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Abstract: The primary objective of this paper is to present a dynamic photovoltaic/thermal collector
model in combination with a thermal energy storage tank. The added value of the proposed model is
the use and integration of existing dynamic models for describing the entire photovoltaic/thermal
system. The presented model was validated using measurements on the experimental system located
at the Institute of Energy Technology, Faculty of Energy Technology, University of Maribor. The
validation was carried out based on three different weather conditions—sunny, cloudy, and overcast.
The validation results were evaluated using the normalized root mean square error and mean absolute
percentage error for the temperature and output power of the photovoltaic/thermal collector and the
temperature of the thermal energy storage tank. The model results concurred with the measurements,
as the average mean absolute percentage error values for the temperature and output power of the
photovoltaic/thermal collector and thermal energy storage tank temperature were 5.82%, 1.51%, and
7.58% respectively.

Keywords: photovoltaic/thermal collector; thermal energy storage tank; dynamic modeling; temper-
ature distribution; output power

1. Introduction

Photovoltaic/thermal (PV/T) solar systems have appeared on the market in the last
15 years to improve the performance, lifespan, and energy yield of commercial PV systems.
Unlike commercial PV modules, PV /T collectors have a heat exchanger or cooling fins
mounted on the rear of the PV module. The primary task of the heat exchanger is to
reduce the temperature of the PV module, thus increasing the electrical efficiency of the PV
module and consequently also the yield of electricity production [1]. The excess heat taken
from the PV module can be used for low-temperature heating applications. Pool heating
is one of the many heating applications of a waste heat PV /T collector. Vanoli et al. [2]
present a thermo-economic analysis of a PV /T system for an indoor-outdoor swimming
pool. Given that PV/T modules produce more energy per unit area than PV and solar
collectors separately, these systems are particularly suitable for applications where the
available surface area is limited. PV/T systems are not only suitable for installation
on roofs of buildings or meadow /degraded surfaces but are also increasingly used as
facade panels. Medved et al. [3] present a multi-purpose facade structure designed as
a semi-transparent modular building-integrated PV /T facade panel. The integration of
facade panels decreases the energy required from 55% to 40%, depending on the heating
season climate conditions and contributes to fulfilling sustainable building requirements.
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PV /T systems are the subject of research and analysis in most countries and are still not
integrated to the same extent as commercial PV systems. However, it is noticeable that there
is growing demand in western Europe, while eastern Europe needs more awareness and
demonstration projects [4]. Excess heat from PV /T collectors can be used in several ways,
one of which is the storage of excess heat in a thermal energy storage tank (TEST). TESTs
are basically divided into open, closed, and hybrid systems. Open systems, unlike closed
systems, include an internal heat exchanger that separates the working medium (glycol)
from domestic hot water (DHW), while hybrid systems are composed of a combination
of both.

Meteorological conditions change rapidly during the day. Therefore, the description
of the operation of the PV/T system is inherently dynamic [5]. A steady-state model
describing the temperature of a PV/T module or the temperature of the working medium
is not suitable for forecasting in cases of sudden changes in the atmosphere or rapid
changes in the flow of the working medium. Therefore, for an accurate assessment of
the temperature distribution in a PV/T system, various studies have been described
in the literature review, which is divided into static and dynamic models based on the
mathematical principle.

1.1. Literature Review of Existing Studies

Based on a large number of dynamic and static mathematical models of PV /T collec-
tors and thermal energy storage tanks, a comprehensive review of the existing research
studies was carried out in this part of the study. The literature review mainly covers math-
ematical descriptions of dynamic and static models of the PV /T system (PV /T collector
and TEST), published in various international journals. To date, quite a few static [6-16]
and dynamic [17-27] models of PV /T modules and TESTs have been found. Below, the
authors of this study have described models that represent added value and key findings
for further research work. Simonetti et al. [28] present the development and evaluation
of a comprehensive dynamic mathematical model of an eleven-layer PV /T collector. The
added value of this research is the precise determination of heat transfer between the
heat exchanger and the working medium. The proposed model is presented in a two-
dimensional space where the temperature distribution in each layer is uniform. A similar
study using dynamic modeling and temperature distribution in two-dimensional space
was performed by Yu et al. [29] and Guarracino et al. [30]. Guarracino et al. [31] accurately
assess electrical and thermal energy generation for PV /T collectors using steady-state and
dynamic models. Additionally, Pierrick et al. [32] present a high accuracy model validated
under a steady-state and dynamic regime. Consideration of the temperature levels of each
cell and the mismatch effect are unique features of this model. Das et al. [33] present a
dynamic seven-layer model of a PV /T collector that considers thermal contact resistance
and ohmic losses in the PV cell layer. Silva et al. [34] introduce thermodynamic modeling
of a PV/T system using a modular strategy approach devised by Matlab/Simulink. This
study is based on a similar modeling strategy. Ji et al. [35] present a dynamic model of
a PV evaporator in a PV/T solar-assisted heat pump. Refrigerant conditions, such as
pressure, temperature, and vapor quality, are spatially distributed as two-dimensional
results. Ciabattoni et al. [19] present a dynamic model of a PV /T collector, which has been
linearized and discretized. The discrete linear model was first validated using a continuous
non-linear model and then using the novel PV /T collector measurements. Fan et al. [36]
present the development of a dynamic PV/T model with a solar air heater. Unlike classic
sheet-and-tube PV /T collectors, the proposed model describes longitudinal fins and in-
cludes a method for discretizing the system into several control volumes. Hussain et al. [37]
present a dynamic model of a trapezoidal-shaped sheet-and-tube heat exchanger of a PV/T
collector. The transient response of a nanoengineered PV /T collector is developed using
Matlab software. Sakellariou et al. [38] propose a dynamic first-order PV /T model with
optical losses calculated analytically according to the principles of optics. The results of
the model concur with the measurements, as the PV /T outlet temperature was estimated
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at 0.66% for stable weather conditions and 4.22% for extreme weather conditions. Finally,
Al-Waeli et al. [39] represent dynamic modeling of a PV /T system using nanofluids and a
nano-PCM working medium. The dynamic model concurs with the measurements on the
real experimental system, as the electrical and thermal efficiencies differ by only 0.5% and
0.7%, respectively.

