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Abstract: A photovoltaic-thermal (PVT) collector is a solar-based micro-cogeneration system which
generates simultaneously heat and power for buildings. The novelty of this paper is to conduct
energy and exergy analysis on PVT collector performance under two different European climate
conditions. The performance of the PVT collector is compared to a photovoltaic (PV) panel. Finally,
the PVT design is optimized in terms of thermal and electrical exergy efficiencies. The optimized
PVT designs are compared to the PV panel performance as well. The main focus is to find out if the
PVT is still competitive with the PV panel electrical output, after maximizing its thermal exergy
efficiency. The PVT collector is modelled into Matlab/Simulink to evaluate its performance under
varying weather conditions. The PV panel is modelled with the CARNOT toolbox library. The
optimization is conducted using Matlab gamultiobj-function based on the non-dominated sorting
genetic algorithm-II (NSGA-II). The results indicated 7.7% higher annual energy production in
Strasbourg. However, the exergy analysis revealed a better quality of thermal energy in Tampere
with 72.9% higher thermal exergy production. The electrical output of the PVT is higher than from
the PV during the summer months. The thermal exergy- driven PVT design is still competitive
compared to the PV panel electrical output.

Keywords: solar energy; micro-cogeneration; exergy; multi-objective optimization; PVT collector;
PV panel

1. Introduction

Micro combined heat and power (u-CHP) systems are operating in the building sector in order
to produce heat and electricity simultaneously. The European Parliament has defined
micro-cogeneration to be the units up to an electrical output of 50 kW [1]. Solar energy can be
counted to be an inexhaustible source of energy, and it is mostly deployed in the building sector in
terms of photovoltaic (PV) panels and thermal collectors [2]. This separated production of electricity
and heat can be combined by the technology called photovoltaic-thermal (PVT). The PVT collector is
a renewable solar-based micro-cogeneration unit which produces electricity by the PV module and
useful heat by cooling the PV module with a coolant circulation. This leads to increased overall
system efficiency but also to increased electrical efficiency of the PV cell due to the decreased
operating temperature of the PV module [2].

Different kinds of PVT configuration have been developed and modelled in the literature.
Zhang et al. [3] presented different practical applications of PVT technologies. They argued that the
air-based PVT is the most commonly used and installed PVT technology, achieving the maximum
thermal efficiency of 39% and electrical efficiency of 8%. The second very popular technology is the
water-based PVT of which popularity is increasing due to its ability to increase electrical efficiency
and better thermal energy utilization. Next to these two popular technologies, they brought a
refrigerant-based PVT which has the potential to replace air- and water-based technologies because
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it can significantly improve the solar utilization rate compared to air- and water-based technologies.
The fourth interesting technology is a heat-pipe-based PVT which is seen as a next-generation
technology in terms of heat removal from the PV panel and its effective use. For the future
technology, they also marked the integration of the phase change material to the PVT in order to
increase energy efficiency. To increase the efficiency of the PVT collector, using nanofluids as heat
transfer fluid have been investigated in [4,5].

The aforementioned PVT technologies face a challenge in that the electrical efficiency decreases
as the operating temperature increases. On the other hand, higher operating temperature increases
thermal efficiency. The novel PVT technologies are investigated and developed in [6,7] to solve this
problem by thermally decouple the electrical and thermal units of the collector. These PVT systems
use a spectral liquid beam splitter which divides the solar spectrum into different wavelength bands
in front of the PV panel. These bands are then used separately by electrical and thermal units, and
the liquid operates as cooling fluid [6].

The performance of the PVT system can be analyzed in terms of energy and exergy analysis.
The latter is based on the second law of thermodynamics, and it takes into account also the quality of
various kinds of energy. The exergy method helps to understand how useful the produced heat is in
terms of mechanical work at the temperature in which the heat is available [8].

In the literature, several papers about the exergy analysis of CHP-systems and PVT collectors
have been published. For example, Feidt et al. [9,10] used the exergy analysis to analyze the
performance of different CHP-systems and proposed it to be essential for the optimization of the
systems. Evola and Marletta [11] studied the energy and exergy performance of the glazed PVT
collector. They conducted analyses based on the simulations for a water-based PVT collector. They
optimized the coolant inlet temperature to maximize the overall exergy efficiency of the collector.
They found that low inlet temperature leads to very high overall energy efficiency but in terms of
exergy analysis, this is not recommended. The optimized inlet temperature and overall exergy
efficiency varied between 30—42 °C and 14-15%, respectively, depending on the mass flow rate and
the weather conditions.

The operation of the PVT collector is highly dynamic and influenced on the time-varying
weather conditions. Due to this steady-state analysis of the PVT performance is not sufficient, but a
dynamic model has to be implemented to evaluate the performance of the collector. In the literature,
a range of theoretical PVT models has been introduced and validated based on the experimental
data and literature [12-14]. Da Silva and Fernandes [15] conducted the dynamic simulations of the
PVT collector combined with thermal storage. They implemented a dynamic model of the PVT
system into the modular environment of Simulink in Matlab. The model was validated based on the
literature and showed good agreement.

The PVT collector performance is highly dependent on the weather. Because of that, it is
important to study the PVT performance in different locations with different climate conditions. In
terms of energy analysis, the energy yield of the PVT collector is strongly depending on the solar
irradiation of the considered location. However, in terms of exergy analysis, the ambient
temperature around the PVT collector also has a big role. Barbu et al. [16] studied the energy
performance of a residential PVT system under two similar climate conditions: Bucharest, Romania,
and Strasbourg, France. Despite the similar climate conditions, their results indicated 10-12% better
energy performance in Bucharest compared to Strasbourg. The study showed that the performance
of the PVT is highly dependent on the local weather conditions and estimations of the performance
are difficult to make before studying it locally. The PVT performance in different locations was
studied in [17,18] as well.

Due to cooling underneath the PV module, the higher electrical output could be expected from
the PVT collector than the PV panel. However, the PVT collector is not always fully packed with the
PV, which may lead to lower electrical output despite higher cell efficiency. Abdul-Ganiyu et al. [19]
undertook an experimental comparison of the water-based PVT collector and PV panel performance
in Ghana. Their results indicated that the annual electrical output from the PVT was 149.92 kWh/m?
and from the PV 194.79 kWh/m?. The PV cell operating temperatures were lower in the PVT over a
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year. In their study, the PV panel had a higher rated power than the PVT collector. However, a
numerical comparison between the PVT and PV is required to find out the impact of different PVT
variables, such as the mass flow rate, packing factor and inlet temperature, on the comparison.

