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Spostovani bralci revije Journal of energy technology (JET)

Nenadzorovana izraba fosilnih virov, vecanje populacije ¢lovestva, kréenje naravnih habitatov, velika
industrializacija in s tem povezani izpusti toplogrednih plinov povzrocajo svetu velike ekoloske teZave.
Okoljske teZave postajajo svetu najved]i izziv ¢lovestva v bliznji prihodnosti. V mesecu novembru se
bodo v Glasgowu na Skotskem zbrali svetovni voditelji na veliki podnebni konferenci COP 26. Na
omenjeni konferenci bodo voditelji skusali skleniti nove zaveze, da bi dosegli cilj — zviSanje povprecne
temperature svetu za najvec 1,5 °C. Za dosego tega cilja bo v bliznji prihodnosti treba izvesti veliko
ukrepov. V ta namen bodo morale drZave najti poti za precej vecjo izrabo obnovljivih virov v povezavi s
trajnostno naravnano druzbo ob socasni uporabi alternativnih energetskih tehnologij. Tudi ucinkovita
izraba energetskih virov na vseh podrocjih energetike lahko pripomore k boljSim rezultatom. Velika
odgovornost za dosego teh ciljev pripada najrazvitejSim drzavam, ki so tudi najveéje porabnice
energetskih virov. Sréno upam, da bo konferenca v Glasgowu uspesna in da se bodo svetovni voditelji
zavedali svoje velike odgovornosti.

Jurij AVSEC
odgovorni urednik revije JET
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Dear Readers of the Journal of Energy Technology (JET)

Unbridled use of fossil resources, increasing human population, depletion of natural habitats, large-
scale industrialisation and related greenhouse gas emissions are causing major ecological problems
throughout the world. Environmental problems will become the greatest global challenge for
humanity in the near future. In November, world leaders will gather in Glasgow, Scotland for the
major COP 26 climate conference, at which the leaders will try to make new commitments to achieve
the goal of limiting the rise in the global average temperature to a maximum of 1.5 degrees Celsius.
Many measures will need to be taken in the near future to achieve this goal. To this end, countries will
need to find ways to make much greater use of renewables in conjunction with a sustainable society,
while using alternative energy technologies. Efficient use of energy resources in all areas of energy can
also contribute to even better results. Of course, the greatest responsibility for achieving these goals
belongs to the most developed countries, which are also the largest consumers of energy resources. |
sincerely hope that the Glasgow conference will be a success and that world leaders will be aware of
their great responsibilities.

Jurij AVSEC
Editor-in-chief of JET
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3D COUPLED ELECTROMAGNETIC-

THERMAL ANALYSIS OF AHYBRID

ELECTROMAGNETIC SYSTEM WITH
MAGNETIC FLUX MODULATION

3D ELEKTROMAGNETNA IN
TOPLOTNA ANALIZA HIBRIDNEGA
ELEKTROMAGNETNEGA SISTEMA
Z MODULACIJO MAGNETNEGA PRETOKA

Ivan Hadzhiev¥, losko Balabozov?, Vultchan Gueorgiev?, Ivan Yatchev!

Keywords: Coupled problems, finite element analysis, hybrid electromagnetic system, magnetic
flux modulation, permanent magnets.

Abstract

This paper presents a study of the electromagnetic and thermal field of a new construction of a hybrid
electromagnetic system with magnetic flux modulation. The numerical studies were realised using
the finite element method. The coupled problem electromagnetic field-electric circuit-thermal field
was solved. A computer model of the hybrid electromagnetic system was developed for the purpose
of the study using the software programme COMSOL. Results for the distribution of the electromag-
netic and thermal field in the hybrid electromagnetic system with magnetic modulation were ob-
tained at different supply voltages.

% Assoc. Prof. lvan Hadzhiev, Technical University of Sofia, Plovdiv Branch, Department of Electrical Engineering,
Tsanko Dyustabanov 25, 4000 Plovdiv, Bulgaria, Tel: +359 32 659 686, E-mail address: hadzhiev_tu@abv.bg

! Technical University of Sofia, Department of Electrical Apparatus, Technical University of Sofia, 8, Kliment Ohridski
Blvd, 1000 Sofia, Bulgaria

2 Technical University of Sofia, Department of Power Supply, Electrical Equipment and Electrical Transport, Techni-
cal University of Sofia, Kliment Ohridski 8, 1000 Sofia, Bulgaria
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Povzetek

Prispevek predstavlja raziskavo elektromagnetnega in toplotnega polja nove konstrukcije
hibridnega elektromagnetnega sistema z modulacijo magnetnega pretoka. Numeri¢ne raziskave
so bile izvedene z metodo koncnih elementov. ReSen je bil problem povezanega
elektromagnega in toplotnega polja. Za namene raziskave je bil razviti racunalniski model
hibridnega elektromagnetnega sistema s programsko opremo COMSOL. Rezultati porazdelitve
elektromagnetnega in toplotnega polja v hibridnem elektromagnetnem sistemu z magnetno
modaulacijo so bili pridobljeni pri razlicnih napajalnih napetostih.

