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ABSTRACT

Photovoltaic systems have undergone substantial growth for the past twenty years and more than 75% of the so-
lar irradiance is absorbed, but only a small amount of the captured solar energy (e.g. 7-24%) is transformed into
electricity . The remaining energy can cause overheating and damage to adhesive seals, delamination and non-
homogeneous temperatures. In this paper a three-step strategy is presented for the development of an energy ef-
ficient hybrid photovoltaic/thermal air system by the combination of experimentally validated computation
fluid dynamics and optimal Latin hypercubes design of experiments. The combined thermo-hydraulic and elec-
trical performances of five air flow configurations are examined after the selection of several design parameters.
The parametric study reveals that the most promising configuration is co-current air flow through two channels
above and below the photovoltaic cell. A multi-objective design optimisation process is undertaken for this con-
figuration, where the system is represented by three design variables: the collector, the depths of the lower air
flow and the upper air flow channels. A 50-point design of experiments is constructed within the design variables
space using a permutation genetic algorithm. The multi-objective design optimisation methodology entails an
accurate surrogate modelling to create Pareto curves which demonstrate clearly the compromises that may be
taken between fan fluid and electric powers, and between the electric and thermal efficiencies. The design opti-
misation demonstrates how the design variables affect each of the four system performance parameters. The
thermal and electric efficiencies are improved from 44.5% to 50.1% and from 10.0% to 10.5%, respectively.

Nomenclature

A area (m?)

€  specific heat capacity (J kg~' K1)
G solar irradiance (W m~2)

thermal conductivity (W m~1 K1)
collector length (m)

entry length (m)

mass flow rate (kg s=1)

power (W)

perimeter (wetted perimeter) (m)
heat transfer rate (W)

wﬁg'mhh»

g

=

T temperature (K or °C)

u velocity component in x-direction (i s~
v total velocity vector (i s—1)

v volumetric flow rate (;p3 1)

Vv mean inlet velocity (;n s—1)

v velocity component in y-direction (i s~
w  velocity component in z-direction(;m s—1)
W collector width (m)

Greek symbols

a thermal diffusivity(;m s—2)

B temperature coefficient (K1)
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depth of flow (m)

emissivity (-)

efficiency (-)

pressure loss coefficients (used in Eq. (10))
dynamic viscosity (kg m™! s

density (kg m~3)

transmissivity (-)

kinematic viscosity (m?s1)

independent fluid property (variable) (-)

S S A ™T A0S

Non-dimensional parameters

Cy  conversion (correction) factor (used in Eq. (1))
F Fanning friction factor

gf geometry factor

Pr  Prandtl number, ¢,u/k

Re  Reynolds number, 4M,/uP,,

’i  normalised distance

Subscripts and superscripts

amb ambient

c cross-sectional, or characteristic value
comb combined

cu Copper

D depth

f Fluid

fi inlet fluid

fm mean fluid

fo outlet fluid

G glass

h hydraulic
ref reference value

S solar or surface
ted  tedlar

th thermal

U useful heat gain
Abbreviations

Al aluminium

CFD  computational fluid dynamics
DOF  degrees of freedom

EVA  ethylene-vinyl acetate

MEQ minimum element quality
NOE number of elements

PV/T photovoltaic/thermal

STC  standard conditions

1. Introduction

It is well known that PV panel efficiency declines when the photo-
voltaic module (PV) is subject to ambient conditions without active
cooling. Teo et al. [1] report a 1.8 °C increase in temperature for every
100 W m~2 can incur a penalty of PV electrical efficiency between 8
and 9%. Combined (or hybrid) photovoltaic and thermal collection
(PV/T) systems are solar radiation collectors designed to produce elec-
tricity and heat simultaneously and offer the potential to solve the
problem of reduced electrical efficiency by removing heat from the PV
module and maintaining a more optimum temperature. The waste heat
can be used for several applications, including space heating and solar

drying.
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The importance of cooling the PV panel increases when they are in-
stalled in areas where the ambient temperature causes the PV panel to
exceed 25 °C. If temperatures significantly exceed this, it becomes more
very important to provide cooling. Different design concepts have been
demonstrated by several studies, which make for an interesting range
of solutions, including different air flow patterns, glazed/unglazed
panels, passive/active cooling, which all aim to achieve high PV mod-
ule efficiencies [2-7]. One study found that even in an ambient temper-
ature of 8 to 9 °C and a moderate solar irradiance value 750 W m~2, the
average cell temperature was reduced from 52 °C to 18 °C, by cooling
with cold water at 10 °C to 12 °C [2]. Once energy payback periods are
considered, there are substantial improvements in annual energy out-
put [1] proving that the efforts to cool the PV panel are very well
worthwhile. An important trade-off to consider is whether to use air or
water as the cooling fluid. PV/T air systems are usually used, because
they have less weight and design requirements, and are more afford-
able. However, the use of water is more effective owing to its greater
thermal physical properties - heat capacity, thermal conductivity and
density compared to air [8-10].

Experimental methods, either in a laboratory or in-situ, are cumber-
some to undertake, which makes numerical studies a very effective way
to achieve a PV/T system optimisation in order to improve their perfor-
mance even when taking into account the various assumptions made to
simply their solutions. In recent years, various attempts have been
made to optimise PV systems numerically. For example, in [11] a single
channel PV/T is optimised mathematically using genetic algorithms
(GAs). In [12] a non-linear programming optimisation is implemented
to analyse a PV/T system. Also, a multi-objective design optimisation is
developed in [13] by combining the semi-analytical Taguchi method
with an analysis of variance (ANOVA) and a GA. In [14], the Taguchi
method is used for a stand-alone PV system with a semi-analytical solu-
tion. Lately, Ozakin and Kaya [15] have combined experimental
analysis with the Taguchi method and ANNOVA to optimise an air-
based PV/T one pass system. However, there is limited or no research
literature on the optimisation of double pass PV/T air systems.

There is limited, or no, research on double-pass design optimisations
of PV/T air systems, to the best of our knowledge. In this study, we aim
to investigate the optimisation of such PV/T air systems in a compara-
tive study, with emphasis on combined electrical and thermal efficien-
cies. A formal CFD-based multi-objective design optimisation frame-
work is laid out, which combines surrogate modelling with a radial-
based function approach. Following [16], a multi-objective GA
(MOGA) technique is performed to generate a Pareto front and deter-
mine the influence of parameters affecting both the thermal and electri-
cal efficiencies. The key design parameters are presented in Section 2. In
Section 3, a performance evaluation is made for the thermal and elec-
trical power domains of the PV/T system. Details of the CFD model, in-
cluding input parameters and mesh independence check, are presented
in Section 4. The parametric study and key findings are presented in
Section 5. The results are summarised in Section 6.

2. Key design parameters

The impact of design parameters on the performance of PV/T air
collectors is presented in this section. The examination of these parame-
ters provides an understanding of how they influence the design and in
turn, the performance of a PV/T system. Several parameters have been
adopted and studied over the last two decades in order to enhance the
electrical and thermal performance for PV/T systems such as the geom-
etry and operational parameters. This section is focused on the relevant
parameters of interest to this study and can be divided into four main
groups, as follows:

e Geometry parameters, for example, duct length and depth of flow.
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e Electrical parameters, such as short-circuit current and open-circuit
voltage.

e Climate parameters such as ambient temperature (7,,;,) and solar
irradiance (G).

e Operational parameters such as mass flow rate.