The multi-objective optimization techniques are used to solve optimization problems where the
objectives are conflicting between each other. In terms of the PVT collector performance, the
electrical efficiency suffers if the thermal efficiency is maximized and the other way round. Due to
this, the PVT collector optimization should be done with the multi-objective optimization techniques
that take into account the conflicting nature of the PVT operation. Tamayo Vera et al. [2,20] studied
the multi-objective optimization of a water-based PVT collector performance parameters with the
non-dominated sorting genetic algorithm-II (NSGA-II). They derived a Pareto optimal set, which
illustrates the trade-off between solutions. The decision variables for multi-objective optimization
problems of the PVT collector were the mass flow rate, packing factor and air gap thickness. They
found that the solutions that simultaneously maximize both electrical and thermal efficiencies had a
mass flow rate of 0.008 kg/s, packing factor of 0.6 and air gap of 8 cm. The air-based PVT collector
was optimized using NSGA-II in [21]. Conti et al. [22] used multi-objective optimization to minimize
the total costs and non-renewable primary energy consumption of a hybrid energy system,
including PVT collectors in a nearly zero-energy building. The exergy efficiency of the PVT collector
was optimized using the genetic algorithm in [23]. However, to the best of the author’s knowledge,
there is no work focusing on the multi-objective optimization of the PVT collector’s thermal and
electrical exergy efficiencies to maximize the quality of the produced energy. In the literature, there
is also a lack of work to compare the optimized PVT designs with the PV panel performance.

In this given framework, a research contribution is provided by this paper by analyzing the
water-based PVT collector’s energy and exergy performance under two different climate conditions.
Compared to the previous work in the literature [16-18], this paper takes into account the northern
location of Europe to be an opportunity for the PVT market by making a comparative analysis
between the northern location of Tampere, Finland and southern location of Strasbourg, France. In
France, PVT technology is more commonly in use than in Finland. Additionally, the PVT
performance is compared to the PV panel in terms of the PV cell operating temperature and
electrical output in both locations. The impact of different variables, such as the PVT packing factor,
mass flow rate and inlet temperature, on the comparison, is investigated. The further contribution of
this paper is to study the multi-objective optimization method of the PVT collector design with the
genetic algorithm to optimize electrical and thermal exergy efficiencies and to understand how
different PVT variables behave in the optimized design configurations. The Pareto optimal set of
design solutions is derived. The contribution is extended to compare selected optimized PVT design
configurations with the PV panel performance and to find out if the PVT is still competitive with the
PV panel electrical output, after maximizing its thermal exergy efficiency.

First, the PVT collector and considered climate conditions are described. Next, the
mathematical model of the PVT collector is presented. The covering equations of the model are
implemented in Matlab/Simulink, which is a programming environment for numerical computation
and data analysis. The PV panel is modelled to Simulink as a PV generator-block using the
CARNOT Toolbox Version 7.0 developed by Solar-Institute Jiilich of the FH Aachen, Jiilich,
Germany [24]. The energy and exergy analyses are conducted for the described PVT collector under
two different climate conditions, and the results are discussed. The PVT collector and PV panel
performance are compared. The multi-objective optimization of the PVT collector is conducted, and
the Pareto optimal set is derived. Finally, the performance of the selected optimized PVT design
configurations were compared to the PV panel.

2. Methodology

2.1. Description of Photovoltaic-Thermal (PVT) Collector

A water-cooled PVT collector with a sheet and tube heat exchanger is simulated and analyzed
in this study. Figure 1 shows the geometry and cross-section of the PVT collector [16]. The collector
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consists of glazing, air gap, PV panel, absorber plate with tubes, working fluid and insulation. The
cover glass limits the heat losses to the environment and the air gap of 2 cm between the glass and
PV panel enhances the heat transfer. The PV layer consists of PV glass, EVA (ethylene vinyl acetate)
films, silicon PV cells, protective Tedlar and bonding adhesive. The thermal absorber is a copper
plate with the boned parallel water tubes. [13] The last layer is few centimeters thick insulation
which prevents the heat losses to the environment. The water-based PVT collector is investigated
because they achieve higher overall efficiency than air-based collectors due to the higher heat
capacity of water [25]. High-efficiency PV cells are still relatively expensive, and in this study, the
PVT collector has a polycrystalline silicon PV cell with a reference electrical efficiency (nsrc) of 17.3%
at the reference operating temperature (Trf) of 25 °C. The packing factor (rc) and the temperature
coefficient (1) are 0.804 and 0.405%/K, respectively. The diameter of the tubes is 9 mm, and the
number is 10. The tilt angle of the PVT collector is 30°, which is only used to estimate transmittance
of the cover glass in this study. Regarding to [14] the influence of the tilt angle on the transmittance
is irrelevant. The inlet temperature of the water-glycol coolant fluid is 20 °C. Table 1 summarizes the
main geometrical, thermo-physical, optical properties and the parameters of the PVT collector used
in the simulation and analyses.

Table 1. The geometrical, thermo-physical and optical properties of the photovoltaic-thermal (PVT)

collector.
Air Thermal . . .
Property Glass Gap PV Absorber Fluid Insulation  Unit
Emissivity (¢) 0.88 - 0.96 - - - -
Absorbance (a) 0.1 - 0.9 - - - -
Transmittance (T) 0.93 - - - - - -
Thickness (H) 0.004 0.02  0.0002 0.0002 - 0.015 m
Area (A) 2 2 1.6 2 - 2 m?
Mass flow - - - - 0.044 - kg/s
Density (o) 2200 - 2330 2702 1050 20 kg/m3
Specific heat (c) 670 - 900 800 3605 670 J/(kgK)
Thermal C(i;‘dumv“y 1.1 - 140 310 0615 0034  W/(mK)
1l TTTTTN pyy PV Bl
Glass - 'g" £ ] "1". \
Air Gap = |~ %
PV layer - 'p° h
I o=
absorber - "2 g L Sicell
Insulation”” Fluid- *f* ﬁ;;':;
a) b)

Figure 1. The PVT collector: (a) direct flow collector geometry; (b) cross section of the PVT collector [16].

The following assumptions are taken into account in the mathematical modelling:

e  The temperature distribution is uniform in the layers.

e Itis assumed that there are no heat losses through the edges.

e  The optical and thermal properties of the materials and fluids are constant.
e  No surrounding shading or dust is taken into account.

e  The thermal resistance between the layers is negligible.

e  The ambient temperature is equal around the PVT collector.
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2.2. Meteorological Data

The behavior of the PVT collector depends strongly on the meteorological conditions. The main
influence weather parameters are the solar irradiation, ambient temperature and wind speed. The
solar irradiation influences strongly on the electrical output of the PVT and it heats up the material
layers of the collector through radiative heat transfer. The ambient temperature and wind speed
influence on the temperatures of the PVT layers through the convective and conductive heat
transfer. The wind speed influences strongly the heat losses through the surface and back of the PVT
collector. In this paper, two different climate conditions are compared, and the behavior of the PVT
collector and PV panel under these conditions is investigated.

The selected meteorological conditions are at Tampere, Finland, and Strasbourg, France.
Tampere is the second largest city of Finland and the largest inland city in the Nordic countries. It is
located 180 km to the north from the capital city Helsinki. According to Koppen climate
classification Tampere has a typical subarctic climate border, which means that the ambient
temperature is above 10 °C only 3 months in a year. Tampere also borders on an isolated
warm-summer humid continental climate, which means that the winters are cold and summers are
cool to warm.

Strasbourg is located in the Central Europe in Northern France at the border with Germany. It is
the largest city of the Grand Est region of France. According to Koppen climate classification
Strasbourg has oceanic and semi-continental climate. This means warm and relatively sunny
summers and cool winters.

The hourly yearly meteorological data of Tampere is obtained from the experimental
measuring center of Tampere University. The similar data for Strasbourg is obtained from the
Meteonorm Database.