Given that static or steady-state models are not the main topic of this study, it only
covers the main research achievements to date. Maadi et al. [40] present a coupled thermo-
optical numerical model created in ANSYS Fluent software. The numerical model considers
the optical properties of PV/T collector layers and different scenarios according to the
number and diameter of sheet-and-tube heat exchangers. Angola et al. [41] study numerical
modeling of the spatial distribution of the temperature of each PV cell using ANSYS Fluent
software. Ghani et al. [42] conducted a similar three-step numerical analysis of model flow
distribution, temperature variation, and PV yield for a PV/T collector. Jonas et al. [43]
present a thermal performance model using TRNSYS, which is proposed as a standardized
performance model for PV /T collectors.

In addition to the significant achievements of the description of dynamic models,
there are many other interesting static/dynamic models, including various optimization
methods and techno-economic analyses. Buononano et al. [44] represent a numerical
analysis to assess the technical and economic indicators of PV /T collectors. Evola et al. [45]
present a thermo-economic optimization of a PV /T module, whereby the change in the flow
of the working medium consequently changes the electrical efficiency. Behzadi et al. [46]
describe a dynamic model of a new PV /T-based smart building energy system, which
is comprehensively analyzed from a thermodynamic and economic point of view using
TRNSYS software. The added value of this research is the optimization of the design and
size of the building. Dai et al. [47] present a multi-objective optimization of a PV /T system
for domestic hot water applications, using TRNSYS and NSGA-II software with the aim
of studying and optimizing the prime energy-saving efficiency and lifecycle savings of
a PV/T DHW system for an entire year. Markides et al. [48] made another interesting
optimization, which included two target functions. The first objective was to minimize the
payback time and associated production costs per kWh of energy for residential buildings,
while the second was to minimize the interactions of PV /T systems with the grid (exported
compared to imported ones) and to limit the amount of excess heat emitted into the
environment to avoid overheating the TEST. In addition to optimizations, the literature
review also covered the forecast of electrical and thermal energy from PV /T systems via
artificial neural networks (ANN). Chaichan et al. [49] present ANN modeling based on
a multi-layer perceptron system. The proposed ANN approach increases the electrical
efficiency by 5.25%, using a nanofluid /nano-PCM working medium. Similarly, Ammar
et al. [50] propose an ANN algorithm that maximizes the electrical and thermal power
generation from a PV /T system using the mass flow rate of the working medium as an
optimization parameter.

Throughout the literature review, the authors of this study found that there are quite a
few very accurate dynamic PV /T collector models that do not include a TEST when model-
ing the entire PV /T system. The following studies [23,34,46,51] of PV /T system modeling
include a TEST description, albeit in a simplified static/dynamic form. To this end, the
background of TEST research and an overview of dynamic modeling through various liter-
ature are also included in this study. Nash et al. [52] represent dynamic modeling of a TEST
with an internally mounted spiral heat exchanger, with the minimization of the number
of dynamic states required to describe the system being crucial. The presented model is
also useful for controlling the system, as in certain parts, the computational complexity
can be limited and the simulation takes place 1200 faster than in real-time. Maveety
et al. [53] introduce the calculation of a two-dimensional cylindrical shaped TEST model
using a second-order partial approximation and a NaK working medium. Nelson et al. [54]
tested the influence of insulation thickness on the outside of a TEST in their paper. They
found that wall insulation did not improve TEST thermal stratification but did increase
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thermal degradation due to the axial conductivity of the walls. This effect can be reduced
by increasing the length of the TEST and reducing the wall thickness of the TEST using
materials with low thermal conductivity. The TEST response can generally be calculated
using multi-dimensional partial differential equations describing energy, momentum, mass
ratios, geometry, and heat transfer. Several authors [53,55-60] have used this approach
in their contributions to calculate two- or three-dimensional numerical models of a TEST.
These models are, as previously mentioned, particularly suitable for analyzing specific
problems; however, they are very expensive in terms of calculation speed. Therefore, they
are not useful in calculating larger energy systems containing at least two or more TESTs.
For this purpose, simplified models based on ordinary differential equations are used while
maintaining precision.