In this study, the optimisation procedure is implemented to choose
the most compatible dimensions within certain requirements. This de-
sign optimisation is based on multi-objectives to maximise both ther-
mal and electrical efficiencies of PV/T air collector and minimise fan
power required. Before proceeding to the formal optimisation, three
steps are considered, as follows:

—

. Defining the constant and variable parameters, considered in this

examination.

2. Preliminary parametric studies are conducted for five proposed
PV/T air flow arrangements (Configurations 1, 2, 3, 4 and 5) to
identify the best performance for these conditions.

3. The best of these flow arrangements and configurations is used in

the design optimisation process.

The selection of the ranges of geometrical parameters is based on lit-
erature values. However, when the parameters are unavailable in the
literature, the selection is determined using a large range of design pa-
rameters but keeping it applicable to the real-world.

Tﬂmﬂ [OC]

Time (h)

Fig. 1. Solar irradiance and ambient temperature versus time in a typical
day on 1 July 2019.

Table 1
Geometry design parameters used in the CFD design optimisation.
Symbol Description Values
w Collector width 0.8 m [17-24]
Wslice 3D slice width 0.015 m
to-U Thickness of upper plate on the back 0.001 m [24]
surface
[ Thickness of the lower plate in lower  0.001 m [24]
channel flow
S Upper depth flow 0.004-0.015 m [17,18,25—
27]
8p1 Lower depth flow 0.004-0.010 m [18,26,27]
ty Thickness of glass 4 mm [17,28,29]
tug Equivalent thickness of glass and EVA 4.5 mm
g Equivalent thickness of Si, Tedlar and 1.3 mm
EVA
Ecu Emissivity of Copper (oxidized) 0.65 [28,29]
£g Average emissivity of glass 0.92 [28,29]
L Collector length 0.6-1.3 m [19,20,22-24,26,
27,30,31]
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Table 1 lists the specifications of the range of geometrical parame-
ters included the CFD design optimisation. For the sake of accuracy, the
weather data was taken from [32] where the estimated weather para-
meters is carefully by validating the data with commonly cited set of
data [33]. The cite is Photovoltaic Geographical Information System
(PVGIS) which is accurate and widely used [34-36]. The proposed PV/
T air systems are evaluated under two operating weather conditions in
Iraq, Fallujah (33.34° N, 43.78° E). The first condition examines the PV/
T air systems under hot weather, mainly at 45 °C, 1000 W m~2.This
temperature is considered as the average of the hottest temperature,
based on the local observation data in July 2019, Iraq, Fallujah, as
shown in Fig. 1. The second condition evaluates the PV/T systems util-
ising precooled air (typically 25 °C [37-39]), where the exhaust air
from the building is used as a coolant instead of using ambient air
(45 °C) [40] (see Fig. 2).

In accordance with the ASHRAE Handbook [39], the exhaust air
temperature is assumed to be in the range 22 °C-24 °C. This tempera-
ture range is estimated for the indoor design. However, for a building
integrated PV/T system, the temperature can be higher, depending on
different factors such as duct fitting and duct insulation type.

The material parameters are predetermined by the manufacturer
and remain constant throughout this study. These parameters can be
divided into collector body and PV module parts. In the collector body
parts (air channel frame, glass cover and absorber plates), the selection
of glass cover material type is based on durability, clarity and size of
collector. In this study, 4 mm thickness glass cover is used. The design
characteristics of the PV cells are determined by the photovoltaic refer-
ence efficiencies (1,.r) which are dependent on the material type (mono-
crystal silicon (mono c-Si), polycrystalline silicon (poly-Si) or non-
silicon based film) [41-45]. In this study, poly-Si is used with a 0.83
packing factor value, 12.35 reference efficiency and 0.0041/°C temper-
ature coefficient of power (f¢) [8,46,47]. The type of material also af-
fects the optical properties of the PV module, such as thermal emissivity
(¢). For example, the use of mono c-Si instead of poly-Si solar cells en-

Air handling

Low temperature
Mild temperature
High temperature

Amblent ai

PV/T system

Air handling Building
Unit exhaust air
I PV/T system
)
Ambient ai

Fig. 2. Working principle of the studied BIPV /T system: in (a) winter mode
and (b) summer mode [40].
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hances the absorption coefficient and subsequently improves the ther-
mal efficiency of the PV/T system [8,47]. However, the packing factor
of poly-Si is greater than mono c-Si (i.e. more aperture area subjected
to incident solar radiation). The poly-Si PV cells are also cheaper than
mono c-Si and have a lower f¢ [48].

3. Thermal and electrical performance evaluation

Several parameters, such as pressure drop, effective thermal effi-
ciency, fan power consumption and electrical power generation, are in-
cluded in the thermo-hydraulic and electrical evaluation of the PV/T
air collectors. The effective thermal efficiency (1) is defined as the ra-
tio of the heat benefit minus the equivalent fan power to the total inci-
dent solar radiation and given by the following expression:

Ny = [Qu - (Pfan/cf’)] /QY . (1)

The PV/T heat benefit (Q,) is equivalent to the increase in the en-
thalpy of the (M rAh) between the inlet and outlet air temperatures and
is given by [49]:

Q, = MyAh = M;C, (T, = Ty) . @
where M / is mass flowrate kg s~!, determined by:
My =pVA,, 3)

with p the density of air (kg m~3),  the mean inlet velocity (m s~!) and
A, the channel ducting cross-section area (m?). The instantaneous fan
power (Py,,) is calculated as follows:

Pfan = ApV, (4)

where the total pressure drop Ap (N m~2) in the flow arrangement at
a volumetric flow of air jy (m3 s~!). Two methods are used to evaluate
the pressure drop: by a COMSOL software® built-in feature, and by the
following empirical correlations:

Ap = Apf + Apdynamic ’ %)

Apy is the pressure drop due to friction, expressed as:

pF7L

2D, ’ ©

App =

F is the Fanning friction factor for turbulent flow [17] and is calculated
by Equation (7) and D}, is equivalent hydraulic diameter for inlet duct:

F = 0.079Re™%*6000<Re<100000 . @

For laminar flow the Fanning friction factor is given by [65]:

8r
F = — {Re<2550} ,
Rep, {Re } 8

where gf is the geometry factor and is taken to be 96.00 for parallel
plates, because the ratios of the collector width w to depths of flow 6,
are very large [50].

The dynamic losses (APdynamic) are caused by the flow effects at the
channel entrance and exit. These are referred to as minor losses [51]
and determined by:

1 72
Apdynamic = (z) kpoV”, (C)
K[, = Kentance T Kexit T Kbend - (10)

The coefficients Kentrance and Kexit are set equal to 0.5 and 1.0 for the
entrance and exit losses for single pass flow arrangements with Kbend
equal to zero. For a two pass arrangement Kpend is taken equal to 2.2,
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[52,53]. For the sake of completeness, the entrance and exit coefficients
(minor losses) are added to the CFD model estimate of the pressure
drop.