The following figures present samples of the hourly climate data of Tampere and Strasbourg.
Figure 2 shows the solar irradiation, ambient temperature and wind speed, respectively, during a
summer week in Tampere and Strasbourg.

In Figure 2a can be seen that during the summer period the solar irradiation in Tampere can
reach the same maximum values around 800 W/m? than in Strasbourg.

Figure 2b presents the ambient temperature, and it can be seen again that in Tampere
temperatures as high as in Strasbourg can be reached.

Figure 2c shows that the wind speed is more stable in Tampere and stays the most of the time
between 2.5 m/s to 5 m/s. In Strasbourg the wind speed is really low the most of the week with
values below 2.5 m/s but also really high values, over 5 m/s, during some periods of the week.

1000 Strasbourg
Tampere

500~

Global irradiation (W/m2)

Ambient temperature (¢
= 8
1 1

(&)
=]
T

L M |
Bl A
0 L 1

0 20 40 60 80
¢) Time (h)

Wind speed (m/s)

Figure 2. Climate conditions during the summer week in Tampere and Strasbourg: (a) solar
irradiation; (b) ambient temperature; (c) wind speed.
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Figure 3 shows the solar irradiation, ambient temperature and wind speed, respectively, during
a winter week in Tampere and Strasbourg.

Figure 3a shows the solar radiation at the end of December, which is the darkest time of the
year. It can be seen that the solar irradiation in Tampere is almost non-existent and the PVT collector
can produce neither electricity nor heat.

Figure 3b presents the ambient temperature, which reaches negative values in both Tampere
and Strasbourg.

Figure 3c presents the wind speed, which is slightly slower in Tampere during the winter
period than the summer period. On the other hand, in Strasbourg the wind speed is higher in winter
than in the summer period. The wind speed influences on the convective heat losses of the PVT
collector. The slow wind speed during the summer period can be seen as a benefit in terms of the
heat production due to reduced convective heat losses.

o
=
300
é Strasbourg
£ 200F —— Tampere
g=]
= 100F
3 A AL KD
g 0 | Ay F 1N y I LW 1 !
Ty G 0 20 40 60 80 100 120 140 160
_§ °=; a) Time (h)
© 2 10p
]
3 of e B =
= M S
5-10 T
EZO I L 1 L 1 I 1 1
:5) 0 20 40 60 80 100 120 140 160
~E b) Time (h)
<
£
=l
(5]
5]
o
7]
o
B
=

0 20 40 60 80 100 120 140 160
¢) Time (h)

Figure 3. Climate conditions during the winter week in Tampere and Strasbourg: (a) solar
irradiation; (b) ambient temperature; (c) wind speed.

Table 2 shows the monthly average outdoor temperatures in Tampere and Strasbourg based on
the statistics in [26,27].

Table 2. The monthly average outdoor temperatures used in the exergy analysis.

Month  Tampere, Average Temperature [°C] Strasbourg, Average Temperature [°C]

January —6.4 2.3
February -6.9 3.3
March -2.8 7.0
April 33 11.5
May 9.7 15.7
June 14.1 19.4
July 16.9 20.6
August 15 19.8
September 9.8 15.8
October 4.6 11.3
November -0.6 6.5

December -4.5 3.3
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2.3. Mathematical Model

A dynamic numerical model of the glazed flat-plate water-cooled PVT collector is presented in
this paper. The model is used to assess the energy and exergy performance of the PVT collector
under different climate conditions.

The PVT collector is modelled a layer by layer in order to see the temperatures of each layer and
the coolant fluid outlet temperature. In this paper the study of the energy and exergy performance is
conducted by looking at the control volume in Figure 4. The considered control volume composed of
a glass layer, PV panel, absorber plate, a grid of tubes for the coolant fluid flow and insulation.

Control volume ﬂp QD
S SR e e e .V.
Exergy of sun Qa0 Qg-ecv o G
Radiat::e loss %)nvectiveloss /z:/ ,Electncal Exergy

-
‘\\ ‘\‘ 2 /’ /'
’ s
\\ \\ ”f 'I Q
\ S e J Cov
bt (Y yed s
4

Cover glass, Tg 4

Thermal Exergy

|
|

|

|

|

- 1

i 4

Air ga ’, :
1

|

1

|

|

|

E,

electrlmty
PV layer, Ty, ]-galn
Absorber plate, T,

—

Leput £ ater tube Qus |
exergy o T,
& Insulation i Heat gain |
coolant
fluid ‘\ Qa- —e,CD
L ‘,,.Conductl\ e loss Exergy

destruction

Figure 4. The control volume and exergy flows of the PVT collector model.

2.3.1. Numerical Model of PVT for Energy Analysis

The energy analysis of the PVT collector is based on the first law of thermodynamics and
energy performance of the system can be evaluated based on the analysis. The analysis takes into
account the thermal and electrical efficiency of the PVT collector and thermal and electrical energy
produced by the collector during a certain time period.

The energy balance equations are developed and solved for each layer and the coolant fluid,
and for dynamic energy analysis [13].

The governing equations are based on the variation of internal energy in a physical body:

dT dU

c—=—;,

dt dt

The energy balance for the glass layer “g” considers on the right hand side the heat losses to the
environment consisting of the forced convective heat transfer due to wind (Qgecv) and radiative
losses (Qg-ekp). On the other hand, there is the convective and radiative heat transfer from the glass to

the PV layer in the air gap (Qg-pv.cv and Qgpv.rp) and heat absorbed by the glass Qg [13].

D

dT,
MgCg —— dt Qg eCV+Qg eRD+Qg vaV+Qg pvRD+Qg
= hg_ecvA(Te — Tg) + hg_e rpA(Tsky — Tg) 2
+hg—pv,CVA(Tpv - Tg) + hg—pv,RDA(Tpv - Tg)

+A(XgGirr,

The heat transfer coefficient of forced convection (hgecv) is expressed through the correlation
proposed by [28] and is widely used for numerical PVT models. The correlation covers the wind
speed from 0 to 10 m/s.
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m
5.7 + 3.8vy, for vy, < 5?
3)

hg—e,CV = m
6.47 +v,,*78 for v,, > 5? ,

The heat transfer coefficient of the radiative heat loss (hgerp) is calculated based on the
emissivity of glass (gg), the Stefan—Boltzmann constant (o = 5.67 x 108 W/m%/K%) and the equivalent
radiative temperature of the sky (Tsy). The temperature of the sky can be calculated as a linear
function of the ambient temperature and the sky cloud coverage in octaves (N) [25]. If clear sky
conditions are assumed or there is no data available on the cloud coverage, Equation (5) can be
further simplified to Equation (6), with less than 1% effect on the thermal and electrical output of the
system [29,30].

hg-erp = £g0(Tg” + Toiy*) (Tg + Toky), (4)
Teky = 0.0552T, " + 2.652N, (5)
Toy = 0.0552T, "%, (6)

The thermal coefficient of the gap (hgpv.cv) takes into account the convective heat transfer in the

air gap.
Nu,i Ky
Bgpvcv = @)
gap

The Nusselt number correlation for inclined plates, tilt angles from 0 to 60, is given by [31]. Hgap
and kair are the thickness of the air gap between glazing and PV layer and thermal conductivity of
air, respectively. The radiative coefficient between the glass and the PV panel (hg-pv.rp) is expressed

below:

1
hg pvrp = ﬁc(ng + Tow*)(Tg + Tpo), 8)

Epv &g
The thermal balance of the PV layer “pv” considers the convective and radiative heat transfer to
the PV layer (Qpv-gcv and Qpv-grp) from the glass layer, the conductive heat transfer to the absorber
layer (Qpv-acp) through the adhesive layer and the conductive heat transfer through the adhesive
layer to the tube at the tube bonding position, the heat absorbed by the PV layer (Qpv), and electricity
production (E).

dTpy
mpvcpv d—lt) = va—g,CV + va—g,RD + va—a,CD + va—t,CD + va —E=
= hg—pV.CVA(Tg - Tpv) + hpv—g,RDA(Tg - Tpv) + hpv—a,CDApv—a(Ta - Tpv) + (9)

hpv—t,CDApv—t(Tt - Tpv) + Girr(at)pv - GirrranL(T)'

The heat transfer coefficient in the air gap and the radiation coefficient are calculated in
Equations (7) and (8). (at)pv is the effective absorbance. In Equation (9):

Kadn
hpv—a,CD = Ha ) (10)

adh

D
Apv-a=A(1-32) (11)

H,,L
_ pv
Pov-teppy—t = Xpv , Hagn Hpv' (12)
kav kadh Do
W

Ko = (13)
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The PV converts a fraction of the solar radiation into the electricity. However, this also increases
the operation temperature Tpv, which causes a reduction of the electrical efficiency of the PV cell.
Due to this, the electrical efficiency of the PV depends linearly on the temperature Tpv, the
temperature coefficient frv and on the efficiency at standard conditions Trt. The efficiency is
calculated according to the following relation:

NeLery = Nste[1 = Bev(Tpy — Trer) |, (14)

o

The thermal balance of the absorber layer “a” considers the conductive heat transfer to the PV
layer (Qa-pvcp), the heat transfer to the fluid (Qat) and the heat loss to the exterior through the
insulation (Qa-e.cp).

dT,
macaF = Qa—pv,CD + Qa—t + Qaicp =
(15)
= ha—pv,CDAa(Tpv - Ta) + ha—tAa—t(Tt - Ta) + ha—i,CDAa—i(Ti - Ta)'
where,

wW-b 16
A=A (=) (16)
A,y = H,L, 17)

2Kk;
h,_ = _‘, (18)

Xa
2k; 19
hy; = ?i" (19)
_ (W-D,) (20)

W=

The heat transfer coefficient to the PV layer (ha-pv.cp) is the same as in Equation (10).
The energy balance for the tube bonding “t” considers the conductive heat transfer between the
absorber plate (Qtacp), PV layer (Qepv,cp), insulation (Qeicp) and the coolant fluid (Q-f).

dT
thtd—tt = Qt—pv,cp + Qt—acp + Qi—icp + Qe =
= he—pvcpBpv—t(Tpy = Tt) + heeaBao(Ta — To) + heoj epAci(Ti — Tp) (21)

+he_ (A (Tr — To),

where,
Ap-f = mD;L, (22)
g
Ay = (E +1) DL, (23)
The heat transfer coefficient of the fluid depends on the type of flow (laminar or turbulent) [32].
K¢
4.36—, for Re < 2300
Dy
k
he_s = { 0.023 D—fReO-BPrO-‘*, for Re > 2300 (24)
H
ke .
2—, form = 0 kg/s
Dy

The energy balance for the insulation “i” considers the heat transfer from the absorber plate,
tube and to the environment due to conductive and convective heat loss.

aTi _ 5. . =
5 = Qi-acp + Qi—tep + Qe-ecptcv = (25)

= hy_icpAazi(Ta = Ti) + hemjcpAi(Te — T) + hi_e cp+cvA(Te — Th),

m; C;
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The energy balance for the coolant fluid “f” considers the thermal energy coming from the tube
(Qt+) and the heat accumulated by the fluid (Qr) as follows:
dT; i
meCr— = Qr-a + Qs = he_pAe—g(Ty = Tp) + tice(Tein — Trout)s (26)
The heat transfer coefficient of the coolant fluid (htf) is calculated in Equation (24). Tt is the

mean temperature of the fluid. The mass flow rate of the fluid in the channels is m (kg/s) and Ttin
and Tiou are the inlet and outlet temperatures of the fluid, respectively.

T = 0.5Tin + 0.5T; oue, (27)

The full derivation of the governing equations is presented by Chow [13]. The Equations (2), (9),
(15), (21), (25) and (26) are implemented to assess the energy performance of the PVT collector. The
following thermal, electrical and overall efficiencies can be calculated:

E
Nel = 5= (28)
AGirr
rhcf(Tfout - Tfin)

= 29
Nth AGirr (29)

mee(Troue — Trin) + E
Noverall = OHAG. = (30)

irr

2.3.2. Numerical Model for Exergy Analysis

Compared to energy analysis the exergy analysis is based on the Second Law of
Thermodynamics and takes into account the quality of energy. The exergy balance of the system can

D Bxin = ) (Bxy + Bxa) = ) Exg, (31)

In the case of PVT collector the exergy flow to the system (Exin) comes from solar irradiation.
However, solar irradiation is not seen as pure exergy and due to this a conversation coefficient is

be expressed as follows:

included in the calculation of the PVT incoming exergy [10]:

Ex;y = ANJGyo [ 1 4T°+1(T°)4 (32)
Hin = e 3Tsol 3 Tsol '

In Equation (32) Tsi is the solar temperature and To is the reference temperature which
according to the literature should be a constant, for example, To = 20 °C, To = 25 °C or the average
temperature of the month. In this study, the monthly average outdoor temperatures, presented in
Section 2.2., were used in the exergy analysis as reference temperatures. N. is the number of the
collectors.

Electric energy is seen as pure exergy, but the exergy content of thermal energy depends on the
temperature at which the heat is made available. In the model, the exergy of thermal (Exw) and
electric (Exe1) energy are respectively calculated as follows [5]:

o Tout
Exg, = mce |(Toue — Tin) — Toln T | (33)

n

EXel = T]vairrrA (34)

where npv presents the PV cell efficiency and r is a packing factor which is a ratio of PV cell area to
the collector area. By Equations (32)-(34) both thermal (&) and electrical exergy (Ea) efficiencies and
the overall exergy efficiency () of the PVT collector can be calculated as follows:

EXtn
§h = Fxy (35)
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EXe]

Appel (36)
Ex 1 + EXth
Eoverall = eET (37)

2.3.3. Model Validation

In order to conduct the energy and exergy analysis and design optimization of the PVT, the
implemented numerical model was validated by comparing the model results to the experimental
data shown in [14] in the same steady-state condition: solar radiation 800 W/m? ambient
temperature 30 °C and wind speed 1 m/s, and is presented in Figure 5. The model is in good
agreement with the experimental data of the reference.

The numerical PVT model was used to plot the variation of the electrical and thermal
efficiencies against the reduced temperature in Equation (38).

