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Abstract

This paper proposes a dynamic model of a solar-based micro-cogeneration system called
photovoltaic-thermal (PVT) collector to perform a design optimization of the multi-stage
PVT system. The parametric study reveals the most important design parameters influ-
encing the water-based flat-plate PVT system performance. The analysis also shows an
existing trade-off between thermal and electrical efficiencies during the PVT operation. A
novel exergy-based multi-objective design optimization method is demonstrated to find a
trade-off design solution of the multi-stage PV'T' collector which compromises between
the electrical and thermal exergy efficiencies under different weather conditions. The elec-
trical and thermal exergy efficiencies are defined to be the objective functions of the
Matlab gamultiobj-function, which is a multi-objective evolutionary algorithm using non-
dominated sorting genetic algorithm-I1I (NSGA-II). As a result of the algorithm, the Pareto
optimal sets were derived that revealed the optimal solutions taking into account the trade-
off nature of the optimization problem. The decision-making method called an ideal point
method was used in the decision-making process to find the final optimal solutions for
different weather conditions. The results revealed that the optimal number of the PVT
collectors in series depended on the weather conditions and decreased from 3 to 2 if the

conditions got cooler.

1 | INTRODUCTION

The building sector has a high impact on greenhouse gas emis-
sions and final energy consumption in the European Union
(EU) by being the largest energy end-use sector with a share of
41% [1]. Renewable energy production is getting a stronger role
in energy production. Micro combined heat and power (micro-
CHP), or co-generation, systems are operating in the build-
ing sector to produce simultaneously from a single fuel source
heat and power at high efficiency and close to the consumption
point. The systems are used to produce on-site energy for space
heating, domestic hot water (DHW) and electricity demand. The
European Parliament has defined the micro-cogeneration to be
the units up to an electrical output of 50 kW [2]. However,
micro-CHP commonly refers to units up to 15 kW of electri-
cal power [3]. The renewable energy-based micro-CHP systems
are in a key role in reaching the primary energy and pollutant
emissions reduction targets of the EU [4].

Solar energy can be counted to be an inexhaustible source
of energy, and its use does not depend on the energy markets.
At the moment, solar energy is mostly deployed in the build-
ing sector in terms of photovoltaic (PV) panels and thermal
collectors [5]. 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 system that produces electricity by the PV module
and useful heat by cooling the PV module with a coolant circu-
lation. That leads to increased overall system efficiency but also
an increasing electrical efficiency due to the decreased opera-
tion temperature of the PV module [5]. Zhang et al. [6] argued
that the most commonly used and installed PVT technologies
are air- and water-based collectors. The popularity of the water-
based PVT collector is increasing due to its ability to increase
the electrical efficiency and better thermal energy utilization
in DHW and space heating. The highly dynamic and weather
dependent operation of a single PVT collector is widely studied
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in the literature, and a range of theoretical PVT models has been
introduced and validated in [5, 7-11]. However, the N number
of the PVT collectors can be connected in series to increase the
coolant outlet temperature and produce more thermal energy at
a higher quality than from a single collector. This kind of multi-
stage PVT collector can be used in several applications. In the
building sector, the multi-stage PVT collector can be integrated
with energy storages, such as thermal storage, battery systems
and electrical vehicles (EV). On the other hand, the multi-stage
PVT collector is useful for other applications as well. Sahota
and Tiwari [12] conducted a review on N series-connected PVT
systems. They explored different PVT applications, such as flat
plate PVT collectors with solar still and greenhouse dryer. Liang
et al. [13] studied the performance of PVT collectors connected
in series. They performed a numerical and experimental study,
in which six PVT collectors were connected in seties resulting
in a total amount of 36 collectors. They analysed coolant fluid
outlet temperature, PV module temperature, and electrical and
thermal efficiencies. Dubey and Tiwari [14] studied flat plate
water PVT collectors in series and calculated energy and exergy
yield by varying the number of collectors under four different
weather conditions in India. They discovered that increasing
the mass flow and the number of collectors increased thermal
energy gain but only until a certain point.

The performance of the multi-stage PVT system can be anal-
ysed in terms of energy and exergy analysis. The energy analysis
concerns only the quantity aspects related to the energy pro-
duction of the system neglecting the quality aspect. For this rea-
son, the exergy method is used to complete the energy assess-
ment of the system. The exergy method takes into account the
quality of the produced energy as an ability to work at the tem-
perature, at which a certain energy flow is available. Evola and
Matletta [15] performed an exergy-based optimization of a flat
plate water-based PVT system. They concentrated on optimiz-
ing the coolant inlet temperature in order to maximize the over-
all exergy efficiency of the system at any operating condition.
They discovered that low inlet temperature resulted in very high
overall energy efficiency, but in terms of exergy, this is not rec-
ommended. 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.
Tiwari et al. [16] conducted an overall exergy analysis of the
N-PVT compound parabolic concentrator collector for con-
stant collection temperature. The system was applicable to the
absorption refrigeration system. They concluded that using an
exergy approach in design optimization is highly recommended.