1.2. Aims and Specifics of the Current Research

A unique feature of this paper is the development of a dynamic model of a PV/T
collector in combination with a TEST. In this part, the temperature distribution of the
PV /T collector and TEST is described based on dynamic modeling in a one-dimensional
space, while the output power of the PV /T collector is described using an implicit method.
The dynamic model of the PV /T collector is summarized and made based on numerous
research studies [19,29-34] to calculate the temperature distribution. In contrast, a double-
diode model of a PV cell is used to calculate the output power, which also considers
the description of the electrical parameters depending on the solar radiation G and the
temperature of the PV/T collector T. The dynamic TEST model is taken from [60] and
adapted to the geometry of the TEST installed at the Institute of Energy Technology, Faculty
of Energy Technology, University of Maribor. Dynamic models of individual components
of PV/T systems have been presented several times in various studies; however, no
research was found during the course of the literature review that accurately described the
modelling of an entire PV /T system. The proposed dynamic model of the PV /T collector in
combination with a TEST was made using the Matlab/Simulink software package, where
the differential equations are described using a block called ‘s-function’. To this end, the
aim of this research was to describe an entire PV /T system and carry out validation of an
existing PV /T system.

2. Materials and Methods
2.1. Experimental Set-Up

The experimental set-up represents the photovoltaic/thermal system located at the
Institute of Energy Technology, Faculty of Energy Technology, University of Maribor,
Slovenia. The PV /T system mainly consists of ten PV/T modules (total installed power of
3300 W), a thermal energy storage tank (TEST), two heat exchangers, and a refrigeration
unit. In addition, it includes circulating pumps, expansion vessels, three-way control valves
with motor drive, temperature sensors, and a meteorological station, which is controlled via
a central control system (CCS). Monitoring of measurements is displayed through a SCADA
graphical user interface and includes measurement of the working medium temperature in
the primary (PV/T modules) and secondary (TEST) circuit, working medium flow, solar
radiation on an inclined surface, ambient temperature, wind speed, and wind direction.
The entire cooling manifold is filled with a mixture (water-glycol 35%), which enables the
system to operate even in winter (freezing point temperature is —25 °C). The waste thermal
energy of the PV/T modules is stored in the TEST with a capacity of 500 L via the primary
heat exchanger, which enables the layering of thermal energy according to the temperature
gradient. Inside the TEST, six temperature sensors (PT100) are installed at certain heights,
which allow the temperature level to be monitored. In the event of a heat sink, the working
medium can be cooled with an additional air-cooled refrigeration unit (air-water). The
secondary heat exchanger (glycol-water) is installed on the secondary side of the TEST,
which heats domestic hot water (DHW) up to 45 °C. The PV /T modules are at the same
angle, equipped with a pyranometer for measuring solar radiation, temperature sensors at
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the inlet and outlet of the working medium in the PV /T modules, and a calorimeter. The
calorimeter determines the thermal energy produced based on the flow of the working
medium and temperature difference at the inlet and outlet. The functional scheme of the
PV /T system with additional graphical material is shown in Figures 1 and 2.

Photovoltaic/Thermal
\ Modules \
\\\ \ \ _$> Thermal Energy Circulation of
\ s 555 Storage Tank (TEST)  qomestic hot water
P CCsM1
@ A AN | T
§9< ABRL
v Tamb N
Gsr DHW release
é Central Control
oo System (CCS)
| Meteorological | # Circulation
| Measuring Station :
“““““““ Siemens SCADA
CCs-MMS
System
R P — . Y BaRE: b e
| X i ,
Iy Solar |
|
Pump | ‘\ >
ccs! '
P1 | 0 Module i VAR
LX ! R
___________ ccs
T Tou 9 EFTPV/N Mép
Calorimeter as| ©
CCS-CM Toor Thermal Energy Refrigeration
s ccsp2 Storage Tank - Cooling unit

Figure 1. Functional scheme of the photovoltaic/thermal system.

Figure 2. PV/T system: (1) PV/T modules, (2) heat exchangers, (3) refrigeration unit, (4) TEST, (5) pyranometer, and
(6) anemometer and ambient temperature sensor.

The control system of the PV /T system is divided into 3 different operational regimes:
Daily mode control:

TPV/T 1 0r TPV/TZ > TTEST 1= M1-A & M2-A + P1 & P2 (ON)

TPV/T4 >75°C =M1-B & M2-A+B

Tpy T4 2> 90 °C = P1 (OFF)

Control during heat consumption:

Tpy,11 0r Tpy T2 > 80 °C = refrigeration unit (ON)

Ttest1 > 75 °C = refrigeration unit (ON)

or Ttgst1 > 75 °C = DHW release (ON)

Night mode control (between 10 p.m. and 5 a.m.):

o TPV/T 1 0r TPV/T 2 < TTEST 1 =MI1-A & M2-A + P1 & P2 (ON)
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2.2. Model Setup

The model setup represents the description of a dynamic model of the PV /T system.
The model of the PV /T system was created in the Matlab/Simulink software package using
a block called ‘s-function’. The measurement data of the PV/T system with a sampling
time of 300 s were entered directly into the Simulink model via the interface and are shown
in the left part of Figure 3. The central part of Figure 3 presents a complete dynamic model
of a PV/T system, described using the ‘s-function’ block. An s-function block is computer
language used for describing dynamic systems. A numerical method called TR-BDF2
(Trapezoidal Rule with second order Backward Difference Formula) with a simulation
sampling time of Ts = 0.0001 s was chosen to solve the differential equations of the PV/T
collector and TEST.