It is necessary to refer that the energy losses associated with the gen-
eration of the power consumed by the fan. Following [21,54-57], these
losses are assumed as follows: the fan efficiency 7y = 0.65, the effi-
ciency of the electric motor #,, = 0.88, the efficiency of electrical trans-
mission from the power plant 77, = 0.92 and the thermal conversion ef-
ficiency of the power plant 77, = 0.35. These coefficients can be short-
ened in a one named conversion correction factor (Cy), which has a
value of 0.18.

The total incident solar radiation (Q,) projected on the absorber
plate (W) is:

O, =G4, , an

where G is the incident solar radiation (solar irradiance) and 4, is
the surface area of the PV panel.

The electrical power generation in the PV module Ppy is estimated
by [58-60]:

_ TullppA;GPF

PPVzlme=FFISCVac= 4 (12)

Ver

where /,, and V,, are the voltage and current at the maximum power
point, respectively, FF is the Fill factor, /is the short circuit current,
V,. is the open-circuit voltage [60], 4; is the total (aperture) surface
area, Vpy is the total volume of PV cells and the packing factor is
PF = 0.83 (Poly-crystalline) [8,46,47]. T,is the transmissivity of the
glass which changes based on the type and number of glass covers. The
electrical efficiency of the PV module %py is calculated as follows [6,7,
61,62]:

Npy = Mref (1 — Bres (Tmm’ - T“?f)) > as3)

where 7t is the reference electrical efficiency at standard conditions
(G =1000 W m~2 and T,,; =25 °C) [63]. The temperature coefficient is
assumed as f,.; = 0.0041 K~ for crystalline silicon modules [64]. The
equivalent electrical efficiency of PV panel (7gpy) is estimated as:

Hpy
Ngpy = —— - 14)
Crr

Cy is the conversion factor of the thermal power plant (in the range
0.29-0.4 [6,7,30,62,65,66]), and assumed equal to 0.36. The total
combined PV/T collector (hybrid) efficiency (#.omp)is obtained as fol-
lows [62,65]:

Neomb = Men + Nepy - (15)
4. CFD model

The CFD mathematical representations of the configurations have
been developed using COMSOL Multiphysics® v5.3a software (see Fig.
3). The thermal and electrical performances of the PV/T air systems are
examined. Five different flow arrangements and configurations are in-
vestigated in this study: a standard PV module with no air flow (Con-
figuration 1, see Fig. 3a), a standard PV module with air flow through a
single duct below it (configuration 2, see Fig. 3b), a glazed single duct
above a standard PV module and with air flow through a single duct
below it (Configuration 3, see Fig. 3c), a standard PV module with par-
allel air flows through ducts above and below it (configuration 4, see
Fig. 3d), a standard PV module with an airflow through the double-
pass duct (Configuration 5, see Fig. 3e). The same depth of flow is used
for the upper and lower channels (0.025 m) [17,18,25,29]. The collec-
tor original width (W) is 0.8 m, but the symmetry boundary condition is
applied on two sides of the collector with a 3D slice width (W) of
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Only empirical correlation equations
for solving the external free convective

8p1 = 0.025m, 85, =10.025m

©, w

T s
Pout =0 Pa

L ]

\ﬂ Poue = 0 Pa

b—i1=12816m —]

S 1
I ! ' 1
< /E:BCu plate |

:pour = ﬂPa: 1'

A

/A

(t;] N\,
: o
-:

A

X

l— L =12816m —

Fig. 3. Schematics of the various PV /T configurations, (a) Configuration 1, (b) Configuration 2, (c) Configuration 3, (d) Configuration 4 and (e) Configura-
tion 5, along with indications of the flow of inlet air and flows of heat. These sketches are not made to scale.

0.015 m on the assumption that the collector is very wide, and any
edge effects are negligible.

The full detail of the numerical simulation of all these configura-
tions including the assumptions, boundary conditions can be found
them in [32]. It can be found also the detail the governing equations for
air velocity f/(x, y.z) = u,v,w and temperature 7 are based on the con-
servation of mass, momentum and energy. The software solves the
Navier-Stokes equations for solving the kinetic and energy equations
[67]. A three-dimensional conjugate heat transfer module is used to
model the coupling between conduction heat transfer in a solid domain
and convective heat transfer to the fluid at the solid/fluid interface
[21]. However, the only empirical correlation equations are used to
model the external convective heat transfer coefficient between the up-
per surface and the surrounding air (see Fig. 3c). Moreover, radiation
model is mimic a realistic incident solar radiation. The surface-to-
surface radiation model is used to simulate the thermal radiation ex-
change between the surfaces. The fluid is single-phase, laminar and
weakly compressible. For weakly compressible flow dp/dp = 0 and
dp/dp # 0, where ¢ are other independent variables, such as time. The
range of Re number is between (510-2550) [68,69]. The ambient tem-
peratures are assumed in the range 25 °C-45 °C. The inlet fluid temper-
ature is taken equal to the ambient temperature (7 = Typp). The inci-
dent solar radiation is assumed as 1000 W m~2. The other assumptions
and boundary conditions can be also seen in [32]. The entry length
(L) is estimated as [70]:

Low = Dy [(0.631) + (0.0442Re)"] '/ (16)

For the grid independence test, five parameters are considered in this
investigation: solution time (¢ in sec), number of elements (NOE), de-
grees of freedom (DOF), physical random-access memory (RAM) in
giga-bytes (GB), and minimum element quality (MEQ). The mesh is

made of square elements applied to the upper glass cover in XY-plane.
The element size is varied from very coarse, less coarse and normal to
highly refined, as shown in Table 2 (see Appendix B, Table B1 and Fig.
B1 for further details). The same sizes and type of the element are used
for the remaining parts of the system in the Z-direction. Increasing the
number of elements has a small impact on the results. The same criteria
are used to mesh the standard PV module, without the fluid domain.
In Table 2, Z, is the edge size in the Z-direction in the upper and
lower flow channels (in mm), Z, is the number of divisions in the upper
and lower flow channels in Z-direction, which is equal to (6,,/Z;) and

Table 2
Key features of the mesh structure for the grid independence test.
Trial No  Refinement step in X-Y direction Bias  Z;(mm) Z, Zy
1 Very coarse 0 5 5 1
2 Less coarse 0 3.6 7 1
3 Coarse 0 2.27 11 2
3a Coarse 8 0.83 30 2
3ab Coarse 0 0.83 30 2
3abc Coarse 0 0.71 35 2
3abed Coarse 8 0.71 35 2
4 Normal 0 1.56 16 2
5 Normal 0 1.25 20 2
6 Normal 0 1 25 2
7 Normal 5 1 25 2
7a Normal 8 0.83 30 2
7ab Normal 0 0.83 30 2
7abc Normal 0 0.71 35 2
7abed Normal 8 0.71 35 2
8 Normal 8 1 25 2
9 Normal 12 1 25 2
10 Normal 17 1 25 2
11 Fine 0 0.84 30 2
12 Fine bias 8 0.84 30 2
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Z3 is the number of the divisions in PV and glass covers in Z-direction. A
further examination is carried out to refine the mesh at the interfaces
between the solid surface and the fluid flow to accurately estimate the
field flow and temperature distribution.