In recent years, the conventional correlation- and simulation-
based design optimization methods have got alongside new
design methods using nature-inspired artificial intelligence
methods, such as genetic algorithm (GA), evolutionary algo-
rithm and particle swarm optimization (PSO). The multi-
objective optimization techniques are used to solve optimiza-
tion problems where the objectives have a trade-off with each
other. In terms of the PVT collector performance, the electrical
efficiency suffers if the thermal efficiency is maximized and the
other way round. The energy-based multi-objective optimiza-
tion of the water-based PVT collector performance parame-

ters with the non-dominated sorting genetic algorithm (NSGA-
II) was performed in [5, 17]. The Pareto front was obtained
for different optimization problems to illustrate the trade-off
between solutions. The multi-objective optimization of the air-
based PVT system with the NSGA-II algorithm was investi-
gated in [18]. The single objective optimization of the PVT col-
lector with the genetic algorithm was performed in [19] to max-
imize the overall exergy efficiency.

Within the given framework, there is a lack of studies con-
sidering the multi-objective optimization of the number of col-
lectors in a PVT series based on the genetic algorithm and
exergy approach. Additionally, there is a research question if the
optimal number of the PVT collectors varies according to the
weather conditions.

This paper proposes a dynamic model of a PVT collector
with a crystalline silicon roll-bond collector in Matlab/Simulink.
The model is extended to describe a multi-stage PVT collec-
tor. Energy and exergy analysis is conducted with the simula-
tion model, and the most influencing design variables are iden-
tified and evaluated with a parametric study. Due to fact that
the optimal design of the multi-stage PVT system cannot be
defined with the simulations alone, the multi-objective opti-
mization of the electrical and thermal exergy efficiencies with
the non-dominated sorting genetic algorithm (NSGA-II) is con-
ducted and the Pareto optimal set is derived in order to show the
set of the optimal solutions taking into account the trade-off
between exergy efficiencies.

The rest of the paper is organized as follows. In the second
section, the description of a single PVT collector is presented
with the geometrical, thermos-physical and optical properties
followed by the modelling approach of a single collector. The
main governing equations of the model are presented. Addi-
tionally, the exergy approach is introduced. The multi-objective
optimization method is presented in the third section with the
objective functions. In the fourth section, the results of the
parametric study and optimization are presented and discussed.
Finally, the main conclusion is drawn in the fifth section.

1.1 | Literature review

In this section, more background on research of the PVT col-
lectors is provided. The current water-based PVT technologies
face a challenge in which the electrical efficiency decreases as
the operating temperature increases. On the other hand, higher
operating temperature increases thermal efficiency. In [20, 21],
novel PVT technologies were investigated to overcome this
problem. The solution was to decouple thermally the electri-
cal and thermal units of the collector using an optical coolant
fluid layer above the PV modules. This layer worked simultane-
ously as a spectrum splitter of solar radiation and as a coolant
fluid of the system, and its spectral properties were modified
using nanofluids. The layer absorbed ultraviolet radiation and
part of infrared radiation and transmitted to the PV modules
only the useful infrared and visible radiation for electricity pro-
duction. The results were promising, and the spectrum splitting
increased the efficiency of the PVT collector.
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The multi-stage PVT collector is useful for multiple appli-
cations where distributed micro-scale energy production is
required, such as desalination. Giwa et al. [22] reviewed
comprehensively the polygeneration in different desalination
approaches using flat plate and concentrated PVT systems.
The integration of the PVT systems with desalination showed
increased efficiency. From the economical point of view, the
installation costs were higher than PV systems. However, the
PVT systems provided cost reduction and reduced environmen-
tal impacts in the long term. Anand et al. [23] presented as well a
review on PVT integrated desalination technologies. They con-
cluded that the overall performance of the PVT coupled desali-
nation system is better than coupling with separated energy pro-
duction by PV and solar thermal collectors.