« Ti - Te
T G (38)

The reduced temperature takes into account that the thermal efficiency depends on inlet and

environment temperature and global solar irradiation.

0.7 T T

= = = = Simulink model
Experimental Bhattarai et al. [14]

Thermal efficiency
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o
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Efficiency
o
S

03r

0.2 Flectrical efficiency

0.1
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Figure 5. Simulated thermal and electrical efficiencies as a function of the reduced temperature.

The PVT thermal efficiency of 58.87% and electrical efficiency of 13.69% under zero reduced
temperature conditions were reported in [14]. In Figure 5, the corresponding values from the
Simulink model are 60.97% and 13.01%. The good agreement with the experimental data allows the
model to be used for the energy and exergy analysis and optimization in this study.

3. Multi-Objective Optimization of PVT Collector

The energy and exergy performance analyses based on the simulations of the PVT model show
a conflict between performance parameters, such as thermal and electrical energy and exergy
efficiencies, as functions of various decision variables. The electrical efficiency of the PV panel
decreases when the operating temperature of the collector increases. On the other hand, increased
operating temperature leads to the higher thermal energy and exergy efficiency. This means that
both efficiencies cannot be directly maximized at the same time, but a solution has to be found,
which satisfies both trade-off objectives (electrical and thermal exergy efficiencies in this study) at
the same time. The thermal simulations of the PVT system alone do not provide a set of optimal
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solutions of decision variables in terms of thermal and electrical exergy efficiencies. This set can be
found by using the multi-objective optimization (MOO) technique with an evolutionary algorithm.

Multi-Objective Optimization Using Gamultiobj Function

In this study, the Matlab function called gamultiobj of the Global Optimization Toolbox is used
to run the multi-objective optimization of the PVT collector design. The gamultiobj function creates a
set of optimal solutions in the space of decision variables on the Pareto front. The function uses a
controlled, elitist genetic algorithm, which is a variant of NSGA-II [33]. Generally, the
multi-objective optimization problem of two or more conflicting objectives is described
mathematically as follows [2]:

Minimized/Maximized fu(x), m=1,2,....M;
Subject to gi(x) 20,j=1,2,....J;
h(x)=0,k=12,...K;
xi<x<xW, i=1,2,...n;

In this formulation, the objective functions are minimized or maximized subject to certain
constraints.

In this work, the overall electrical and thermal exergy efficiencies are two objectives to be
optimized. Due to the fact that the NSGA-II is a minimization tool, the objective functions are
multiplied by (1) in order to get the maximum values [2]. The 2-dimensional optimization problem
of the exergy efficiencies is formulated as follows:

To minimize:

Exq) _ _'nSTC[1 - BPV(Tpv - Tref)] GirrApv _

) =-— = —&el,
1) EXin AN.G <1 _g&_l_l(&)‘* el (39)
cHirr 3 Tsol 3 Tsol
0 Tout
Exq, mce [(Tout —Tin) — Tolnﬁ
fL(x) =— = — = —
T BT e (1A L)) “o
cHirr 3 Tsol 3 Tsol

where £a and & are the electrical and thermal exergy efficiencies, respectively.

The optimization decision variables were selected based on the sensitivity analysis, which has
shown the most sensible parameters of the PVT collector operation in terms of exergy efficiencies.
These parameters are the cooling-water mass flow, inlet temperature, air gap thickness between the
cover glass and PV module and insulation thickness. Table 3 presents the decision variables to be
optimized and their upper and lower bounds to be used in the optimization.

Table 3. Decision variables for multi-objective optimization problem.

Symbol Decision Variable Bounds Unit
m Fluid mass flow rate 0.0083 <x(1)<0.044 kg/s
Tin Inlet temperature 15<x(2)<45 °C

Higap Air gap thickness 0.02<x(3)=0.25 m
Hi Insulation thickness  0.015 < x(4) <0.09 m

4. Results and Discussion

First, the dynamic model is used to evaluate annual energy and exergy performance of the PVT
collector under two different climate conditions described in Section 2. The main performance
differences between two selected climate conditions are revealed and assessed. Additionally, a
comparison between the PVT and PV panel performance under the described climate conditions is
conducted. The main focus of the comparison is on the electrical output, operating temperature and
on the impact of the PVT packing factor. Secondly, the results of the multi-objective optimization are
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presented and discussed. The selected optimized PVT designs are compared to the PV panel
performance.

4.1. Simulation Results

Hourly simulations were conducted with the dynamic PVT model. The electrical power output
of the PVT collector was illustrated during the summer and winter weeks. The summer week was
selected to present a good summer week in Tampere and Strasbourg. Because of the northern
location of Tampere, the selected summer week in Tampere was at the end of June, and in
Strasbourg in the beginning of August. The winter week was in both cases at the end of December.

Figure 6 presents generated electrical power, which reached the same maximum level, around
200 W, in the northern and southern locations during the summer week. However, during the winter
week, solar irradiation is almost non-existent in the northern location because of the polar night and
the electrical power generation is zero. In the southern location, there is still the possibility for
electric power generation during the winter week.

Strasbourg
— Tampere

E
St
L
=
5
a ! \
2 80 100 120 140
2 (a) Time (h)
©
w100 T T T
;13 sl Strasbourg
3 — Tampere
>
o 60f
40
il 7'!\ ;[\ m ﬁ\
0 . A A VA ik L L4 | M
0 20 40 60 80 100 120 140 160
(b) Time (h)

Figure 6. Exergy of electrical power during: (a) summer week; (b) winter week.

The PV cell efficiency is influenced by its operating temperature. The electrical exergy efficiency
is always slightly higher than the electrical energy efficiency because solar irradiation is not seen as
pure exergy but is reduced by the factor in Equation (32). Figure 7 shows the simulation of the PVT
layer temperatures over a day and how the electrical efficiency decreased when ambient, collector
surface and coolant fluid outlet temperatures increased, and vice versa. On the other hand, an
increase in the collector temperature results in the higher thermal efficiency due to the better heat
transfer to the coolant fluid. In other words, when operating a PVT collector, both electrical and
thermal efficiencies cannot be maximized at the same time.
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Figure 7. The electrical exergy efficiency, PVT surface, fluid outlet and ambient temperature during a
summer day.

Next, the annual energy and exergy production and efficiencies were simulated and analyzed
monthly. The thermal exergy generation and efficiency are influenced by the ambient temperature.
To evaluate these parameters fairly under the different climate conditions, the reference temperature
for the exergy analysis was selected to be an average outdoor temperature of the considered month
based on the statistics. The monthly average temperatures for Tampere were taken from [26] and
Strasbourg from [27].

Figure 8 shows the monthly thermal and electrical efficiencies in Tampere and Strasbourg over
a year. It reveals that the monthly electrical efficiency reached 0.4-6.8% higher values in the northern
location due to the cooler climate conditions and lower PV operating temperature. However, during
the summer months, the efficiency was 13.8% in both locations. The thermal efficiency did not
realise zero values in Strasbourg, but in Tampere, the thermal energy production was zero during
January, November and December. The thermal efficiency varied the most between two locations in
mid-summer. In June the thermal efficiency suffered due to the rainy summer weather of the
northern location. In the southern location, the summer weather was more stable, and there was no
sign of a significant drop in efficiency.
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Figure 8. Monthly electrical and thermal efficiencies over year in Tampere and Strasbourg.