The results reveal that this refinement has minor impacts on the
mesh improvement, owing to the fact the laminar flow and the velocity
gradient close to the wall is relatively small. The importance of latter
mesh refinement, however, becomes more noticeable at Re > 2550, spe-
cially for Apy. This is because the entry length L., (m) is a function of
the hydraulic diameter and Re number (see Equation (16)), which
means that the velocity profile is not fully developed at the entrance,
unlike the remaining duct length where the velocity profile is parabolic
across the collector (see Fig. 4). This is also dependent on the flow
arrangement. In order to compromise between the computational time
and accuracy, case 3abcd in Table 2 is adopted in this study.

5. Preliminary parametric studies

A parametric study is made to establish the best performance of the
PV/T air collector configurations and the best is subsequently analysed
in the design optimisation process. The parametric study is carried out
by understanding different operational, geometrical and weather para-
meters. A detailed comparison is made by the evaluation of their ther-
mal, hydrodynamic and electrical parameters. Four of these designs
(Configurations 2-5) are hybrid (PV/T) systems; while Configuration 1
is a standard PV system without active cooling. Configuration 1 is used
as the benchmark in this comparison to highlight the impacts of the hy-
bridisation. Accordingly, all configurations are named as ‘PV/T air sys-
tems’ for the sake of simplicity. Table 3 lists the parameters used in this
study for the systems (Configurations 2-5). Configuration 1 isnot a hy-
brid system (i.e., no duct flow); hence, is not included in this table.
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This analysis is conducted using MATLAB® to account for the
changes in operational parameters (mass flowrate and Reynolds num-
ber) and ambient temperatures, as presented in Table 3. Configurations
2, 3, 5 have one inlet, but Configuration 4 has two passes with the mass
flowrates in the inlets of the upper and lower channels taken to be half
of those of Configurations 2, 3 and 5. The pressure drop along the flow
channel is plotted in Fig. 5 for different lengths, operational and
weather conditions.

In Fig. 5, the pressure drop increases with increasing Re, length of
collector and the ambient temperature, because there is a direct propor-
tionality between the pressure drop, the length of collector and the
mass flow rate. Also, increasing ambient/inlet temperature leads to an
increase in the kinematic viscosity of inlet air velocity. In the same fig-
ure, Configurations 2 and 3 have similar pressure drops because they
have a single flow of air passing underneath the PV module. The pres-
sure drop is the lowest for Configuration 4 because of the two flow
channels where the velocity is half of that in other designs (Configura-
tions 2, 3 and 5); while the U-turn shape in Configuration 5 leads to ex-
tra pressure head losses in the U-flow region causing the maximum
pressure loss, owing to the induced separation and swirling flows, be-
cause of the imbalance of centripetal forces [21]. The combined effi-
ciencies (electrical plus thermal) evaluated by Equation (14) for the five
arrangements are plotted against the range of Re numbers in Fig. 6.

The combined efficiencies (see Equation (15)) are evaluated for dif-
ferent Re numbers, weather conditions and lengths. The maximum
combined efficiency occurs for arrangement 4 (curve in green in Fig. 6)
at 25 °C because the lower ambient temperature gives a larger temper-
ature difference between the inlet and outlet ducts, and also between
the PV panel temperature and the local fluid one. To conclude, Configu-
ration 4 has a maximum total efficiency with minimum fan power con-
sumption (minimum pressure drop, see Fig. 5).
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Fig. 4. Velocity profile for different locations along the lower air channel for flow Configuration 4 under laminar flow regime (a) Re = 510, jy = 0.1829 (m
s, pr = 0.0041 (kg s™), L, = 0.549 (b) Re = 2550, jy = 0.9145 (m s7!), 7 = 0.0204 (kgs™), L., = 2.733.
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Table 3

Design parameters for Configurations 2, 3, and 5. Configuration 4 parameters
(mass flowrate, velocity and Re) are taken equal to half of those for Configu-
rations 2, 3 and 5.

Design parameters for Configurations 2, 3 and 5

Tymb 25 °C 45 °C 25 °C 45 °C

G 1000 W m—2 1000 W m~2 1000 W m~—2 1000 W m—2
dp1 0.025 m 0.025 m 0.025 m 0.025 m

S 0.025 m 0.025 m 0.025 m 0.025 m

Dy 0.0485 m 0.0485 m 0.0485 m 0.0485 m

L 1.2m 1.2m 1.6 m 1.6 m

Re 7 M, 7 M, 7 7P iy

510 0.1633 0.0039 0.1829 0.0041 0.1633 0.0039 0.1829 0.0041
1020 0.3265 0.0077 0.3658 0.0081 0.3265 0.0077 0.3658 0.0081
1530 0.4898 0.0116 0.5487 0.0122 0.4898 0.0116 0.5487 0.0122
2040 0.6530 0.0155 0.7316 0.0163 0.6530 0.0155 0.7316 0.0163
2550 0.8163 0.0193 0.9145 0.0204 0.8163 0.0193 0.9145 0.0204
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Fig. 5. Pressure drop across the five PV/T arrangements versus Re (510-2550)
using different lengths: (Left) 1.2 m and (Right) 1.6 m and inlet air tempera-
tures (25 °C and 45 °C).

5.1. Optimisation strategy

In this section, we consider the optimisation of PV/T air system,
subject to the conflicting objectives of minimising the fan power(Pyg,;,)
and maximising the electrical power (Ppy), whilst maximising the elec-
tric efficiency (npy) and the thermal efficiency (n,,). Three design vari-
ables are used, namely: the collector (L), the depths of the lower air
flow channel (6p,) and the upper air flow channel(éy,) in the ranges of
06 m <L <13 m, 0004 m < 6p< 0.010 m and 0.004 m <
0pp < 0.0015 m (e.g. Table 1) with a constant Reynolds number of
Re = 2550.
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Fig. 6. Combined efficiencies versus Re (510-2550) for the five PV /T sys-
tems using different lengths (1.2 m and 1.6 m) and inlet air temperatures
(25 °C and 45 °C).

The goal is to generate a Pareto front of non-dominated solutions,
from which an appropriate compromise design can be reached. The
Pareto front is obtained by building accurate metamodels of both Py,
and Ppy in one hand, and 77pr and % on the other hand, as a function of
the three design variables. The metamodels are constructed using val-
ues of the Py, Ppy, Mpy and 7y from numerical simulations carried out
at fifty Design of Experiments (DOE) points. These points are obtained
using Optimal Latin Hypercubes (OLH), by means of a permutation ge-
netic algorithm using the Audze-Eglais potential energy criterion to en-
sure an efficient distribution of DOE points. The points are laid out as
uniformly as possible using criteria of minimising potential energy of
repulsive forces which are inverse square functions of the separation of
DOE points [71]:

N N
in FAE = mi L
min £ —mmz Z I 17)
i=1j=i+1L;

where L;; is the Euclidian distance between points i and j (i # j) and,
N = 50 is the number of DOE points. Fig. 7 (a), (b) and (c) reveal the
uniform distribution of the DOE points within the design space as a
combination of the design variables 6p;,6p, andL. Data summarising
the fifty CFD simulations are available in Appendix C.