In terms of serial connection, an interesting approach is to
connect a flat plate PVT collector in series with another type of
solar technology, such as a flat plate solar thermal collector or
concentrated PVT to increase thermal and electrical output. Ma
et al. [24] studied a novel seties connection of a PVT and solar
thermal collector (PVT-ST) to produce electricity and heat at an
even higher quality level. They compared the serial connection
to a glazed and unglazed PVT and a PV panel. As a result, the
PVT-ST system was competitive in terms of electrical efficiency
and had significantly higher thermal and primary energy savings
efficiency. Kazemian et al. [25] conducted a similar study of the
PVT-ST system compared to other solar technologies and used
the multi-objective Taguchi method to optimize operation vari-
ables. They generated 3D-models of each system by SolidWorks
software to conduct the study. The results indicated 19% higher
daily thermal power of PVT-ST compared to a PVT system but
the electrical power was equal.

The exergy analysis is an effective way to investigate the true
potential of an energy system. In terms of PVT application,
Sarhaddi [26] conducted an exergy analysis of a PVT connected
solar still system. The results of the study showed that two PVT
collectors in series improved the most the overall exergy effi-
ciency of the PVT-solar still system.

2 | METHODOLOGY

2.1 | Description of the PVT collector

A water-based PVT collector with a direct flow geometry and
roll bond channels is simulated, analysed and optimized in this
study. Figure 1 shows the geometry and cross-section of the
PVT collector [27]. The water-based PVT collector is investi-
gated because they achieve higher overall efficiency than air-
based collectors due to the higher heat capacity of water [28].
High efficient PV cells are still relatively expensive and in this
study, the PVT collector has a crystalline silicon PV cell with a
reference electrical efficiency (¢7¢) of 18.7% at the reference
operating temperature (7,,) of 25 °C. The temperature coeffi-
cient (87) and packing factor (r,) are 0.5%/K and 0.95, respec-
tively. The diameter of the tubes is 8 mm and for the initial sim-
ulation conditions, the number of tubes is 11. The initial inlet
temperature of the coolant fluid is 20°C and the coolant mass

3
TABLE 1 The main geometrical, thermo-physical and optical properties
of the single PVT collector
Air Thermal
Property Glass gap PV absorber Unit
Emissivity (€) 0.9 - 0.96 - -
Absotbance (@) 0.1 - 0.9 - -
Transmittance ()  0.93 - - - -
Thickness (H) 0.004 0.02 0.006 0.001 m
Area (A) 2 - 1.9 2 m?
Density () 2200 - 2330 2699 kg/m?
Specific heat (¢) 670 - 900 800 J/ (kg K)
Thermal 1.1 - 140 237 W/(mK)
conductivity (£)
Property Fluid Insulation Unit
Thickness (/) - 0.04 m
Area (A) - 2 m?
Density () 1050 16 kg/m?
Specific heat (¢) 3605 1120 J/ (kg K)
Thermal conductivity (&) 0.615 0.035 W/ (mK)

flow 0.017 kg/s (60 kg/h). Table 1 summarizes the main geo-
metrical, thermo-physical, optical properties and the parameters
of the single PVT collector used in the simulation and optimiza-
tion.

The described single PVT collector is multiplied to present
a multi-stage PVT collector, in which N number of collec-
tors is connected in series in order to solve a problem of
low-temperature heat production of a single PVT collector.
The working principle of the multi-stage collector is shown
in Figure 2. The coolant mass flow is fed into the first PVT
collector, and heat is recovered. The outlet temperature of the
first collector is the inlet temperature of the second collector.
The coolant temperature is increased by each collector in series,
and the thermal exergy efficiency is increased until a certain
point.

In reality, the electrical efficiency would be the highest in the
collectors at the beginning of the series and the lowest at the
end of the series because the temperature of the coolant flow
increases towards the end of the series. However, due to sim-
plicity, a global model of the multi-stage PVT collector is used
to solve the optimization problem of this study. The model does
not calculate the coolant temperature after each PVT or the
collector specific electrical efficiency. However, the area, ther-
mal mass and the tube length of the collector array are always
increased or decreased by the geometry of the single collector
described above.

2.2 | Modelling approach for energy and
exergy analysis

The numerical modelling of a single water-based PVT collec-
tor is based on the following main governing equations of the
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FIGURE 2  The working principle of the multi-stage PVT collector

energy balance in the various layers of the collector. The more
detailed derivation of the governing equations and the validation
of the model is presented in [10] where the used heat transfer
coefficient are defined as well

The glass cover (g):
a;
Mg X G X —= = hy—ectr XAX (Z- 7;:) + by—orp X A

X (T = L) + hepcr XAX (T, = 7))