The energy performance results show that there was no significant difference between the
northern and southern location in terms of maximum thermal and electrical efficiencies. Next, the
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analysis of the exergy efficiencies is conducted to reveal the quality of the energy produced in the
northern and southern location.

The monthly thermal and electrical exergy efficiencies in Tampere and Strasbourg are shown in
Figure 9. The results show that although the thermal efficiency in Tampere and Strasbourg followed
a similar shape over the year, the thermal exergy efficiency did not show the same trend between the
locations. The comparison of Figure 9a,b reveals that the highest thermal exergy efficiency of 2.47%
was reached in Tampere in May and in Strasbourg already in March 1.62% although the highest
thermal efficiencies of 62% and 58.4%, respectively, were reached in both locations in July. The
thermal exergy efficiencies were significantly lower than the thermal energy efficiencies. That means
the PVT collector can convert the available solar energy well into useful heat, but it happens close to
the reference ambient temperature. The useful heat has low quality in terms of its ability to do
mechanical work.

After reaching the highest point, the thermal exergy efficiency decreased in both locations due
to increased ambient temperature of the summer weather conditions. After the summer months
June, July and August, the thermal exergy efficiency increased to the same level than before the
summer months in the southern location but in the northern location the efficiency did not increase
after summer months due to decreasing ambient temperature and amount of solar irradiation.

The thermal exergy efficiency was 44-255% higher in Tampere between April and September
than in Strasbourg due to good solar irradiation level but relatively lower monthly average outdoor
temperatures presented in Table 2. The study of the thermal exergy efficiency revealed that thermal
energy produced has higher quality in the northern location than the southern.
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Figure 9. Thermal, electrical and overall monthly exergy efficiencies in (a) Tampere and (b)
Strasbourg.

The electrical exergy efficiency behaved similarly to the electrical energy efficiency and
achieved slightly higher values in the northern location than the southern due to the lower ambient
temperature and lower PV cell operating temperature. However, during the summer months, the
electrical exergy efficiency reached the same values in both locations.

Table 4 summarizes the annual energy and exergy production in Tampere and Strasbourg. The
thermal energy production and solar gain in Strasbourg were 8.4% and 6.2%, respectively, higher
than in Tampere. However, the thermal energy produced in the northern location was of “higher
quality” because the thermal exergy production in Tampere was 72.9% higher than in Strasbourg.
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Although the results showed that the electrical energy and exergy efficiencies were slightly
higher in Tampere most of the year, the yearly produced electrical energy and exergy were 5.8%
higher in Strasbourg than in Tampere due to the 6.2% higher solar irradiation to the collector area in
Strasbourg.

The total annual energy production was 7.8% higher in Strasbourg than in Tampere. However,
the results show that the total exergy production was only 1.27% higher in Strasbourg than in
Tampere, although the solar exergy gain was 6% higher.

Table 4. Simulation results of the energy and exergy analysis.

Production Strasbourg [kWh/year] Tampere [kWh/year]

Emn 992.1 915.5
Eel 305.5 288.8
Ein 2191.8 2064.8
Exn 17.4 30.1
ExXel 305.5 288.8
Exin 2046.2 1930

4.2. Comparison between PVT Collector and Photovoltaic (PV) Panel

A comparison between the PVT collector and PV panel was conducted using simulation
models. The PV panel was simulated with the PV generator-block of the open-source CARNOT
Toolbox [24]. The PV panel and PVT collector had the same area of 2 m? and the same reference cell
efficiency of 17.3%.

Implementing a water-based cooling system underneath the PV layer of the PVT collector
reduces the PV cell operating temperature and enhances its efficiency. Figure 10 presents the PV cell
operating temperatures and efficiencies during three selected summer days in Tampere and
Strasbourg. The corresponding weather conditions are presented in Figure 2 in Section 2.
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Figure 10. The PV cell operating temperatures and electrical efficiency (a) in Tampere and (b) in
Strasbourg during the three summer days.

Over the summer days in Figure 10, the PV cell operating temperatures were significantly
higher within the PV panel than in the PVT collector. In both locations, the maximum operating
temperature of the PV was around 48 °C and of the PVT collector 30 °C. Due to the cooling effect of
the water mass flow underneath the PV layer in the PVT collector, the maximum increase in the
electrical efficiency was around 1.1 percentage point during the second summer day in Strasbourg.
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Despite the same PVT collector and PV panel area, the electrical energy production of the PVT
collector is influenced by the packing factor (rc) of the collector. However, this is not a case in the PV
panels that are fully covered with the PV cells. Because of the packing factor, the better cell efficiency
in the PVT collector does not always lead to higher electricity production compared to the PV panel.

The impact of the packing factor on the PV cell operating temperature and electrical energy
production of the PVT collector was studied in comparison to the PV panel. Figure 11 presents the
monthly maximum temperatures of the PV panel and PVT collector with the different packing
factors of 0.6, 0.8 (base case) and 1 in Tampere and Strasbourg.

60

]
W
S

Aax. Temperature [°C

=

S

10

b) Months

Figure 11. Monthly maximum PV cell operating temperatures of the PV panel and PVT collector with
different packing factors in (a) Tampere and (b) Strasbourg.

The results in Figure 11 indicate that the packing factor had only a slight influence on the PV
cell operating temperature of the PVT collector. The PVT with the packing factor of 0.6 had 1% to 5%
higher maximum operating temperatures over year than the fully packed collector. In both locations,
the monthly maximum PV cell operating temperatures of the PV panel were significantly higher,
from 11 to 27 °C, from April to September/October than in the PVT collector. The maximum
operating temperature of the PV panel in both locations was around 60 °C and 35 °C for the PVT
collector.

Figures 12 and 13 present the monthly electrical output of the PV panel and the PVT collector
with different packing factors in Tampere and Strasbourg, respectively.
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Figure 12. Monthly electrical output of the PV panel and PVT collector with different packing factors
in Tampere, Finland.
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Figure 13. Monthly electrical output of the PV panel and PVT collector with different packing factors
in Strasbourg, France.

A typical PVT collector has a packing factor of 0.8, and that is used as a base case in this study.
With this typical design, the monthly electrical output of the PV and PVT were only slightly different
in both locations. The PV panel had higher electrical output during winter and spring months from
January to April and October to December because of the lower ambient temperatures. However,
during the warmer months from May to September, the electrical output of the PVT was higher than
PV due to higher ambient temperatures, solar radiation and the cooling effect of the PVT.