A Radial Basis Function (RBF) method is proven to be an effective
design tool for a range of engineering applications, such as thermal air
flow and wall-bounded flow systems [72-74]. RBF is used to build the



M. Al-Damook et al.

Applied Thermal Engineering xxx (xxxx) 117010

E e * 13 % x® ]
E 5 x
014 -{ﬂ}: x X (b) x B
*® & 124 * %*
® %, X X "
0012 - x ] . . % »
b " »
= " X
— L * L »
E 001 5 x 1 P
‘E o L .E.- x o
k3
b . ~ s ¥ b
*® 3
0008 1 * x X
® " 08 n * ®
» % 3 %
® - 07 4 X ®
x X
x » 5 X
0004 L Es o G * o 3
D00 (M5 L LT E LY o1 (LR 0005 LLT) 0007 0IHE LLT R oM
Bpy (m) bpy (m)
® ® ®
®
(<) x "
0014 4 5
w
®
® x
0z 4 »* x
5 x
¥ 4
= ] ®
E tm i ® 1
8 x
L] ® gx
0008 <4 ® »
o
x
L ®
x
o006 ¥ - »
x o
®
0004 = " T *
04 08 1 12
L (m)

Fig. 7. Tllustration of the DOE points: (a) Lower depth of flow (6,) versus upper depth of flow &, (b) Lower depth of flow (65;) versus length of collector (L), (c)

Length of collector (L) versus upper depth of flow ().

metamodels for Py, and Ppy , and ey and 7y throughout the design
space where a cubic radial power function is used to determine the
weighting (wg) of points in the regression analysis at each point [75,
76]:
wg; = r? . (18)
The parameter 7; is the normalised distance between the surrogate
model prediction location from the ;## sampling point. The Pareto front
is calculated using a multi-objective genetic algorithm (MOGA) ap-
proach based on [73,77,78]. Points on the Pareto front are non-
dominated in the sense that it is not possible to decrease any of the ob-
jective functions (i.e. P, or Ppy and #py or 1) without increasing the
other objective function. Hence, this provides designers the opportunity
to select the most convenient compromise point among the optimum
designs. In the next section, results of the optimisation analysis are dis-
cussed.

5.2. Optimisation analysis

As in previous studies (e.g. [13,79]), we first seek to maximise both
the electric and the thermal efficiencies. This will then be followed by
reformulating the optimisation problem to minimise the fan power con-
sumption and maximise electrical power. The studies are also per-
formed to investigate the significance of the temperature operating con-
ditions, low temperature (25 °C) and high temperature (45 °C, see
Tables C3 and C4). These two temperatures are found to be an appro-

priate representation for low and high temperatures in the geographical
regions under investigations. Illustrative examples of functions 7py and
N in terms of 6py, 6py and L are presented in Figs. 8 and 9 respectively
(e.g. See also Figs. C1 and C2, Appendix C).

Pareto front curve in Fig. 10 represents the results in terms of ther-
mal and electrical efficiencies at 25 °C. The data reveal that any de-

d 0.008
Oy ()]2)

Fig. 8. Response surface function #py from the surrogate model at 25 °C to-
gether with the DOE points.
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Fig. 9. Response surface function 4y from the surrogate model at 25 °C to-
gether with the DOE points.
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Fig. 10. Pareto front emphasising the compromise that can be struck in max-
imising both 77s; and 11py together with five representative design points (i.e. P1-
P5) used for the PV/T performance analysis illustrated in Table 4 at 25 °C.

Table 4
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crease of 1py or Muis followed by an increase of the other objective func-
tion. Table 4 lists five sample points on the Pareto front (P;-Ps) and a
comparison between the calculated values of #7py and 7, from the meta-
models at these points and from the full CFD numerical simulations. A
very good agreement between the metamodel and full numerical pre-
dictions occurs in all cases, demonstrating the accuracy of the meta-
modeling approach implemented. This is confirmed by a maximum rel-
ative error obtained for 7py and Wmare 0.5420% and 0.0272%, respec-
tively.

Table 4 also contains the compromise that must be struck between
high 7py and high #74- For example, point P is a good comprise with a
thermal and electrical efficiency of 49.2 and 11.6 respectively with cor-
responding L =0.6080 m, 65; =0.0064 m and 6p; =0.0057 m.

In Fig. 10, the Pareto front emphasising the compromise that can be
struck in maximising both 7, and 7py together with five representative
design points (P;-Ps) used for the PV/T performance analysis illustrated
in Table 4 at 25 °C. At 45 °C, the findings (see Appendix C, Fig. C3 and
Table C3) are similar to the low temperature scenario. Results between
the metamodels and full CFD calculations agree well. Point P3 in Table
C3, which corresponds to a thermal efficiency of 49.0 and an electrical
efficiency of 10.6, and is found to be good design (i.e. L = 0.6131 m,
6p; =0.0065 m and 6p; = 0.0058 m). The design optimisation is under-
taken in terms of flow and electrical powers, with aim to simultane-
ously minimise P, and maximise Ppy. The resulting Pareto for the
25 °C temperature condition is presented in Table 5 and illustrated in
Fig. 11.

Fig. 11 and Table 5 show a sample of five points on the Pareto front
(P1-Ps) at 25 °C. A comparison between the values of Ppy and Py, is de-
termined from the metamodels at these points and the full CFD numeri-
cal simulations. There is a good agreement between the metamodel and
full numerical predictions for all cases, demonstrating the accuracy of
the metamodelling approach is implemented. This has been justified by
the maximum relative errors obtained for Ppy and P, of 8.7514% and
0.2871%, respectively.

Table 5 also reveals that point P3 to be a good compromise design.
Lastly, a significant result can be drawn from the Pareto curve which is
the impact of the fan power Pp, on the power generationPpy.An in-
crease of fan power Py, just after the compromised point P3 causes the
PV/T power generation to be negligible as Pp; tends to plateau. Similar
findings are obtained for 45 °C (e.g. See Fig. C4 and Table C4, Appendix
Q).

From Table 5, there is a clear trend of a slight increase in electrical
power generation compared to huge increase in fan power consump-
tion after Ps. It should be mentioned that the main variables affecting
the electrical power generation are the collector dimensions (length,
depth of flows).

6. Conclusion

A computational fluid dynamics multi-objective optimisation
framework analysis is made to evaluate photovoltaic/thermal air sys-
tems. Three main objectives are conducted to obtain the optimal de-
sign: A) selection of design parameters; and B) performing preliminary

PV /T design performance of Configuration 4 at five operating condition pointslocated on the Pareto together with CFD validation, as plotted in Fig. 10 when op-

erating at 25 °C. Relative error= |#eamodels — 7ckp| X 100/ Mimetamodels-

Design points for Pareto front Metamo dels CFD validation Relative error

Point L (m) 6p1 (m) 6py (m) Nih npy Mo npy N (%) npy (%)
121 0.6000 0.0100 0.0110 50.5326 11.4169 50.8080 11.4200 0.5450 0.0272
P, 0.6089 0.0076 0.0071 49.9194 11.5383 49.9310 11.5380 0.0232 0.0026
Ps 0.6080 0.0064 0.0057 49.1889 11.6064 49.2010 11.6040 0.0246 0.0207
P, 0.6074 0.0053 0.0044 48.2299 11.6777 48.1070 11.6750 0.2548 0.0231
Ps 0.6000 0.0040 0.0040 47.0980 11.7380 47.0970 11.7380 0.0022 0.0000
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Table 5

