradiance on an inclined surface;

Rr  - correction factor for reflected solar irradiance on an inclined surface;

ρ  - reflectivity of the ground.

Direct and diffuse solar irradiance on a horizontal surface at a given time can be taken from a meteorological data base (e.g. [7]). Correction factors for diffuse and reflected solar irradiances are constant for given inclination and orientation of the surface under consideration. Reflectivity of the ground can be assumed as a constant. However, the correction factor for the direct solar irradiance on an inclined surface must be calculated for every moment of the considered time (usually for every hour) [6]. 

The useful heat rate Qu gained by the PV/T module can be described by the Hottel–Whiller Bliss correlation [6]:

         	 (2)

where:

APVT  - area of PV/T (m2)

(τα) – transmittance - absorptance product of the thermal 

part (just heat exchanger) of the PV/T module;

F’ -  PV/T module efficiency factor;

Gs - solar irradiance on inclined module plane determined by equation (1), (W/m2);

UL - thermal loss coefficient (W/m2K);

Tf - arithmetic average of fluid inlet and outlet temperature (K);

Ta – ambient air temperature (K).

The thermal efficiency of the PV/T module is expressed as ratio of the useful heat rate (given by equation (2)) to the incident solar irradiance (determined by equation (1)) for a given surface area of the PV/T modules.  

As mentioned, the heat rate Qu gained by the PV/T module is stored in a storage tank. The tank has been modelled as a tank with thermal stratification and has been divided into n layers. Numbering of layers goes from the top to the bottom. The energy balance for the i layer can be written as:

                     	 		 (3)

where:

ρ  - density of water of layer i, [kg/m3],

cw  - specific heat of water of layer i, [J/(kg K)],

Vi  - volume of water of layer i, [m3],

Ts,i  - temperature of water of layer i, [K],

t  - time, [s],

Qu  - useful heat rate gained by the PV/T module and supplied to the layer i, [W],

QHW  - heat rate supplied to the user flowing out of the layer i, [W],

QL  - heat rate losses of the layer i, [W],

QS,i-1  - heat rate transfer between layer i and layer i-1 above, [W],

QS,i+1  - heat rate transfer between layer i and layer i+1 below, [W].

To solve the problem the model of the end use pattern of DHW has to be assumed. The time step for the end use of water is usually equal to one hour. Extracting heat out of  the store at the top to supply heat for the end use keeps the stratification effect. This is beneficial for supplying the coldest water from the bottom of the tank to the PV/T module to extract heat during its operation. When the energy balance equations are formulated for every layer of the tank then control functions are defined: a PV/T module control function to determine which layer receives warm water from the module, and a load return control function for the liquid returning from the load [6]. To solve the governing equations a numerical simulation was applied on a base of a purpose-written numerical code formulated in Visual Basic [8]. The daily distribution of hot water consumption hour by hour was assumed [9]. The distribution assumed is not the best one for solar energy heating systems, because there is no use of hot water during the day time for 6 hours. Solar irradiation was calculated using equation (1) and as an input averaged hourly solar radiation data on horizontal surface for averaged days of averaged months of the year [6] for Warsaw.

Electric power output of the PV/T module can be described by a standard formula:

 

	 	(4)

                                                                                                                           

In case of the PV/T modules, as in regular PV modules, the efficiency is changing, even very rapidly in time. According to the standard definition of efficiency the electric efficiency of the PV/T module is expressed as ratio of the electric power output (given by equation (2)) to the energy rate input, i.e. incident solar irradiance for a given surface area of the PV/T modules. As already mentioned the electrical efficiency of the PV and as a result of the PV/T strongly depends on solar irradiance, ambient air temperature and the module temperature. Therefore, very often the electrical efficiency of a PV module is determined as a function of all of them. The same situation applied to determination of the electrical efficiency of the PV/T module. There are different formulae in the literature to determine the PV module temperature under different operation conditions [10] - [14]. However, up to now there is no universal formula recommended for analysis of the efficiency of the PV system operating in different conditions. What is more there is no formula for the temperature of a PV module (TPV) being a part of a PV/T module. One study [8] performed, among others, was aimed at giving some input for determination of those formulas. 