Photovoltaic/thermal
collector with thermal
Input parameters energy storage tank Results

H

HBUOUeNUs
G

T

T
B
iz
, Thermal model of PVIT callector
d >
o
] o
_HTES)
= o | |

[~ 0=
Thermal energy storage tank
D

I f
a?@
0

Figure 3. Model setup: PV /T collectors in combination with a TEST model created in the Matlab/Simulink software package.

2.3. Dynamic Model of the Photovoltaic/Thermal Collector

The dynamic model of the PV /T collector is divided into electrical and thermal models.
The dynamic electrical model represents the calculation of the output power of the PV/T
collector and the following electrical parameters. Furthermore, the dynamic thermal model
describes the temperature distribution in the PV/T collector or the temperature of the
working medium connecting the TEST.

2.3.1. Electric Model of the Photovoltaic/ Thermal Collector

In this paper, the output power of the PV /T collector is calculated using an equivalent
circuit of a double-diode model. Many research papers presented in the literature re-
view [17,28,29,41] mainly use simple explicit equations or single-diode models to calculate
output power. Furthermore, during the course of the literature review, the authors of this
study did not come across any research papers that consider the dependences of solar
radiation and the temperature of PV /T collectors. To this end, the goal of this study was to
calculate the output power with the highest possible accuracy and consider other electrical
parameters in different dependencies. The governing equation of equivalent circuit of a
double-diode model is formulated using Kirchoff’s current law for current I by (1):

(Fpker—) (lghRs ) Uil R
I=1I—Int- (exP e —1) —Ipp- (exp (F)Ns _1> _ (“;s> 1)
sh
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The photo-generated current is described by (2).

G
Gstc

Ioh = (Isc + pige (T — Tstc)) - ()

The diode saturation current for the first and second diode is shown in (3) and (4).

3 TEg0 (150~ 1)
In = uISC (= 'exp(+) 3)
L Tstc
exp TENs —1

3 q‘EgO'(%*%)
Iop = s (e ) et @
Qe Tstc
exp KN —1

As mentioned above, four electrical parameters, namely short-circuit current Isc,
open-circuit voltage Uoc, series Rs, and parallel resistance Ry, [61], were described as a
function of solar radiation G and temperature of the PV/T collector T, thus providing
more accurate output power of the PV /T collector. The following electric parameters are
described by (5)-(8).

In (18CSTC,
G GSSTCC
Isc(G,T) = (GSTC> ") (Iseste + apy - (T — Tstc)) (5)
Ng-K-T-n
Uoc (G, T) = Uocstc + % ‘In(G) + Bpv - (T — Tsrc) (6)
Ry(G,T) = Gstc - (Voc,stc — Vmpp,stc) )
S 7 -

4- (G- (Imppstc +apy - (T — Tstc)))

2 - Gstc - (Umppstc — Bpv - (T — Tstc))
(G- (Iscstc — Imppstc))

Rsh(G/ T) - (8)

Table 1 presents the electrical parameters of the considered mono-crystalline PV /T
collector under STC conditions, manufactured by SOLIMPEKS [62].

Table 1. Parameters of the considered mono-crystalline PV /T collector under STC conditions.

SOLIMPEKS Volther
Dimensions (1 x w x h) (mm) 995 x 1670 x 60
PV cell size (mm?) 156 x 156
Pyipp (W) 330
Unpp (V) 37.77
Ivpp (A) 9.15
Uoc (V) 39.86
Isc (A) 9.77
apy (O/O/OC) 0.048
Brv (%/°C) —0.255
Yrv (O/o/OC) —0.331
Number of PV cells connected in series 60

2.3.2. Thermal Model of the Photovoltaic/Thermal Collector

The PV/T collector is basically composed similar to a commercial PV module, with the
exception that the PV /T collector includes additional layers such as an adhesive, copper ab-
sorber, heat exchanger, working medium (glycol and water mixture), Styrofoam/glass wool,



Energies 2021, 14, 8162

8 of21

and protective layer. Figure 4 shows a cross-section of the PV /T collector. A mathematical
notation of the temperature distribution of each layer separately is illustrated below.

glass (g)
EVA foil (el or e2)

PV cells (pv)

PVF foil (pvf)
adhesive (ad)

copper absorber (ca)
heat exchanger (he)

glycol/water (f)

protective layer (pl)

styrofoam/glass
wool (ins)

Figure 4. Cross-section of the PV /T collector and description of each layer.