Applied Thermal Engineering xxx (xxxx) 117010

PV /T design performance of Configuration 4 at five operating condition points located on the Pareto together with CFD validation, as shown in Fig. 11 when op-

erating at 25 °C. Relative error= |Pycumodels — Pcrp| X 100/ Pietamodels:

Design points for Pareto front Metamo dels CFD validation Relative Error
Point L (m) op1 (m) Spy (m) Py (W) Ppy (W) Pran (W) Ppy (W) Pran (%) Ppy (%)
P, 0.6000 0.0100 0.0150 0.9904 40.7680 0.9566 40.7480 3.4128 0.0491
P, 0.9756 0.0100 0.0150 1.1578 64.9089 1.1697 64.8840 1.0278 0.0384
Ps 1.3000 0.0100 0.0149 1.4056 85.4630 1.3588 85.4010 3.3295 0.0725
Py 1.2987 0.0059 0.0046 12.6832 88.3088 11.6000 88.1170 8.5404 0.2172
Ps 1.3000 0.0040 0.0040 22.9220 89.1630 20.9160 88.9070 8.7514 0.2871
95 parametric studies of five common configurations (1: a standard pho-
{Compromise point 5 tovoltaic system without active cooling, 2: single pass duct, 3: a single
904 P, B pass duct (glazed), 4: 2 co-current pass ducts and 5: a double-pass sin-
J ‘/_’,—/_CE—/_O_E gle duct). Configuration 4 has the relatively best thermal performance:
g5 p, * x total efficiency and lowest fan power consumption (lowest pressure
X drop). Therefore, this configuration is identified as the best conven-
N *x tional photovoltaic and thermal collection to test for any further design
80+ X o improvements in the optimisation investigation.
] X In the optimisation of Configuration 4, the following five main
754 K x x steps are considered: 1) formulation of the objective functions to max-
1 Ik x imise both electric and thermal efficiencies; 2) parameterised objective
70- x . functions in terms of three variables, the length of collector and the
= {]x & depths of the lower and upper air flow channels; 3) design of experi-
E 654 e " ments using optimal Latin hypercube method as inputs for the compu-
& o x tational fluid dynamic simulations; 4) generating the metamodels from
S 5 design of experiment points (step 3); and 5) using a genetic algorithm
60+ K X method to obtain Pareto front curves. In step 5, four Pareto front
1 *x . curves are presented for the design optimisations, two curves for the
55— x analysis of the thermal and electric efficiencies at 25 °C and 45 °C and
] % two curves for analysis of the fan and electrical power at 25 °C and
504 [ 45 °C. The thermal and electric efficiencies are improved from 44.5% to
X y 50.1% and from 10.0% to 10.5%, respectively.
454 [« x (25°0) Declaration of Competing Interest
] X s Pareto front
40 Hﬂpl o = DOEpalnts Th ing financi
[ Design points (P;-Ps) e authors declare that they have no known competing financial
E © CFD validation (P;-Pg) interests or personal relationships that could have appeared to influ-
35 . — . ence the work reported in this paper.
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Fig. 11. Pareto front showing the compromise that can be achieved in min-
imising Pp,, and maximising Ppytogether with five representative design
points (e.g. P1-Ps) used for the PV/T performance analysis illustrated in
when Table 5 operating at 25 °C.

Appendix A. Air properties

The set of empirical Correlations (A1) - (A7) used to estimate the air properties, which are functions of bulk fluid temperature and proportionally
non-linear [38,80]. These correlations are applicable in the temperature range —73 °C to 127 °C.

p=-839%"" +836e T, — 7.695¢7"' T,?
+4.65¢7 T2 —1.07e77T,4,

p=3.9147 - 0.016087;
+(2.9013¢7°T,%) — (1.9407¢7°T,%)

v=u/p,

k=-0.0023 + 1.155¢7*7; — 7.91¢78T,>
+4.118¢7 11 T2 — 7.44¢71T,4,
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. Grid independence test for Configuration 4 using hexahedral mesh element type.
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Appendix B. Grid independence check

See Fig. B1 and Table B1.

trategy

imisation s

Appendix C. Opt

In Tables C1 and C2, L is the length of the channel/collector, 6, and ), are the lower and upper depth of flows (m) and, 7, and 7, are the

lower and upper mean inlet velocities (m s~1) respectively (see Figs. C1-C4 and Table C3 and C4)

11
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Table B1
Mesh independent test analysis for two conditions (Re = 510, 7 = 0.1829 (m s™), M, = 0.0041 (kg s™%)) and (Re = 2550, = 0.9145 (m s7!), M, = 0.0204
(kg s™1)).

Trial No NOE RAM t DOF MEQ T o Apy T,

Re = 510, = 0.1829 (m s7!), M, = 0.0041 (kg s™)

1 3360 1.81 41 22,713 1 86.48 24.08 0.207 73.85
2 9804 3.30 277 60,204 1 86.31 23.54 0.207 73.28
3 19,401 5.45 265 115,584 1 86.11 23.08 0.207 72.74
4 64,935 21.56 1759 358,716 1 86.02 22.90 0.211 72.52
5 78,225 23.67 1706 438,876 1 86.00 2291 0.213 72.53
6 94,905 24.30 1792 539,076 1 85.97 22.84 0.214 72.45
7 94,905 24.48 1752 539,076 1 85.88 22.70 0.220 72.28
8 94,905 25.97 1787 539,076 1 85.86 22.67 0.222 72.25
9 94,905 26.81 1755 539,076 1 85.84 22.66 0.223 72.23
10 94,905 27.03 1759 539,076 1 85.82 22.65 0.224 72.22
11 169,242 60.80 6397 942,326 1 85.95 22.80 0.216 72.40
12 169,242 64.61 8866 942,326 1 85.85 22.66 0.222 72.23
Re = 2550, 7 = 0.9145 (m s71), Mf = 0.0204 (kg s™1)

1 3360 1.85 44 22,713 1 75.90 46.36 1.408 56.20
2 9804 3.4 295 60,204 1 75.96 45.35 1.403 55.96
3 19,401 5.59 264 115,584 1 75.97 44.37 1.429 55.72
3a 44,823 8.09 352 285,824 1 75.74 43.11 1.56 55.42
3ab 44,823 8.84 346 285,824 1 75.83 43.43 1.50 55.50
3abc 51,513 9.49 382 330,624 1 75.81 43.36 1.51 55.48
3abed 51,513 9.49 385 330,624 1 75.75 43.10 1.57 55.42
4 64,935 20.97 1586 358,716 1 75.90 43.87 1.46 55.60
5 78,225 22.23 1642 438,876 1 75.87 43.65 1.48 55.55
6 94,905 25.98 1827 539,076 1 75.84 43.52 1.49 55.51
7 94,905 27.18 1780 539,076 1 75.75 43.20 1.54 55.44
7a 111,555 27.21 2014 639,276 1 75.74 43.12 1.56 55.42
7ab 111,555 27.32 1969 639,276 1 75.83 43.43 1.50 55.50
7abc 128,205 28.87 2128 739,476 1 75.81 43.37 1.51 55.48
7abed 128,205 27.97 2290 739,476 1 75.74 43.11 1.56 55.42
8 94,905 26.36 1757 539,076 1 75.73 43.15 1.55 55.43
9 94,905 23.85 1746 539,076 1 75.71 43.10 1.557 55.42
10 94,905 25.66 1807 539,076 1 75.69 43.07 1.563 55.41
11 169,242 61.51 7368 942,326 1 75.83 43.44 1.504 55.50
12 169,242 63.74 8378 942,326 1 75.73 43.12 1.558 55.42