One of the formula to determine the electrical efficiency of the PV module, which can be used for the PV/T module is following [10]:

  	 (5)

where:

(τα) – transmittance - absorptance product;

ηref – efficiency of the PV module in the STC (Standard Test Conditions);

βref – temperature efficiency factor, [1/K];

Tref – temperature of the PV module in the STC (Standard Test Conditions) equal to 25°C.

In a specific PV/T module the PV module must have the transmittance - absorptance product, the efficiency of the PV module, the temperature efficiency factor and the reference temperature of the PV determined for the STC - Standard Test Conditions. These parameters should be given by the PV producers. The temperature of the PV module (TPV) should be determined. It is changing in time and depends on parameters of the system operation. This temperature is different in a standard PV module and in a PV/T module.

The temperature of the PV module (TPV) is usually described by different approximation formulas, which take into account the solar irradiance and ambient air temperature. Some of them refer to NOCT – Nominal Operating Cell Temperature Conditions. It is difficult to find a correlation, which determines the temperature of the  PV in the PV/T module. As has been described, in such a situation the temperature of the PV module depends not only on solar radiation and ambient air conditions, but also on heat transfer conditions between the PV module and fluid circulating in a heat exchanger in the PV/T module. 

Tripanagnostopoulos [10] proposed to call the temperature of the PV in the PV/T module as (TPV)eff. To determine this temperature he suggested to use Lasnier and Ang formula [15] for the regular PV module temperature and correct it through introduction of the temperature difference between the Tf arithmetic average of the fluid inlet and outlet temperature at the PV/T module and the ambient air Ta temperature. Thus, to calculate the electrical efficiency of the PV/T module it is necessary to use in equation (5) instead the value of the TPV temperature the value of (TPV)eff, which can be expressed as follows:



	(6)

The daily distribution of electricity consumption hour by hour was assumed [16].The distribution assumed is similar to that of DHW consumption, assuming that for 6 hours during the day time electricity consumption is very small (only stand-by mode of electrical appliances is used). Such a situation is not good for  solar energy utilization, because the solar energy availability and electrical energy use are not coherent in time. It means that during the day time, energy produced by the PV/T modules will be send to the grid and electricity from the grid will be used when there is no solar radiation or its level is low.

3.3 Results of simulation studies

Some selected results of numerical simulation of the PV/T system operation at a micro scale in Polish climatic conditions are presented in this section. Simulation studies have been performed for different sizes of the                                                                                                                      PV/T system used to supply heating energy for the DHW 

system and electric energy for lighting and other electrical appliances. Daily consumption of heating energy for the DHW system is about 8.15 kWh and electricity about 8.22 kWh. As mentioned, daily distribution of energy consumption changes during the day time, but states the same for every day of the year. The maximum energy consumption is in the evening from 5 p.m. to 11 p.m. and in the morning from 7 a.m. to 9 a.m., but at that time is much smaller. 

The PV/T system selected for presentation in the paper seems to be the most suitable for electrical energy consumption of the building. There are PV/T modules of APV area equal to 22.2 m2 with installed capacity of 3 kWp. They are located on a south roof inclined at 30°. The volume of the water storage tank is 1.11 m3 (height 2.34 m, diameter 0.78 m). Two types of the PV/T modules have been analyzed: with a glazed cover and without.