The glass layer covers both the input and output heat flow. The input heat flow
includes absorbed solar radiation and reflection between the glass and the PV cell layer,
while the output heat flow includes conductive heat transfer with the first layer of EVA
foil, convective heat transfer with air, and radiation heat transfer with the sky and ground.
The temperature distribution of the glass layer is described by (9):

RN
lxo'g (1 + Po’/gg'.oo’,iv) G- %[(%g)w - hgfair(Tg - Ta) (9)

—¢.-0-F TA_T. 4 _¢ .0-F T.4_ T4 _ o(Tgt-Tpt)
€g 0 gsky\ g sky g 0 g,ground( g a) 1 1

&g v
The convective heat transfer coefficient between the glass layer and the air can be
determined for natural (Gr/Re? < 1), forced (Gr/Re* > 1), or mixed convection (Gr/Re? ~ 1).
In the case of the simplified model [45], the convective heat transfer coefficient can be
determined by (10):
hg air =57 +38-0 (10)

In the radiation heat transfer part (9), the ground temperature is assumed to be equal
to the ambient temperature, while the temperature of the sky is calculated using different
meteorological models. The models cover the ratio of the diffuse and global components
of solar radiation to estimate the scattering of solar radiation and temperature. Due to a
lack of measurements of diffuse solar radiation, this paper considers the assumption that
the ambient temperature is equal to the temperature of the sky until the solar radiation
falls below 100 W/m?. Based on this assumption, the sky temperature can be determined
by (11):

15 2
Ty {0.0552 ‘T,'% G < 100W/m an

T, ifG > 100W/m?

The view factors for glass-to-sky and glass-to-ground are described in (12) and (13):

1+ cos(B)

Fg,sky = > (12)
1 —cos
Fg,ground = f(ﬁ) (13)

Assuming that the first layer of EVA foil is an intermediate layer between the glass
and the PV cell layers, the input and output heat flows are defined as the conductive heat
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transfer with the glass and the PV cell layers. The temperature distribution of the first layer
of EVA foil is determined by (14):

T, — T, Te1 — Ty
et~ der Cer dliirfl =177 ddel 1 defl = 14
() + ()] 2l() + (&)

As is the case for the glass, the PV cell layer also comprises both input and output
heat flow. The input heat flow includes absorbed solar radiation, reflections between the
glass and PV cell layers, conductive heat transfer through the first layer of EVA foil, and
radiation heat transfer through the glass layer. The output heat flow includes conductive
heat transfer through the second layer of EVA foil and the electricity produced by the

PV cell. The calculation of the electricity produced by the PV/T collector is shown in
sub-Section 2.3.1. The temperature distribution of the PV cell layer is determined by (15):

Ppv - dpy - Cpv - % =7 dTﬂ_TPZz ST T dev_Tei,
M)+ ()] 3(E)+(:2)]
+(w) G4+ oI Tet)  p

1 1

(15)

1—Po,g'Po,pv g ipy

Assuming that the second layer of EVA foil is an intermediate layer between the PVF
foil layer (tedlar) and the PV cell layer, the input and output heat flows are defined as
conductive heat transfer with the PVF foil layer and the PV cell layer. The temperature
distribution of the second layer of EVA foil is determined by (16):

0 d C d Ter Tpv —Te2 Ter — Tpvf
e2 " le2 " Le2 = -
dt 1 dp" dﬁ 1 de d v
)+ ()] 4() + ()]
Similarly, the inlet and outlet heat flows for a layer of PVF foil are defined as conduc-

tive heat transfer with a second layer of EVA foil and adhesive layer. The temperature
distribution of the PVF foil layer is determined by (17):

(16)

dT. £ Ter — Tout Tovt — Tad
pVv _ e. pv pVv al
Ppvt - dput * Cpui dt  1[(de i\ 1 [ (ot dad 17)
() + ()] 2l(e) + ()
The input and output heat flows for the adhesive layer are defined as the conductive

heat transfer with the PVF foil layer and the copper absorber layer. The temperature
distribution of the adhesive layer is determined by (18):

0 d C dT,q _ Tpvf — Tad Tad — Tca
ad " “ad * “ad * - -
dt 1 dpvf d, 1 da dea
B[(0) + ()] 3 (k) + (i)
The input and output heat flows for the copper absorber layer are defined as the con-

ductive heat transfer with the adhesive layer and the heat exchanger layer. The temperature
distribution of the copper absorber layer is determined by (19).

(18)

do Con - dTeca _ Tag — Tea B Tca — The (19)
2 ca 2-70-kne

A heat exchanger layer in which the input heat flow is defined as conductive heat
transfer through the copper absorber layer, while the output heat flow is divided into
conductive heat transfer through a Styrofoam layer and convective heat transfer to the
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working medium in the heat exchanger. The temperature distribution of the heat exchanger
layer is determined by (20):

Gy Pheour? Dre’  dThe _
Phe * Che 2-Dheout dat 1n(Dhe,OUT>
1 <@>+ ~\ PheiN /.
2 kca Z'H‘khe

Tins— The

o ln( Dhe OUT )
1 (dins ) + Dhe,IN
2 Kins 2:70kpe

(20)

— 70 Dpe N - B - (T — The)

1

The inlet heat flow of the working medium consists of the advective heat flux of the
inlet working medium and the convective heat transfer between the heat exchanger and
the working medium. The output heat flow of the working medium is expressed as the
output advective heat flux of the working medium. The temperature distribution of the
working medium is determined by (21):

dT, .
ps- Ce- 7: = 7T+ Dpe N - hg - (Tt — The) — ¢ - G- (Tgout — TrN) (21)

The convective heat transfer coefficient of the working medium /¢ depends primarily
on the flow regime (laminar or turbulent). In the case of natural or forced circulation
of the working medium, the calculation of /4 is determined by (22) and (23). In night
mode or when the circulating pump is not running, the convective heat transfer of the
working medium to the heat exchanger is converted into conductive heat transfer and #; is
calculated by (23).