+5

ey X AX (L, = 1) + AX a, X G,

O
The photovoltaic layer (pv):

dT,

- = by prcrr XAX(L—T,,) + by i

My X Cpy X
XA X (7; - 7}21') + b]w—a,CD XA v—a
X (7;1 - 7;71/) + b/)l/—t,CD XApz)—/
X (]; - —’Z}z:) + Gz'rr X AX (aT)Py
- Gz'rr X A X r, X npzf'(T) (2)

In which 7, is the ration of the cell area to the PVT collector
area, in the other words, packing factor. The electrical efficiency
Npu(7y depends on the photovoltaic layer temperature 7;,. Due

The single PVT collector: (a) Direct flow collector geometry, (b) cross section of the PVT collector [27]

to this, the electrical efficiency of the PV depends lineatly on
the temperature 7}, the temperature coefficient 8, and on the
efficiency at standard conditions 7, The efficiency is calculated
according to the following relation:

Do) = Nsie X (1= By X (T, = Ty)] 3)

Additionally, the photovoltaic layer temperature 7;, depends
on the following parameters based on the geometry of the col-
lector [8, 10]:

D0
Apg= A\ 1= i O]
Hy, X L
bpu—t,CD X Apy—/ = Wx Fm o H,, ©)
EER T
My, = Ppy X Hy XAXr, ©)
The absorber layer ():
J,
My X ¢, X ? = bﬂ—PI’,CD XAa X (Z;w - ]:z) + /]a—t XAa—t
X (I; = 1) + hojcp X Ay X (1 = 1)
)
The tube bonding (7):
7
my X 6 X o = /yt—pz’,CD XA;w—t X (7;71 - 7;)

+ /Yt—a XAa—x X (7; - 7;) + /?;—z',CD XAf—z'
X (L= 1) + by y XA,y X (Tf - 7;)
©)

The insulation layer (2):

d7;

m; X ¢; X 7

= by_jep XA X (L= 1)+ hy_jep XA,
X (L, = 1) + by ey X AX(T = 1))

©)
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The coolant fluid (/):

47y
= by XAy X (1, = T))

Xep X —

+ X cr X (7}',1')1 - 7},0%1) (10)

Equations (1)—(7) are implemented into Matlab/Simulink
with details to assess the energy and exergy performance of the
PVT collector. In the case of multiple PVT collectors, the area,
thermal mass of each layer and the tube length of a single panel
are multiplied by the number of the collectors in order to assess
the performance of the PVT series.

Compared to energy analysis, the exergy analysis is based on
the Second Law of Thermodynamics and takes into account the
quality of the produced energy.

The exergy balance of the system can be expressed as
follows:

Y Exy— Y (Exy+Ex)= Y Ex; (1)

In the case of the PVT collector, the exergy flow to the sys-
tem FEx;, comes from the solar irradiation. However, solat irra-
diation is not seen as pure exergy and due to this a conversation
coefficient is included in the calculation of the PVT incoming
exergy [29]:

47 17\
Ex, = A : 1—-L 4 (2 12
Xin XMXG;WX< 37;0/-'_3(7;0/)) ( )

In Equation (9) 7}, is the solar temperature and T, is the ref-

erence temperature, which according to the literature, should be
a constant, for example, 7 = 20 °C, 7 = 25 °C ot the min-
imum temperature of the month. In this study, 7 = 20 °C is
selected. IV, is the number of collectors.

Electrical energy is seen as pure exergy, but the exergy con-
tent of thermal energy depends on the temperature at which
the heat is made available. In the model, the exergy of ther-
mal (Exy) and electrical (Ex,) energy are calculated as follows,
respectively [29]:

7,) Tx/zz’” 13
n 0 ”T ( )

m

Exy = ’hxq X (1,

Ex, = 1y, X Gy X1, X AXN, (14)

By Equations (8)—(11) the both thermal (§,) and electrical
exergy (§,) efficiencies and the overall exergy efficiency (§) of
the PVT collector can be calculated as follows:

E Xt
&n T, (15)
Z iXe/
N = —_— 16
gzl E . ( )

m

Ex,; + Exy,
Ex;

Zi

§ = )

The following assumptions are taken into account in the
modelling:

* The temperature distribution is uniform in the layers and in
the PVT collectors in seties.

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

* The optical and thermal properties of the materials and fluids
are constant.

* No surrounding shading or dust is taken into account.

* The thermal resistance between the layers is negligible.