Figures 2 and 3 present the daily distribution of hourly averaged thermal efficiency of the PV/T modules without cover and with one cover, respectively. As could be expected, the glazed (one cover) PV/T modules are characterized by much higher thermal efficiency than the unglazed. The highest thermal efficiency is in summer and can reach 15% in the case of unglazed modules and nearly 24% in the case of glazed modules. In winter for three months: December – February the unglazed modules do not work and in November for very short time, about 2 hours, with low efficiency (maximum 5%). The glazed PV/T modules do not operate in December and in January only for about 1 hour (maximum efficiency 5%). However, results present in Fig. 4 and 5 show the opposite situation in the case of the daily distribution of electrical efficiency of the considered PV/T modules. Electrical efficiency is the highest in winter and the lowest in summer. In a case of PV/T modules without covers the highest electrical efficiency is in winter in the morning and reaches 12.2%, in a case of modules with a cover it reaches 11.2%. In summer minimal electric efficiency is about 2 p.m. and for the PV/T modules without cover it can drop to 10.1% and for modules with a cover even much more to 8%. It is evident, that the cover is a good solution for improving thermal efficiency of the PV/T module but it cannot be recommended for the efficient operation of the PV part of the module.

4 Conclusions

Simulation studies performed show that PV/T systems with modules without a cover can operate with relatively high electrical efficiency during the whole year, and especially in winter, in micro systems supplying heating energy for a DHW system and electricity in moderate climates. Systems with glazed modules have lower electrical efficiencies, especially in summer. As has been already mentioned the opposite situation can be noticed from the point of view of thermal efficiency, which is larger for the glazed modules. As simulation studies showed, changes of the share of solar energy in supplying energy needs annually have the same tendency (these results are not presented in the paper, but can be found in literature [8]). For the considered size of the PV/T systems and energy needs the modules with glazing can fully cover the DHW demand during 5 months, from May to the end-of September, but they cannot cover the electricity demand, which can be at level of 67% in September to 93% in June. At the same time the modules without glazing can cover the heating demand only from 62% in September to 90% in July, but they can cover all the electricity demand from May till the end of August (using the grid as storage). What is more, during all these four months there is surplus of energy sent to the grid, which (according to existing regulations including net metering) can be taken out of the grid later e.g. in winter months.





Fig. 2. Daily distribution of hourly averaged thermal efficiency of the PV/T modules without cover.











Fig. 3. Daily distribution of hourly averaged thermal efficiency of the PV/T modules with a cover.









Fig. 4. Daily distribution of hourly averaged electrical efficiency of the PV/T modules without a cover.





[bookmark: _GoBack]Fig. 5. Daily distribution of hourly averaged electrical efficiency of the PV/T modules with a cover.





All this shows that micro PV/T systems can be recommended for moderate climates. Because of their electrical efficiency perhaps it is better to use the PV/T modules without covers. In such a case they do not operate in winter as thermal modules, so without danger of freezing the water can be used as working fluid for the rest of the year. However, if more heat could have been extracted in summer from the modules, because of much larger heating needs (e.g. swimming pools, underground thermal energy storage), then also the electrical efficiency would not drop so much. It can be stated that the PV/T technology can assure more effective operation of the PV modules if they are cooled during their operation, which in a moderate climate is mainly needed in summer and spring. There are many questions to be answered. The PV/T technology is a new one and it is very difficult to formulate the final recommendation. Much more theoretical and experimental research is needed, including optimization studies. 

Building-integrated photovoltaic/thermal systems (BIPV/T) should become popular in buildings in moderate climates. They can be integrated with building envelope, primarily its main façade and roof on the southern side. They can be treated as a kind of a building envelope (“construction”) element, electricity generator (device which simultaneously generate electricity) and heating device. Depending on energy consumption of the building and taking into account the pattern of the heating energy use, part of the envelope can be constructed as the BIPV/T and a part just as the BIST – Building Integrated Solar Thermal System. 
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Thermal efficiency ηc [%]