k
h = 4.36D—; forRe < 2300; (22)
hy = l';—f -0.23-Re®8 . Pr04 forRe > 2300; (23)
H
2k
he = TH (24)

As stated, the temperature of the PV/T collector is uniform in each layer. This
assumption is highly accurate for thin layers or layers with high thermal conductivity;
however, it may lead to less accurate results for thick layers or layers with low thermal
conductivity. To solve this problem, some research suggests dividing the insulation layer
into a larger number of sublayers [28]. The temperature distribution of the Styrofoam layer
is determined by (25):

dT: T —T Tins — T,
Pins * dins * Cips dltns = = }Dle - = p; (25)
In( Pheour 1| ( dins + apl
1 ( dins ) Dhe/IN 2 kins kpl
1 + | 2= 7
2 ins 2'7-['khe

In the last layer of the PV /T collector or protective layer, the input heat flow is defined
as the conductive heat transfer through the Styrofoam layer, while the output heat flow
is defined as the convective heat transfer to the surroundings and radiation heat transfer
between the ground and sky. The temperature of the protective layer is determined by (26):

pp - dpy - Cop - P = M — hpl_air(Tpl - Ta>

ins
kp]

4 4 4 4
—€p] -0 Ppl,sky (Tpl - Tsky ) + €pl "0~ Fpl,ground (Tpl -Ta )

(26)

ins

The convective heat transfer coefficient between the protective layer and air hp) i, is
calculated similarly to the convective heat transfer coefficient between the glass layer and
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air Mg, with (10). The view factors between the protective layer and the sky Fpj sky and
the protective layer and the earth F},| 51ounq are determined by (27) and (28):

1 —cos
F plsky — f(ﬁ) (27)
1+ cos
F plground — f(ﬁ) (28)

The thermal, mechanical, and optical parameters of the considered mono-crystalline
PV /T collector are shown in Table 2 (based on the literature [28,30,31,36]).

Table 2. Thermal, mechanical, and optical parameters of the considered mono-crystalline PV /T collector.

Material wo (/) e Po (N To (/) p (kg/m3) C (J/kgK) k (W/mK) d (mm)

Glass 0.023 0.9 0.9 0.079 3000 500 1.8 4

EVA - - - - 960 2090 0.35 0.4

PV cell 0.9 0.95 0 0.1 2330 677 148 0.3

EVA foil - - - - 960 2090 0.35 0.4

PVF foil - - - - 1450 1300 0.15 0.2

Adhesive - - - - 1060 980 1.40 0.1
Copper absorber - - - - 2700 880 237 4
Heat exchanger - - - - 2700 880 237 /
Styrofoam - - - - 1050 1200 0.13 20
Protective layer 0 0.82 0 0.18 1200 1250 0.2 1

2.4. Dynamic Model of the Thermal Energy Storage Tank

The dynamic TEST model presented in this section is described based on an open
TEST system (shown in Figure 5a). An open TEST system is defined as a combination of
convection and conduction in a working medium. To accurately determine the tempera-
ture distribution at a given height, the TEST was divided into the i-th number of layers.
Figure 5b shows the cross-section of the i-th layer of the TEST and the determination of the
input and output heat flows.

mupcp(Ti)
or k k)Ac,i

> Ta(t) = tgounCp(Ti-1) %m_l -l

______ EON ! l

— aCoti) - )
--------------- i - node
_ Ay
Tna(t I T i
| N'l( ) | mdUWH CP(TI) (U + Au)As i(Ta -Ti )
= TN = or ’
mupcp(TiH)
() (b)

Figure 5. Thermal energy storage tank: (a) schematic representation of the open TEST system; (b) cross-section of the i—th
layer of the TEST (summarized by [63]).

Based on the presented cross-section of the i-th layer of the TEST and its input and
output heat flows in Figure 5b, the temperature distribution in each i-th layer is defined
by (29):
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M- Cp- % = My, - Cp- (Tin) + Moyt - Cp- (Ti) — Mdowm * Cp- (Tifl) - Thup “Cp- (T1)+

~titdown * p * (Ti) —titup - ¢p - (Tipr) + ’;;:ﬁ’f “Aci- (T — T+ 29)
AR A (T = T) + (U +AU) - A - (Ta = Th)

Newton [63] developed a method used to calculate thermal conduction through the
TEST walls by calculating the total thermal conduction gy, as the sum of the thermal
conduction of the working medium g¢ and the thermal conduction of the TEST wall gy,,41; for
the dynamic TEST model given by (30). This assumes that the TEST wall and the working
medium are at the same temperature at the location of each layer.

kyan - Acwall
Gtotal = Gwall + qs = u(Ti + Ti+1) + dx

dx

(Ti + Tit1) (30)

The total thermal conduction can be written in abbreviated form with (31), equal to
the sum of the heat transfer of the working medium.

k+Ak)-A
Jrotal = %(ﬂ + Tit1) (31)

3. Results and Discussion

The validation of the dynamic model of the PV/T collector in combination with a
TEST was performed based on measurements of electrical and thermal quantities and
meteorological data for 83 days in 2021 (from August to October). Figures 6 and 7 show
measurements of the thermal quantities of the PV /T system, which were used in the paper
as input data or data for validation of the proposed dynamic model.