3 | MULTI-OBJECTIVE OPTIMIZATION
OF THE PVT COLLECTOR

The energetic and exergetic performance analyses based on
the simulations of the thermal PVT model show a trade-off
between performance parameters, such as thermal and electri-
cal energy and exergy efficiencies as functions of various deci-
sion variables. The simulation results have shown a trade-off
between thermal and electrical exergy efficiencies of the PVT
collector. 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 higher
thermal exergy efficiency. This means that both efficiencies can-
not 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) at the same time. The thermal simu-
lations of the PVT system alone do not provide a set of optimal
solutions of decision variables in terms of thermal and electrical
exergy efficiencies. Instead of simulations alone, the set of opti-
mal solutions can be found by using the multi-objective opti-
mization (MOO) technic using an evolutionary algorithm.

3.1 | Multi-objective optimization using
gamultiobj-function

In this paper, the Matlab function called gamultiolj of Global
Optimization Toolbox is used to run the multi-objective opti-
mization of the multi-stage PVT collector. The gamultiob)-
function creates a set of optimal solutions in the space of deci-
sion variables on the Pareto front. The function uses a con-
trolled, elitist genetic algorithm, which is a variant of NSGA-
1T [30]. Generally, the multi-objective optimization problem of
two or more trade-off objectives is described mathematically as
follows [5]:

Minimized/Maximized f,, (x), » = 1,2,...,M;
Subject to g (x)2>0, j=1,2,....,/;

b () =0, k=1,2,.., K;

x,-(l‘) <x< xl-w), i=1,2,..., n
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TABLE 2 Decision variables for multi-objective optimization problem
Symbol Decision variable Bounds Unit
m Mass flow rate 0.008< x(1)< 0.042 kg/s
N, No. of collectors 1<x2) <10

7, Inlet temperature 15 <x(3) <40 °C

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

In this work, the overall electrical and thermal exergy effi-
ciencies 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 [5]. The
2-dimensional optimization problem of the exergy efficiencies
is formulated as follows:

To minimize:

EX/
fi 0=- £
m
. Usmx[l—ﬁpvx(%_j;ef) X Gy X A, X N,
o 4
(155 45() )
31.1‘0/ 3 j.ro/
T (18)
£, (x) = _EX//] __ mx ey out in ) X1n ]
Ex; — —
" szvfx@,r(l_m#(i))
37}0/ 3 7:'0/
==&y (19)

where £, and &, are the electrical and thermal exergy efficien-
cies, respectively. The electrical exergy efficiency is influenced
by the number of the PVT collectors in terms of the thermal
mass and tube length according to Equations (2)—(0).

In terms of exergy efficiency, the sensitivity analysis has
shown that the most sensible variables of the multi-stage-PVT
collector operation are the cooling-water mass flow, inlet tem-
perature and number of collectors. Table 2 presents the decision
variables to be optimized and their upper and lower bounds to
be used in the optimization.

4 | RESULTS AND DISCUSSION

The simulation-based multi-objective optimization process was
conducted with the PVT model in Matlab/Simulink. The main
objective of the optimization was to find an optimal number of
PVT collectors in seties to satisfy the operational purpose of the
multi-stage PVT collector. First, the decision variables were var-
ied, and the initial population and score matrixes for the genetic

algorithm were generated by the simulation model. These matri-
ces were given for the gamultiolj-function of Global Optimiza-

Definition of
Obijective functions,
Optimizationvariables

PVT model
simulation/Simulink

Generation of Initial
Population and Initial
Score matrices

Input data

*  Weather data

*  System parameters
Decision variables

‘I' Model simulation
* Number of gamultiobj-function * *  Evalustionof
generations . of objective functions

* Optimization individuals in the initial
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+ Constraints l m
New Stopping . Pareto
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FIGURE 3  The simulation-based multi-objective optimization process
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FIGURE 4 The temperatures of the PVT layers, the solar irradiation and

ambient temperature

tion Toolbox, which started the iterative process by evaluat-
ing the fitness functions 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 selected to be the number of generations
and set to be 100 generations. The population size was 50. The
multi-objective optimization process is described in Figure 3.

The optimization was conducted with the weather data con-
cerning three steady-state climate conditions: hot summer day
conditions, of which solar irradiation was 1000 W/m?, ambient
temperature 30 °C and wind speed 1 m/s; medium conditions
with 800 W/m?, 25 °C and 1 m/s; and cooler summer con-
ditions with 600 W/m?, 18 °C and 5 m/s. According to [31],
these weather conditions can be addressed for different Euro-
pean locations, such as the southern Mediterranean, central and
northern Europe, respectively.