January	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	12.18	12.129999999999999	12.08	12.05	12.03	12.05	12.1	12.15	February	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	12.18	12.139999999999999	12.08	12.03	11.99	11.97	11.99	12.03	12.08	12.129999999999999	March	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	12	11.93	11.860000000000001	11.739999999999998	11.6	11.48	11.42	11.42	11.5	11.57	11.68	11.78	April	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	11.729999999999999	11.709999999999999	11.66	11.58	11.350000000000001	11.16	10.99	10.93	10.9	10.99	11.08	11.209999999999999	11.350000000000001	11.44	May	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	11.48	11.47	11.450000000000001	11.370000000000001	11.15	10.89	10.67	10.52	10.47	10.450000000000001	10.52	10.639999999999999	10.78	10.94	11.1	11.219999999999999	June	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	11.32	11.3	11.27	11.129999999999999	10.9	10.629999999999999	10.38	10.239999999999998	10.16	10.120000000000001	10.17	10.31	10.47	10.67	10.860000000000001	11.01	July	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	11.29	11.29	11.27	11.129999999999999	10.91	10.6	10.360000000000001	10.200000000000001	10.130000000000001	10.09	10.15	10.28	10.42	10.62	10.83	10.97	August	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	11.350000000000001	11.350000000000001	11.229999999999999	11.03	10.709999999999999	10.47	10.3	10.210000000000001	10.200000000000001	10.26	10.39	10.53	10.739999999999998	10.92	September	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	11.6	11.54	11.34	11.1	10.88	10.76	10.69	10.69	10.78	10.88	11.01	11.17	October	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	11.870000000000001	11.83	11.68	11.55	11.41	11.370000000000001	11.370000000000001	11.44	11.51	11.629999999999999	November	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	12.11	12.06	12.01	11.99	11.96	12	12.04	12.09	December	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	12.16	12.129999999999999	12.08	12.06	12.06	12.08	12.12	12.15	Hours of the day [h]

Electrical efficiency [%]

January	11.12	11.06	11.01	10.97	10.93	10.950000000000001	11	11.04	February	11.05	11	10.94	10.860000000000001	10.729999999999999	10.67	10.67	10.709999999999999	10.76	10.83	March	10.709999999999999	10.65	10.58	10.360000000000001	10.139999999999999	9.93	9.84	9.81	9.9	9.98	10.1	10.229999999999999	April	10.3	10.3	10.25	10.1	9.77	9.49	9.2399999999999984	9.1399999999999988	9.09	9.2000000000000011	9.3000000000000007	9.44	9.61	9.76	May	9.8500000000000014	9.84	9.84	9.77	9.4600000000000026	9.1	8.77	8.56	8.4700000000000006	8.4500000000000011	8.5400000000000009	8.66	8.81	9	9.2000000000000011	9.3600000000000012	June	9.4600000000000026	9.4500000000000011	9.44	9.3600000000000012	9.0400000000000009	8.67	8.31	8.1399999999999988	8.02	7.98	8.08	8.2000000000000011	8.3600000000000012	8.57	8.7900000000000009	8.9600000000000026	July	9.42	9.42	9.41	9.3600000000000012	9.0400000000000009	8.629999999999999	8.2900000000000009	8.09	7.99	7.94	8.0500000000000007	8.16	8.31	8.52	8.7399999999999984	8.91	August	9.5400000000000009	9.5400000000000009	9.5	9.2299999999999986	8.81	8.4700000000000006	8.2399999999999984	8.11	8.1	8.19	8.31	8.4600000000000026	8.68	8.8800000000000008	September	10.050000000000002	10.01	9.7399999999999984	9.4	9.09	8.91	8.81	8.8000000000000007	8.89	9	9.15	9.34	October	10.49	10.450000000000001	10.229999999999999	10.040000000000001	9.83	9.76	9.7399999999999984	9.82	9.89	10.02	November	10.88	10.82	10.719999999999999	10.65	10.61	10.639999999999999	10.67	10.719999999999999	December	11.06	11.01	10.96	10.93	10.92	10.93	10.97	11	Hours of the day [h]

Electrical efficiency [%]
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