40
9
~ 20

8

e~

0L

. I

40 | ! l
9)
< 20k

g

B

0k

| | | | |
——Q m¥h) circulating pump fault

LA m (kg/s) T
g N ANV AN p'\'\'\'\l\\'\
m& 0.5 f
e}

0 l

0 10 20 30

Figure 6. Temperature measurements on the outlet (Tout) and inlet (Tj,) side of the PV/T collectors and mass (1) and
volume (Q) flow of the working medium for 83 days (from August to October 2021).
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Figure 7. Temperature measurements of the working medium within the TEST at six different heights for 83 days (from

August to October 2021).

In the dynamic model of the PV /T collector, the input of the thermal properties of the
working medium (mixture of glycol and water) appears in (21-24). The thermal properties
of solid materials do not change significantly depending on low temperatures. In contrast
to the working medium, which occurs in the liquid state, the thermal properties (such as
density, specific heat, thermal conductivity, kinematic viscosity, and Prandtl number) were
described as a function of temperature for further calculation of Reynolds number, which
is shown in Figure 8.

b\
'L\%\ @ \&gé— 2D
&
Q \&& \“\é\ N Qﬁé
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Figure 8. Thermal properties of the working medium as a function of temperature summarized by [64].
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Figures 9-11 show the validation of the dynamic model of the PV /T collector and
TEST with measurements and deviations between them for 83 days. The dynamic model
of the PV/T collector is divided into a dynamic electric (calculation of output power) and
dynamic thermal model (calculation of temperature distribution of the PV /T collector).

Measurements
40 T Dynamic model [
30 —
9 j
=20 : l
s MM | Y ’ l
~ I |l I ‘
= | |
10 J
0 | I ! I | I | I
8) 10 T T T T T T T T
= 0
2
5 410 I I I I I I I I
0 10 20 30 40 50 60 70 80
Day
Figure 9. Validation of a dynamic thermal model of a PV /T collector with measurements for 83 days.
Measurements
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Figure 10. Validation of a dynamic electric model of a PV/T collector with measurements for 83 days.
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Figure 11. Validation of a dynamic model of a TEST with measurements for 83 days.
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As shown from Figures 9-11, the model concurs with the measurements. On average,
the deviation values for the temperature and output power of the PV/T collector and
TEST temperature are 1.2 °C, 0.89 W, and 0.71 °C, respectively. In addition to the above,
more significant deviations (more detailed on days 58, 59, 62, 63, 78, and 82) caused by
technical problems with the calorimeter can also be seen in Figures 7 and 9. Mentioned days
were removed in the further calculation of the deviation. For a more accurate assessment,
validation of the dynamic models was performed based on three different meteorological
conditions: sunny (22 days), cloudy (36 days), and overcast (25 days) weather. Figure 12
shows the validation of the results of the dynamic model of the PV /T collector and TEST
with measurements for a randomly selected day.

400 40
_ 9 30
£ 200 &
. £ 20
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400 40
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\NM\ ) .
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Figure 12. Validation of the dynamic model of a PV /T collector and TEST with measurements (Tpy T, P, T1gst) for three

different weather conditions: sunny, cloudy, and overcast.

In order to evaluate the accuracy of the proposed dynamic model of the PV/T system,
two methods were chosen to calculate the deviation between the dynamic model and
measurements: normalized root mean square error (#RMSE) and mean absolute percentage

error (MAPE).
14 2
7 ,;O(]/z,meas — Yimodel)
nRMSE = = (32)

Yimeasmax — Yimeasyin

1 n
MAPE = —
nk
i=0
Figure 13 shows the validation of the dynamic model of the PV /T collector and TEST
with measurements using the nRMSE and MAPE methods (Tpy /T, P, T1est) based on three
different weather conditions: sunny, cloudy, and overcast.

Yimeas — yi,model 100 (33)

Yi meas
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Figure 13. Validation of the dynamic model of PV/T collector and TEST with measurements using
nRMSE and MAPE method (Tpy T, P, TTgst) based on three different weather conditions: sunny,
cloudy, and overcast.

As can be seen from Figure 13, there are minor deviations in the case of sunny weather
when calculating the temperature distribution of the PV /T collector and the TEST, since a
smaller proportion of diffuse solar radiation is present at that time. In addition to the above,
to calculate the output power in the case of sunny weather, it is necessary to consider the
precisely defined optical properties of the glass layer and the PV cell layer due to the higher
proportion of reflected solar radiation. While the optical properties in the case of cloudy
and overcast weather do not have a significant effect, it is necessary to pay attention to the
accuracy of the measurements of ambient temperature and wind speed (more significant
influence of natural and forced convection from the environment). On average, there is
a more significant deviation, especially during cloudy and overcast weather, where the
diffuse component of solar radiation is present and represents a more complex calculation
and unpredictable changes in the atmosphere. The output power deviation in the case
of MAPE ranges between 1.30% and 1.72%, which reflects the outstanding accuracy of
the dynamic model of the PV /T collector. It should be noted that the calculation of the
output power of the PV /T collector is more complex than that of the output power of a
commercial PV module, as it is necessary to take into account the dynamics of temperature
changes of the working medium inside the heat exchanger. Given that all three dynamic
models are connected and consequently dependent on each other, it is possible to trace a
pattern of repetitions of deviations in the case of sunny, cloudy, and overcast weather.