Figure 4 presents the simulated temperatures of the different
PVT collector layers, ambient temperature and solar irradiation
over a summer day.
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The parametric study was conducted. The PVT collector was
investigated under steady-state medium weather conditions of
G, = 800 W/m,, 7, = 25°C and » = 1 m/s. The used simula-
tion parameters of the PVT were presented in Section 2. Addi-
tionally, when the number of PVT collectors was increased, the
coolant inlet temperature of 30 °C was used in the simulation.
The relation of the decision variables to the energy and exergy
efficiencies are shown in Figures 5,6. The relation of the PVT
collectors in series to the efficiencies and outlet water tempera-
ture is presented in Figures 7-9. The mass flow rate had a similar
relation to the thermal energy and exergy efficiencies. Both effi-
ciencies decreased when the mass flow increased. However, if
the number of the collectors and coolant inlet temperature were
increased, the thermal energy and exergy efficiencies behaved
differently. This is shown in Figure 8.

Figure 5 shows the trade-off nature of the PVT collector
operation. Increasing the mass flow rate of the coolant fluid,
increased the electrical exergy efficiency due to the stronger
cooling effect. However, at the same time, thermal exergy effi-

Outlet temperature (°C)

Electrical exergy efficiency (%)

15 . I . . 1 I 1 . 40
1 2 3 4 5 6 7 8 9 10

Number of PVT collectors (-)

FIGURE 7 The variation of electrical exergy efficiency and the coolant
outlet temperature with the number of the PVT collectors

52

» > by b
N EN o © &

Thermal exergy efficiency (%)
N

Thermal energy efficiency (%)

@
®

@
o

3.4 . . . . . . . . +30
1 2 3 4 5 6 7 8 9 10

Number of PVT collectors

FIGURE 8 The variation of thermal exergy and energy efficiency with
the number of the PVT collectors in series
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FIGURE 9 The variation of the thermal exergy efficiency in terms of the
coolant inlet temperature and the number of the PVT collectors
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ciency was decreased. Due to this relation, a multi-objective
optimization was used to optimize the design of the multi-stage
PVT collector. Table 2 presents the selected decision variables
of the optimization problem.

Figure 6 reveals that increasing the inlet temperature of
the coolant fluid increased the thermal exergy efficiency but
decreased thermal energy efficiency. Additionally, the electrical
efficiency suffers when increasing the inlet temperature because
of the higher operating temperature.

Figure 7 presents the increasing coolant outlet temperature
and decreasing electrical efficiency when the number of PVT
collectors in series was increased. The electrical efficiency was
decreased because of the higher operating temperature of the
multi-stage PVT collector. Increasing the temperature level of
the coolant outlet flow with additional PVT collectors leads to
the higher quality of the produced thermal energy. However,
there is a certain optimal point to increase the number of collec-
tors although the outlet temperature increases. Figure 8 presents
the thermal exergy and energy efficiencies with the additional
PVT collectors.

The thermal energy efficiency dectreased if the number of
collectors was increased due to the increased total collector
area and its relation to the gained outlet temperature. However,
the exergy approach takes into account the quality of the pro-
duced energy and the additional collectors increased the thermal
exergy efficiency until a certain point. This point was also influ-
enced by the coolant inlet temperature. Figure 9 presents the
thermal exergy efficiency in terms of the inlet temperature and
the number of collectors in series.

Figure 9 reveals that the lower coolant inlet temperature
required more PVT collectors in series to achieve higher ther-
mal exergy efficiency. If the inlet temperature was increased, the
relatively smaller number of the collectors led to higher thermal
exergy efficiency.

The parametric study revealed the relations of the decision
variables to the performance of the multi-stage PVT system. It
revealed the trade-off nature of the PVT operation in terms of
thermal and electrical performance. The design of the multi-
stage PVT collector was optimized in terms of the thermal and
electrical exergy efficiencies as objective functions in order to
maximize the quality of the produced energy. The optimization
was performed by using gamultiolj-function of Matlab Global
Optimization Toolbox. The function is based on NSGA-II
algorithm. The set of optimal solutions called Pareto front was
obtained with the generation number of 100 and the population
size of 50. Figure 10 presents the obtained Pareto front of the
optimal solutions under the medium weather conditions of 800
W/m?,25°Cand 1 m/s.

The decision variable values are shown for three selected
solutions. The values of each solution are presented in Table 3.
The values of the decision variables show the same behaviour
as in the parametric study. This can be seen in Figures 11,12
where each optimal solution of Table 3 is presented in terms of
electrical and thermal exergy efficiency.