In Tampere, the maximum PVT electrical output was 34 kWh/m? in May and in Strasbourg 29.5
kWh/m? in July. The annual electrical output of the PV panel and base case PVT collector was 142.7
kWh/m? and 144.4 kWh/m?, respectively, in Tampere. This result indicates that although the packing
factor of the PVT was 80%, 1.2% higher electrical output was reached because of the cooling effect
underneath the PV cells. In Strasbourg, the annual electrical output of the base case PVT collector
was 1.5% higher than from the PV panel resulting in 152.8 kWh/m? and 150.5 kWh/m? electrical
energy yield, respectively. In Strasbourg, the annual electrical output of the fully packed PVT
collector was 190.2 kWh/m?, which is 26.4% more electrical output than from the PV panel. In
Tampere, the fully packed PVT produced annually 180.1 kWh/m?, which is 26.2% more electrical
output than from the PV panel.
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4.3. Multi-Objective Optimization

The simulation-based multi-objective optimization process was conducted. The main objective
was to find different optimal design solutions for the PVT collector depending on its operational
purpose, which can be defined by the user. Additionally, the objective was to study the impact of the
decision variables, such as water mass flow rate and inlet temperature, on the comparison between
the PV panel and PVT collector electrical output and PV cell operating temperature.

First, the selected decision variables were varied and the initial population and score matrixes
for the genetic algorithm were generated by the simulation model. These matrices were given for the
gamultiobj-function, which started the iterative process by evaluating the fitness function with the
simulation model and making selection, crossover and mutation of the population. Based on this
process, a new population or generation was created. The new generations were created as long as a
stopping criterion was met. The criterion was the number of generations. The multi-objective
optimization process is described in Figure 14.

Definition of
Objective functions,
Optimization variables

Input data
*  Weather data PVT model
System parameters simulation/Simulink
Decision variables
Generation of Initial
Population and Initial
Score matrices
Model simulation
Numberof gamultiobj-function N *  Evaluation of
Benerations Selection, crossover, mutation of abjactive funceiohs
Op?lmlzatlon individuals in the initial
variables population
* Constraints m

New . Stopping . Pareto
population/generation criteria front

Figure 14. The simulation based multi-objective optimization process.

The optimization was conducted with steady-state weather conditions that were defined to be
the following: solar irradiation of 500 W/m?, ambient temperature of 16 °C and wind speed of 2 m/s.
These conditions present average weather conditions in Tampere and Strasbourg during the best
PVT operation months. The selected decision variables of the optimization are discussed in Section
4. The other parameters are presented in Section 2. The relation of the variables to the electrical and
thermal exergy efficiencies are shown in Figure 15.
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Figure 15. The sensitivity of the decision variables to electrical and thermal exergy efficiencies: (a)
mass flow rate, (b) inlet temperature, (c) air gap thickness and (d) insulation thickness.

Figure 15 presents the sensitivity of the decision variables to the electrical and thermal exergy
efficiencies. The main findings of the sensitivity analysis are following. Increasing the mass flow rate
of the coolant fluid increases the electrical exergy efficiency due to increasing cooling effect. First, the
electrical exergy efficiency increases strongly. On the other hand, if the coolant mass flow is
increased too much, the thermal efficiency is decreased. Increasing the inlet temperature of the
coolant fluid increases the thermal exergy efficiency at a certain point. However, the electrical
efficiency suffers when increasing the inlet temperature due to the higher operating temperature.
The insulation and air gap thickness have a strong influence on the thermal exergy efficiency until 10
cm.

Figure 15 shows that all decisions variables can reach an optimal value at certain point but they
are also depending on each other. Conducting a multi-objective optimization takes into account the
relation between these variables and the optimal solution may be different than when investigating a
single variable.

After studying the sensitivity of the selected decision variables, the thermal and electrical
exergy efficiencies were selected to be objective functions and the optimization problem was solved
using the gamultiobj function of Matlab Global Optimization Toolbox. The function is based on
NSGA-II algorithm. In this study, the set of the optimal solutions called Pareto front is obtained with
the generation number of 160 and the population size of 192.

Figure 16 shows the obtained Pareto front of the solutions derived with the defined weather
conditions. The decision variables are also shown for three selected solution points. The values of the
variables showed the same behavior as in Figure 15a-d. From the Pareto front three solution levels
were derived depending on the priority of the PVT operation:

e  Electric-driven: the priority is to maximize electricity production within the Pareto optimal;

e  Thermal exergy-driven: the priority is to maximize thermal exergy production within the
Pareto optimal;

e  Trade-off solution: the priority is to produce optimally electricity and thermal exergy within the
Pareto optimal front.

Based on the Pareto front in Figure 16, the electric-driven solution was characterized by the
high mass flow rate of 158.4 kg/h, thinner air gap thickness of 13 cm, low inlet temperature of 15.1 °C
and insulation thickness of 3 cm. The thermal exergy-driven solution was characterized by the low
mass flow rate of 44.6 kg/h, high inlet temperature of 30.8 °C, thick air gap thickness of 19.3 cm and
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thicker insulation thickness of 9 cm. The trade-off solution was similarly characterized than thermal
exergy solution, but the mass flow rate was higher, resulting as 86.4 kg/h, and lower inlet

temperature of 23 °C was allowed.
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Figure 16. The Pareto optimal front in the objective space of the electrical and thermal exergy

efficiencies.

To see how the decision variables, such as mass flow and inlet temperature, influence the
comparison between PVT collector and PV panel, three different optimal PVT designs, shown in
Figure 16, were simulated under the climate conditions of Strasbourg. The results were compared
with the PV panel performance. Figure 17 shows the monthly maximum PV cell operating

temperatures in the PVT collectors and the PV panel.
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Figure 17. Monthly maximum PV cell operating temperatures in the PV panel and optimal PVT

designs.

Figure 17 shows that the lowest maximum PV cell temperatures were reached if the electric-
driven design was selected. The maximum temperature was only 29 °C during the summer period.



Energies 2020, 13, 5106 22 of 27

At the same time, the PV panel reached its maximum temperature of 61.2 °C. The lowest maximum
PV cell temperatures were reached due to the high mass flow of 158.4 kg/h and low inlet
temperature of 15.1 °C. On the other hand, if the mass flow was decreased, and the inlet temperature
increased to maximize thermal exergy production, the significantly higher PV cell operating
temperatures with a maximum of 51 °C resulted. That is shown in Figure 17 with the thermal
exergy-driven PVT design. However, the maximum cell temperatures were still around 10 °C lower
during the summer period than in the PV panel. During the beginning and end of the year, the PV
cell operating temperatures were higher in the PVT than in PV because of the heat production in the
lower ambient temperature.

Figure 18 shows how different decision variables influence the electricity production of the PVT
collector compared to the PV panel.

25

#@PV

HPVTel
PVT trade off
m PVT thermal

Monthly electrical output [kWh/m2]

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

Figure 18. Monthly electrical output of the PV panel and three optimal PVT designs.

The results show that the high mass flow rate and low inlet temperature resulted in the higher
electrical output during the warmest months from April to September compared to the PV panel
electrical output. The annual electricity production of the PV panel was 150.5 kWh/m?, and the
electric-driven PVT design produced 155.1 kWh/m?, which is 3% more, although the packing factor
was 0.8. The annual electrical output of the trade-off design was 149.1 kWh/m?, which is only 1% less
than from the PV panel.

If the mass flow was reduced and the inlet temperature increased significantly, the electrical
output was lower than in the PV panel during each month. The annual production was 144.2
kWh/m?, which is 4.2% less than from the PV panel. However, the production was not significantly
lower than from the PV output if taking into account the beneficial thermal output of the PVT
collector as well. Based on the simulation results in Section 4.2., it could be assumed that the fully
packed thermal exergy-driven PVT design could produce higher electrical output than the PV panel.