12
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Table C1
Fifty DOE points and their CFD results for four objective functions of Configuration 4 for low temperature weather (25 °C).
L (m) 5py (m) Spy (m) 7, (ms™) 7y (ms™) My (kg s™) i npy Py (W) Ppy (W)
0.6 0.004 0.004 4.97 4.97 0.0377 47.10 11.74 13.34 42.09
0.6 0.01 0.004 2.00 4.97 0.0378 45.84 11.61 7.37 41.63
0.6 0.004 0.015 4.97 1.34 0.0380 40.12 11.58 7.05 41.52
0.6 0.01 0.015 2.00 1.34 0.0381 49.89 11.37 0.99 40.77
1.3 0.004 0.004 4.97 4.97 0.0377 45.56 11.48 22.92 89.16
1.3 0.01 0.004 2.00 4.97 0.0378 43.36 11.31 12.44 87.84
1.3 0.004 0.015 4.97 1.34 0.0380 36.26 11.27 12.14 87.54
1.3 0.01 0.015 2.00 1.34 0.0381 43.83 11.00 1.40 85.45
0.92439 0.004 0.00749 4.97 2.67 0.0378 44.35 11.51 10.72 63.55
1.0268 0.00415 0.01285 4.79 1.57 0.0379 39.61 11.38 9.36 69.83
1.2146 0.00429 0.0099 4.64 2.02 0.0378 41.50 11.34 10.04 82.30
0.63415 0.00444 0.00776 4.48 2.58 0.0378 46.34 11.61 6.56 44.00
0.83902 0.00459 0.01044 4.34 1.92 0.0379 43.54 11.46 6.52 57.47
0.8561 0.00473 0.01366 4.21 1.47 0.0379 41.47 11.41 5.82 58.37
0.87317 0.00488 0.0048 4.08 4.15 0.0377 47.42 11.56 10.22 60.30
1.2659 0.00502 0.00722 3.97 2.77 0.0378 44.84 11.34 8.32 85.76
1.0951 0.00517 0.00561 3.85 3.55 0.0378 46.86 11.44 9.01 74.83
0.61707 0.00532 0.01098 3.74 1.83 0.0379 46.17 11.54 3.85 42.55
1.0439 0.00546 0.01017 3.65 1.97 0.0379 44.35 11.34 5.10 70.73
1.2829 0.00561 0.01205 3.55 1.67 0.0379 41.77 11.22 5.21 85.98
1.1122 0.00576 0.01446 3.46 1.39 0.0380 41.42 11.24 4.25 74.70
0.70244 0.0059 0.01393 3.38 1.45 0.0380 44.95 11.43 3.05 47.99
0.80488 0.00605 0.00802 3.30 2.49 0.0378 47.66 11.46 4.09 55.10
1.1976 0.0062 0.00454 3.22 4.38 0.0378 46.47 11.40 10.81 81.61
1.1634 0.00634 0.00829 3.15 2.41 0.0378 45.75 11.29 4.60 78.51
0.6 0.00649 0.00615 3.07 3.24 0.0378 49.39 11.60 4.20 41.58
0.82195 0.00663 0.00427 3.01 4.66 0.0378 47.43 11.54 8.98 56.70
0.90732 0.00678 0.01339 2.94 1.50 0.0380 45.00 11.30 2.64 61.24
0.71951 0.00693 0.01071 2.88 1.87 0.0379 47.93 11.42 2.48 49.12
1.1805 0.00707 0.01151 2.82 1.74 0.0379 44.45 11.20 3.01 78.98
1.2317 0.00722 0.0142 2.77 1.42 0.0380 42.64 11.13 2.69 81.93
0.77073 0.00737 0.00695 2.71 2.87 0.0378 48.93 11.46 3.51 52.77
0.95854 0.00751 0.0091 2.66 2.20 0.0379 47.45 11.31 2.84 64.81
1.061 0.00766 0.00534 2.61 3.73 0.0378 47.39 11.38 6.21 72.13
1.2488 0.0078 0.00588 2.56 3.39 0.0378 46.43 11.29 5.73 84.21
1.3 0.00795 0.00937 2.51 2.14 0.0379 45.33 11.16 3.02 86.72
0.65122 0.0081 0.01259 2.47 1.60 0.0380 48.87 11.41 1.63 44.39
1.0098 0.00824 0.01232 2.43 1.63 0.0380 46.17 11.21 1.97 67.65
0.68537 0.00839 0.00507 2.38 3.93 0.0378 48.46 11.54 5.00 47.26
0.75366 0.00854 0.01473 2.34 1.37 0.0381 47.51 11.30 1.45 50.90
1.0781 0.00868 0.015 2.31 1.34 0.0381 44.89 11.13 1.65 71.70
0.66829 0.00883 0.00883 2.27 2.27 0.0379 50.04 11.44 1.97 45.67
1.1463 0.00898 0.00856 2.23 2.34 0.0379 46.97 11.21 2.63 76.77
0.97561 0.00912 0.004 2.20 4.97 0.0378 45.27 11.44 10.28 66.71
0.99268 0.00927 0.00668 2.16 2.99 0.0379 47.85 11.32 3.45 67.13
0.94146 0.00941 0.00963 2.13 2.08 0.0380 48.19 11.26 1.93 63.33
0.89024 0.00956 0.01312 2.10 1.53 0.0380 47.68 11.22 1.37 59.67
0.7878 0.00971 0.00641 2.06 3.11 0.0379 48.75 11.41 3.17 53.72
0.73659 0.00985 0.01124 2.03 1.79 0.0380 49.61 11.33 1.38 49.85
1.1293 0.01 0.01178 2.00 1.71 0.0380 46.38 11.12 1.57 75.02
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Table C2
Fifty DOE points and their CFD results for four objective functions of Configuration 4 for high temperature weather (45 °C).
L (m) 5py (m) Spy (m) 7, (ms™) 7y (ms™) My (kg s™) i npy Py (W) Ppy (W)
0.6 0.004 0.004 5.57 5.57 0.0397 46.45 10.76 17.55 38.57
0.6 0.01 0.004 2.24 5.57 0.0398 45.59 10.64 9.69 38.14
0.6 0.004 0.015 5.57 1.51 0.0399 39.49 10.61 9.26 38.04
0.6 0.01 0.015 2.24 1.51 0.0401 49.44 10.42 1.30 37.35
1.3 0.004 0.004 5.57 5.57 0.0397 45.10 10.51 30.05 81.67
1.3 0.01 0.004 2.24 5.57 0.0398 43.27 10.36 16.32 80.45
1.3 0.004 0.015 5.57 1.51 0.0399 35.50 10.32 15.86 80.20
1.3 0.01 0.015 2.24 1.51 0.0401 43.12 10.08 1.83 78.33
0.92439 0.004 0.00749 5.57 2.99 0.0398 43.73 10.54 14.06 58.23
1.0268 0.00415 0.01285 5.37 1.75 0.0399 38.90 10.43 12.26 63.98
1.2146 0.00429 0.0099 5.20 2.27 0.0398 40.90 10.39 13.35 75.41
0.63415 0.00444 0.00776 5.02 2.88 0.0398 45.77 10.64 8.65 40.33
0.83902 0.00459 0.01044 4.86 2.15 0.0398 42.95 10.51 8.61 52.68
0.8561 0.00473 0.01366 4.71 1.65 0.0399 40.82 10.46 7.70 53.51
0.87317 0.00488 0.0048 4.57 4.65 0.0397 47.11 10.59 13.44 55.28
1.2659 0.00502 0.00722 4.44 3.10 0.0398 44.37 10.39 10.97 78.57
1.0951 0.00517 0.00561 4.32 3.98 0.0397 46.40 10.48 11.85 68.56
0.61707 0.00532 0.01098 4.19 2.05 0.0399 45.79 10.57 5.08 38.99
1.0439 0.00546 0.01017 4.09 2.21 0.0399 43.77 10.39 6.70 64.81
1.2829 0.00561 0.01205 3.98 1.87 0.0399 41.19 10.28 6.83 78.78
1.1122 0.00576 0.01446 3.88 1.56 0.0400 40.89 10.30 5.58 68.46
0.70244 0.0059 0.01393 3.79 1.62 0.0400 44.36 10.48 4.03 43.98
0.80488 0.00605 0.00802 3.69 2.79 0.0398 47.28 10.50 5.37 50.49
1.1976 0.0062 0.00454 3.60 4.91 0.0397 46.32 10.45 14.15 74.77
1.1634 0.00634 0.00829 3.52 2.70 0.0398 45.40 10.35 6.02 71.93
0.6 0.00649 0.00615 3.44 3.63 0.0398 49.15 10.63 5.54 38.10
0.82195 0.00663 0.00427 3.37 5.22 0.0397 47.10 10.58 11.90 51.96
0.90732 0.00678 0.01339 3.30 1.68 0.0400 44.39 10.35 3.46 56.12
0.71951 0.00693 0.01071 3.23 2.10 0.0399 47.47 10.47 3.26 45.01
1.1805 0.00707 0.01151 3.16 1.95 0.0399 43.97 10.26 3.96 72.37
1.2317 0.00722 0.0142 3.10 1.59 0.0400 42.03 10.20 3.54 75.09
0.77073 0.00737 0.00695 3.04 3.22 0.0398 48.63 10.50 4.61 48.35
0.95854 0.00751 0.0091 2.98 2.46 0.0399 46.91 10.37 3.72 59.39
1.061 0.00766 0.00534 2.92 4.18 0.0398 46.98 10.42 8.20 66.09
1.2488 0.0078 0.00588 2.87 3.80 0.0398 46.29 10.34 7.51 77.16
1.3 0.00795 0.00937 2.82 2.39 0.0399 44.88 10.23 3.96 79.46
0.65122 0.0081 0.01259 2.76 1.79 0.0400 48.41 10.45 2.14 40.67
1.0098 0.00824 0.01232 2.72 1.83 0.0400 45.56 10.27 2.59 61.99
0.68537 0.00839 0.00507 2.67 4.40 0.0398 48.18 10.57 6.61 43.30
0.75366 0.00854 0.01473 2.62 1.53 0.0400 46.96 10.36 1.90 46.64
1.0781 0.00868 0.015 2.58 1.51 0.0401 44.12 10.20 2.17 65.71
0.66829 0.00883 0.00883 2.54 2.54 0.0399 49.70 10.48 2.59 41.84
1.1463 0.00898 0.00856 2.50 2.62 0.0399 46.48 10.27 3.46 70.35
0.97561 0.00912 0.004 2.46 5.57 0.0398 44.93 10.48 13.51 61.11
0.99268 0.00927 0.00668 2.42 3.35 0.0399 47.44 10.37 4.53 61.51
0.94146 0.00941 0.00963 2.38 2.33 0.0399 47.62 10.32 2.54 58.04
0.89024 0.00956 0.01312 2.35 1.72 0.0400 47.04 10.28 1.80 54.68
0.7878 0.00971 0.00641 2.31 3.49 0.0399 48.47 10.46 4.18 49.23
0.73659 0.00985 0.01124 2.28 2.00 0.0400 49.13 10.38 1.81 45.68
1.1293 0.01 0.01178 2.24 1.91 0.0400 45.83 10.19 2.07 68.75
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Fig. C2. Response surface function Ppy from the surrogate model at 25 °C together with the DOE points.
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Fig. C3. Pareto front emphasising the compromise that can be struck in maximising both #;zand?py together with five representative design points (P1-P5)
used for the PV/T performance analysis illustrated in Table C3 at 45 °C.
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Fig. C4. Pareto front showing the compromises that can be struck in minimising Py, and maximising Pp) together with five representative design points
(e.g. P1-Ps) used for the PV/T performance analysis illustrated in Table C4 when operating at 45 °C.