In Figure 11 the electrical exergy efficiency was the high-
est in the optimal solutions with the high coolant flow and
low number of the PVT collectors. The solutions with the
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FIGURE 10 The Pareto optimal front in the objective space of the

electrical and thermal exergy efficiencies

TABLE 3
in the Pareto front

Decision vatiables for the multi-objective optimization problem

m [kg/s] N T; [°C] & &

0.0344 9 40 —0.1595 —0.0551
0.0367 1 21 —0.1883 —0.0120
0.0367 1 21 —0.1883 —0.0120
0.0306 1 22 —0.1869 —0.0157
0.0175 3 25 —0.1728 —0.0446
0.0294 2 22 —0.1834 —0.0249
0.0283 2 31 —0.1770 —0.0388
0.0242 2 27 —0.1786 —0.0355
0.0344 9 40 —0.1595 —0.0551
0.0144 1 27 —0.1796 —0.0329
0.0244 1 22 —0.1860 —0.0180
0.0269 4 31 —0.1710 —0.0477
0.0178 3 23 —0.1742 —0.0425
0.0336 1 21 —0.1880 —0.0127
0.0269 2 23 —0.1821 —0.0280
0.0289 1 30 —0.1810 —0.0308
0.0161 3 24 —0.1724 —0.0451
0.0311 7 40 —0.1613 —0.0549
0.0344 9 40 —0.1595 —0.0551
0.0367 1 21 —0.1883 —0.0120

high inlet temperature resulted in the lowest electrical exergy
efficiency.

In Figure 12 the thermal exergy efficiency was the highest
if the optimal solution had the high inlet temperature and high
number of the PVT collectors in seties.

The results revealed that the number of collectors in the set of
optimal solutions varied from 1 to 9. The higher number of the
collectors resulted in the higher thermal exergy efficiency and
the lower number to the higher electrical efficiency. The Pateto
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front showed a trade-off of the different solutions in which the
electrical exergy efficiency varied from 15.95% to 18.8% and
the thermal exergy efficiency from 1.2% to 5.5%. If electricity
production is the priority of operating the multi-stage PV'T sys-
tem, the decision-maker can select the solution with the higher
electrical exergy efficiency by increasing the coolant mass flow
rate and decreasing the inlet temperature. On the other hand,
the higher thermal exergy efficiency can be achieved by increas-
ing the number of the PVT collectors and increasing the inlet
temperature. The Pareto front does not show a single optimal
solution but a set of solutions presented in Figures 10—12 that
can be used to help decision-makers to design the optimal multi-
stage PVT system depending on the purpose.

Figure 13 presents the overall exergy efficiency of each solu-
tion in Table 3 according to Equation (17).

The overall exergy efficiency varied from 20.03% to 21.87%
between the solutions. The results revealed a solution which

maximizes the overall exergy efficiency by having the inlet tem-
perature of 31 °C, 4 collectors in series and the mass flow rate
of 0.0269 kg/s. This solution results to electrical, thermal and
overall exergy efficiencies of 17.1%, 4.77% and 21.87%, respec-
tively.

The decision-making process is required to select the final
optimal solution from the set of optimal solutions. A hypothet-
ical point called an ideal point can be used to help the decision-
makers [32]. At this point, marked in Figure 10, both objectives
have their independent optimal values, but it is not a feasible
solution in the multi-objective optimization and not located on
the Pareto front. However, the final optimal solution might be
the closest point of the Pareto front to the ideal point. In this
case, Solution B in Figure 10 would be the final optimal solu-
tion if the decision-maker does not have any particular desire
to maximize electrical or thermal exergy efficiency within the
Pareto front optimal solutions. On the other hand, in the case
of PVT collectors, the decision makers can select the final solu-
tion which maximizes the overall exergy efficiency showed in
Figure 13. However, in this case, the ideal point method in Fig-
ure 10 did not result in the same solution but to the solution
with only 0.3% lower overall exergy efficiency.

The optimization was performed under three different
weather conditions cold, medium and hot to see an impact of
the conditions on the Pareto optimal solutions. In Figure 14
are presented three Pareto fronts under different weather con-
ditions.

Figure 14 shows that the set of optimal solutions was differ-
ent depending on the weather conditions. In terms of exergy
efficiency, it seems to be beneficial to select the number of PVT
collectors in series depending on the weather conditions of the
system location. However, the different Pareto fronts had also
an area where they ovetlap each other. This combined area of
the Pareto front rather maximizes the electrical exergy efficiency
than thermal exergy efficiency within the objective space. The
highest electrical exergy efficiency of 19.1% was reached under
cold conditions and the highest thermal exergy efficiency of 7%
was reached under hot conditions. The weather conditions had
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FIGURE 14

exergy efficiencies under three different steady-state weather conditions

The Pareto optimal front for the electrical and thermal

an impact on the range of optimal solutions in the objective
space. The cold conditions resulted in the smallest range while
the hot conditions had the widest range.