Figure 19 presents the produced thermal exergy of the base case PVT and three optimal PVT
designs of the Pareto front.
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Figure 19. Monthly thermal exergy of different PVT designs.

Produced thermal exergy indicates the quality of the produced thermal energy and its ability to
do mechanical work at the reference ambient temperature. Figure 19 shows that the produced
thermal exergy was even negative in the case of the electric-driven PVT design in which the mass
flow rate was high, inlet temperature low and the insulation thinner. This means that the thermal
energy was produced really close to or even below the reference ambient temperature and that leads
to poor quality of the produced thermal energy.

As a conclusion, the optimization results indicated that maximizing the thermal exergy
efficiency of the PVT collector results in the high inlet temperature, low mass flow rate and thicker
insulation. These variables resulted in increasing PV cell operating temperatures that were,
however, still lower than in the PV panel during the warmest months. The electricity yield was 4.2%
lower, but as a fully packed PVT collector, the electrical output would be higher than from the PV
panel. For a PVT building application, these results show that optimizing the high-quality energy
output of the PVT collector allows the higher inlet temperature and low mass flow rate from heat
storage and still the electrical output is competitive compared to the PV panel.

5. Conclusions

The objective and novelty of this study were to conduct energy and exergy analysis of the PVT
performance under two different European climate conditions in Tampere, Finland and Strasbourg,
France. The dynamic model of the water-cooled PVT collector was implemented in Matlab/Simulink
to assess the collector performance under varying weather conditions. Additionally, the objective
was to conduct a numerical comparison between the PVT collector and PV panel in terms of the PV
cell operating temperature, efficiency and electrical output. In the first comparison, the packing
factor of the PVT collector was varying, and its influence on the operating temperature and electrical
output was investigated.

The main findings of the energy and exergy analyses were:

e  Despite the northern location of Tampere, the similar electric power generation conditions were
reached during the summer period than in Strasbourg.

e  The monthly electrical efficiency reached 0.4-6.8% higher values in the northern location due to
the cooler ambient conditions and lower PV cell operating temperature. However, during the
summer months, the electrical efficiency was 13.8% in both locations.

e  The annual thermal and electrical energy production and solar gain were 8.4%, 5.8% and 6.2%,
respectively, higher in Strasbourg than Tampere. The total annual energy production was 7.7%
higher in Strasbourg.

e Based on the exergy analysis, the thermal energy produced in the northern location of Tampere
was of “higher quality” because the thermal exergy production in Tampere was 72.9% higher



Energies 2020, 13, 5106 24 of 27

than Strasbourg. However, the total exergy production was 1.27% higher in Strasbourg than
Tampere because of 5.8% higher electrical exergy production.

e  The climate conditions with high solar irradiation but relatively low temperatures are favorable
for thermal exergy production.

The results of the analyses lead to the conclusion that in terms of exergy efficiency, the PVT
collector should be considered in thermal energy production, especially in the northern locations,
such as Finland. In the southern locations with higher average outdoor temperatures, the low-grade
thermal energy production is less efficient due to the smaller temperature difference between the
produced heat and ambient temperature.

The comparison between the PVT and PV performance resulted in the following main findings:

e In both locations, the monthly maximum PVT operating temperatures were lower than in the
PV panel. The maximum operating temperature of the PVT was around 32-35 °C and of the PV
60-61 °C. The lower operating temperatures resulted in around 1%-unit higher cell efficiency in
the PVT compared to the PV panel.

e  The electrical output was significantly influenced by the PVT packing factor. The fully packed
PVT collector resulted in the 26% higher annual electrical output than the PV panel.

e  The PVT collector had a higher electrical output during the summer months compared to the
PV panel.

e  The annual PVT electrical output is competitive with the PV panel.

The other contribution of this paper was to propose an approach to derive optimized designs
for different operational purposes of the PVT collector. The multi-objective optimization approach,
based on the genetic algorithm, suitable for the PVT collector design optimization, was
demonstrated in this paper. The Pareto front was derived for the defined optimization problem and
used to define the optimal design solutions for three different operational purposes. The derived
PVT design solutions were compared to the PV panel. The main focus was to find out if the PVT was
still competitive with the PV panel electrical output, after maximizing its thermal exergy efficiency
within the Pareto front.

Maximizing the thermal exergy efficiency resulted in the low mass flow rate, high inlet
temperature and thicker insulation. These variables also increased the PV cell operating temperature,
which reduces the PV cell efficiency. However, the results indicated that the yearly PVT electrical
output was only 4.2% lower than from the PV panel. In this case, the PVT collector was 80% covered.
Based on the simulation results with the different packing factors, the fully packed PVT collector can
result in higher electrical output than from the PV panel. This fact makes the thermal exergy- driven
PVT collector competitive compared to the PV panel in the building applications that require
high-quality electrical and thermal output.

In the literature, Evola and Marletta [11] found that the optimal PVT inlet temperature was
around 40 °C in terms of the thermal exergy efficiency. However, the multi-objective optimization
results of this study showed that the inlet temperature can be lower than 40 °C to optimize thermal
exergy efficiency if the design parameters, such as air gap thickness and insulation were adjusted as
well. In the Pareto front, the maximum inlet temperature was 30 °C. The results showed that
compared to the typical PVT configuration, used in the energy and exergy analysis of this study, the
optimization gave a new collector configuration with much lower mass flow rate, and thicker air gap
and insulation. The use of a lower mass flow rate has a benefit of required lower pumping power in
a building application with heat storage.

The optimization results revealed that the multi-objective optimization with the genetic
algorithm can be used to define the optimal design of the PVT collector for different operational
purposes.

In future work, an investigation of using the design optimization approach with the genetic
algorithm to the dynamic hybrid system model including PVT collectors, energy storage and
demand-side with an electric car will be conducted. A 3E (energy, exergy, economic) analysis of a
hybrid system should be conducted based on yearly simulations.
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Nomenclature
A area, m2
c specific heat, J/(kg K)
D diameter, m
E DC power, energy, W
Ex exergy, W
G solar irradiation density, W/m?
H thickness, m
h heat transfer coefficient, W/(m?2 K)
k thermal conductivity, W/(mK)
L length, m
M number of objectives
m mass, kg
rh mass flow rate, kg/s
N number of collectors
Nu  Nusselt number
P power, W
Pr Prandlt number
Q heat flux, W
Re Reynolds number
r packing factor
T temperature, °C, K
T reduced temperature, K m?/W
U internal energy, J
v wind speed, m/s
W tube spacing, m
Greek symbols
n efficiency
a absorbance
(at) effective absorbance
B temperature coefficient, %/K
€ emissivity
S exergy efficiency
T transmittance
0 density, kg/m?
Stefan—Boltzmann constant,
7 W/myKs
Subscripts
a absorber
adh  adhesive layer
c collector
CD  conduction
CV  convection
d destruction
e environment
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el electrical

f fluid

fin fluid inlet
four  fluid outlet
g glass cover
gap air gap

irr  irradiation
o outer

pv  photovoltaic
PVgz  photovoltaic glass
RD  radiation
sol  solar

ted tedlar layer
th thermal

tot  total
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