Table C3

PV/T efficiencies of Configuration 4 at five operating conditions points located on the Pareto front together with their CFD verification at 45 °C, as shown in Fig.

C3. Relative error= |’7metamodels - nCFD| X loo/nmetamodels'

Design points for Pareto front Metamodels CFD Relative Error

Point L (m) Sp1 (m) Spy (m) i npy Nih npy N (%) npy (%)
Py 0.6171 0.0100 0.0094 50.0005 10.4761 50.4130 10.4760 0.8250 0.0010
P, 0.6134 0.0081 0.0071 49.7368 10.5598 49.7930 10.5600 0.1130 0.0019
P; 0.6131 0.0065 0.0058 48.9896 10.6273 49.0110 10.6270 0.0437 0.0028
Py 0.6181 0.0059 0.0042 48.0327 10.6863 47.5910 10.6890 0.9196 0.0253
Ps 0.6000 0.0040 0.0040 46.4510 10.7560 46.4510 10.7560 0.0000 0.0000

Table C4

PV/T design performance of Configuration 4 at five operating conditions points located on the Pareto front together with CFD verification at 45 °C. Relative error

= |Pmetamode]s - PCFDl X 100/Pl‘nelamodels'

Design points for Pareto front Metamodels CFD Relative Error

Point L (m) 6pi(m) 6py (m) Pryy (W) Ppy (W) Pran (W) Ppy (W) Pran (%) Ppy (%)

P, 0.6000 0.0100 0.0150 1.3023 37.3500 1.2268 37.3160 5.7974 0.0910

P, 0.9712 0.0100 0.0150 1.5125 59.2303 1.4887 59.1710 1.5736 0.1001

Ps 1.3000 0.0100 0.0150 1.8333 78.3270 1.7297 78.2150 5.6510 0.1430

Py 1.2996 0.0052 0.0055 15.5108 80.9034 14.9800 80.5970 3.4221 0.3787

Ps 1.3000 0.0040 0.0040 30.0530 81.6650 28.2670 81.2990 5.9428 0.4482
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