4. Conclusions

This paper presents a novel dynamic model of a PV/T collector in combination with
a TEST, which consists of three interconnected parts via temperature and output power.
The dynamic model of the PV /T collector is described by the heat balance equation for
eleven layers (glass, EVA foil, PV cell, EVA foil, PVF foil, adhesive, absorption plate,
heat exchanger, working medium, Styrofoam, and protective layer), while the dynamic
model of the TEST is described by the heat balance of six uniform transverse layers.
Based on a literature review, it was found that there are quite a few dynamic models
which describe the temperature distribution of PV/T collectors and TESTs; however,
none of them include a detailed description and simultaneous connectivity of these two
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components. In most cases, the dynamic models are presented as temperature distribution
in the transverse or longitudinal direction (one-dimensional temperature distribution)
where the temperature of each layer is uniform. However, some dynamic models present
the temperature distribution using the heat partial differential equation, in which the
uniform temperature distribution over the layers is also described in two-dimensional
space. In addition, most studies use an equivalent circuit of a single-diode model to
calculate the output power of a PV/T system, with specific electrical parameters selected
as constants. In contrast, this paper discusses the description of the output power with an
equivalent circuit of a double-diode model and a more detailed description depending on
the solar radiation and temperature of the PV /T collector.

This aim of this paper was to present a novel dynamic model of a PV /T collector in
combination with a TEST based on known equations. Validation of the proposed model was
performed based on measurements of electrical and thermal quantities and meteorological
data of the presented experimental PV /T system. The validation was performed under
the most common meteorological conditions: sunny, cloudy, and overcast weather. The
validation for three different meteorological conditions was performed mainly due to the
dynamic changes in the atmosphere. From this point of view, it was determined that
minor deviations occur in the case of sunny weather when direct solar radiation has the
most significant impact. In sunny weather conditions, additional attention must be paid
to the coefficients of optical losses, which change with the inclination angle of the PV/T
collectors. A slightly larger deviation occurs in the case of cloudy/overcast weather due to
the presence of diffuse solar radiation. The lowest deviations between the models can be
found in the dynamic electric model of the PV /T collector (output power), in which the
MAPE values range between 1.3% to 1.72%.

In contrast, the temperature deviations (PV/T collector and TEST) are slightly higher
and reach average MAPE values of 5.82% and 7.58%, respectively. Higher values of the
temperature deviation can mainly be attributed to the dynamics of the working medium
and by disregarding diffuse solar radiation. The presented model of a PV /T system will
further include the modeling of a battery system and flow optimization of the working
medium based on consumer demand.
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Nomenclature

ANN
CCs
DHW
EVA
MAPE
MPP
MPPT
NOCT
nRMSE
PCM
PV
PV/T
PVF
STC
TEST
TR-BDF2

artificial neural network

central control system

domestic hot water

ethylene-vinyl acetate

mean absolute percentage error
maximum power point

maximum power point tracking
nominal operating cell temperature
normalized root mean square error
phase change material
photovoltaic

photovoltaic/thermal

polyvinyl fluoride

standard test condition

thermal energy storage tank

trapezoidal rule with second order backward difference formula

Quantities used in equations:

Ac,i
A

Iop
ImppsTc
Isc
Iscstc
K

k

n

1y

)

Ns
m
M
P
q

q¢
Jtotal

Gwall
Pr

Rs
Rsh

T

Ta
Tyt
T1EST
v

VMPPRSTC

cross-sectional area of the i-th layer of the TEST (m?)
inner surface of the i-th layer of the TEST (m?)
specific heat (J/kgK)

thickness (m)

heat exchanger pipe diameter (m)

bandwidth of cell material (eV)

view factor

solar radiation (W/m?)

solar radiation at STC (W/m?)

conductive heat transfer coefficient (W/m?2K)
reverse saturation current of the first diode (A)
reverse saturation current of the second diode (A)
current at maximum power point under STC conditions (A)
photo-generated current (A)

short-circuit current (A)

short-circuit current under STC conditions (A)
Boltzmann constant (1.38065 x 102 J/K)

thermal conductivity (W/mK)

number of observations

the diode ideality factor of the first diode

the diode ideality factor of the second diode
number of series-connected PV cells

mass flow (kg/s)

mass of the working medium inside TEST (kg)
output power (W)

electron charge (1.602 x 10'° C)

thermal conduction of the working medium (W/mK)
total thermal conduction (W/mK)

thermal conduction of the TEST wall (W/mK)
Prandtl number

series resistance ((2)

shunt resistance (Q2)

temperature (°C)

ambient temperature (°C)

temperature of the PV/T module (°C)

temperature of the TEST (°C)

wind speed (m/s)

voltage at maximum power point under STC conditions (V)
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Voc open-circuit voltage (V)

Vocstc  open-circuit voltage under STC conditions (V)
V11 thermal voltage of the first diode (V)
V1o thermal voltage of the second diode (V)
Ymeas measured values

Ymodel modeled values

Ko absorptivity

apy temperature coefficient of Isc (%/°C)
Brv temperature coefficient of Voc (%/°C)
Ypv temperature coefficient of Pyipp (%/°C)
€ emissivity

0 density (kg/m3)

0o reflectivity

To transmissivity

v kinematic viscosity (mm?/s)
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