By using the ideal point method of the decision making, the
three final optimal solutions of each weather condition were
selected and marked in Figure 11. The inlet temperature varied
from 24 to 31 °C. The number of PVT collectors was decteased
from 3 to 2 if the weather conditions were changed from hot
to cold. The selected optimal solutions revealed that under the
colder weather conditions the multi-stage PVT collector had
better electrical performance compared to the optimal solution
under medium and hot conditions. In this case, it can be rea-
sonable to couple the multi-stage PVT collector with electric
storage and use heat as a by-product. On the other hand, under
hotter weather conditions the reasonable coupling application
can be a heat-driven desalination system.

5 | CONCLUSION

In this paper, solar cogeneration based hybrid energy system
was modelled into Matlab/Simulink environment. The para-
metric study was conducted and the optimal sizing problem was
solved using NSGA-II algorithm. The ideal point method was
used in the decision-making process to select the final optimal
solution from the Pareto front for three different weather con-
ditions.

The dynamic model of the water-based multi-stage PVT sys-
tem was optimized using gamultiolj-function of Matlab Global
Optimization Toolbox which is based on the fast elitist multi-
objective optimization algorithm NSGA-IIL The electrical and
thermal exergy efficiencies wetre used as objective functions
because of their trade-off nature in the PVT operation which
leads to difficulties for decision-makers to select the electrical
and thermal efficiencies and the design variables. In this study,
the selected decision variables were the coolant mass flow rate,
number of PVT collectors and coolant inlet temperature to

the system. The tresults showed that multi-objective optimiza-
tion based on the genetic algorithm has a high potential when
designing the multi-stage PVT system. The used multi-objective
optimization approach finds the Pareto front which is a set of
optimal solutions in the objective space. This set can be used by
decision-makers to find the final optimal solution.

The main findings of the parametric study and multi-
objective optimization were:

* Increasing the inlet temperature of the coolant fluid increased
the thermal exergy efficiency but decreased thermal energy
efficiency. The exergy approach revealed the hidden effi-
ciency although the energy efficiency indicated inefficiency.

* Increasing the coolant mass flow rate increased the cooling
effect and electrical exergy efficiency but decreased thermal
exergy efficiency.

* Increasing the number of PVT collectors decreased the elec-
trical exergy efficiency and thermal energy efficiency. How-
ever, the thermal exergy efficiency indicated the efficiency of
the collectors in series by increasing until a certain point.

* Electrical and thermal exergy efficiencies of the PVT oper-
ation cannot be maximized at the same time. The mult-
objective optimization based on NSGA-II is a suitable
method to optimize PVT and multi-stage PVT system design.

* The Pareto optimal front can be used by the decision-makers
to select a suitable optimal design of the multi-stage PV'T sys-
tem depending on the purpose and the weather conditions.

* The higher number of the PVT collectors in series resulted in
the higher thermal exergy efficiency and the lower number to
the higher electrical efficiency.

* The climate conditions had an impact on the optimal num-
ber of the PVT collectors in seties. Under the cooler weather
conditions, a smaller amount of the PVT collectors is recom-
mended compared to warmer conditions.

In future work, the investigation of using the multi-objective
optimization approach to the dynamic hybrid energy system
including multi-stage PVT collector, thermal and electrical stot-
age, clectrical vehicle and demand-side will be conducted. The
multi-stage PVT collector model will be developed to show the
outlet temperature of each collector in series. Additionally, anal-
ysis and optimization of the flat plate multi-stage PVT collector
coupled with concentrated PVT collectors would be interesting
for future work.

NOMENCLATURE

PVT collector area (m?)

specific heat (J/kg K)

diameter (m)

exergy rate (W)

solar irradiation density (W/m?)
thickness (m)

heat transfer coefficient (W,/m?K)
thermal conductivity (W,/mK)
tube length

Fr IO R D6
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m mass, (kg)
m mass flow rate (kg/s)
N number of collectors
r packing factor
T temperatute (K,°C)
W tube spacing
Grecek symbols
(atr)  effective absorbance
a absorbance
€ emissivity
¢ exergy efficiency
7 efficiency
p density (kg/m?)
T transmittance
Subscripts
0 reference
a absorber
adh  adhesive layer
¢ collector
CD conduction
CV  convection
d destruction
e environment
el electrical
f  fluid
g glass cover
in inlet
irr  irradiation
o outer
out outlet
pv  photovoltaic
ref reference
sol solar
STC standard test conditions
t tube
th  thermal
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