1 INTRODUCTION

One of the main requirements when creating new devices is energy efficiency. In order to
improve energy efficiency, new design solutions are being developed using new materials and
technologies. In this regard, hybrid electromagnetic systems with magnetic flux modulation
(HEMSMM) find wide application. HEMSMM have undergone a number of studies and
patenting [1]-[6].

This paper describes the computer modelling of a new construction of HEMSMM developed and
described in [7], [8], which was carried out by solving the coupled problem of electromagnetic
field-electric circuit-thermal field in transient mode.

2 CONSTRUCTION OF THE STUDIED HEMSMM

The structure of the studied HEMSMM is shown in Fig. 1. It consists of a magnetic core, one
input (control) coil, three output (signal) coils, two permanent magnets and an air gap. The
magnetic core is made of ferrite with a cross-section of 20x10mm. The length of the air gap is
1mm. All the coils are made of a cylindrical copper conductor of diameter 0.56mm. The input
coil 1 and the output coil 2 each have 200 turns. The other two output coils — 3 and 4 — each
have 400 turns. The cross-section of the permanent magnets is 20x10mm, and their thickness is
2mm.

Figure 1: Geometry of the studied construction of HEMSMM: 1 - ferromagnetic frame; 2 - input
(control) coil 1; 3 - output (signal) coil 2; 4 - output (signal) coil 3; 5 - output (signal) coil 4; 6 -
permanent magnets; 7 - air gap.
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3D coupled electromagnetic-thermal analysis of a hybrid electromagnetic system
with magnetic flux modulation

3 MATHEMATICAL MODEL

To solve the coupled problem electromagnetic field-electric circuit-thermal field, the finite
element method was used. The problem was solved in three steps. The equation of the
electromagnetic field in steady state, created for permanent magnets, was solved in the first
step. The permanent magnets were modelled with relative permeability u, = 1.05 and coercive
force of 970 kA/m. The electric circuit was not involved in this step and the equation has the
form:

Vx(u'VxA-M)=0, (3.1)

where: A is the magnetic vector potential; M is the magnetisation; u is the magnetic
permeability.

The electromagnetic problem was solved by imposing the Dirichlet boundary condition on the
boundary of the buffer zone.

The results of the static magnetic field were used as a starting condition for the second step.
The coupled problem electromagnetic field-electric circuit in transient mode was solved in the
second step. The equation for the electromagnetic field in transient mode is:

oA ,1 i(t)
o— +Vx(UW'VxA-M)=N—, (3.2)
ot S

where: o is the electrical conductivity of the material; N is number of turns of the coil; i is the
current through the coil; S is the coil cross-section.

The inductance and the active resistance of the coils were obtained from the electromagnetic
field interface and are directly employed in the electric circuit. Active loads are connected to the
output coils. The equations of the four coils are:

0
u(t) =R (t)+ uf ; (3.3)
ot
0
L R (t); (3.4)
ot
0
Vs R, (t); (3.5)
ot
0
R, (3.6)
ot

where: u;(t) is the voltage of coil 1; R; to R4 are the active resistances of the coils; is(t) to is(t) are
the currents through the coils; W is the flux linkage.

The electric circuit used in the simulations is shown in Fig. 2.
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R2 R3 R4

1—
Output coil 3| [Output coil

Figure 2: Electric circuit used in the simulations
The B-H curve of the magnetic core is shown in Fig. 3.
2.5
2
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H, kA/m
Figure 3: B-H curve of the ferromagnetic material of the core

From the solution to the electromagnetic problem, the volumetric loss density in the coils and
the magnetic core are obtained. These losses are the sources of heat for the solution of the
thermal problem, which is carried out in the third step. The thermal field is described by the
equation of thermal conductivity in transient mode:

aT
pc| — |=V(AVT) +q, (3.7)
ot

where: T is the temperature; p is the density of the material; ¢ is the specific heat; A is the
coefficient of thermal conductivity; g is the volumetric density of the heat sources.

The solution of the thermal problem is found under the following initial and boundary
conditions:

- at time t=0 the ambient temperature is set to 20°C;

- heat transfer from the outer surfaces of the coils and the magnetic core to the environment
through convection and radiation:

A Z-n(rn); 63
on
oT . s

A\l ek (o), 9)
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where: h is a coefficient of convection, defined by the criterion of Nuselt in the programme COMSOL;
ks=5.67x10"® W/m?2K* is the constant of Stephan Boltzmann; ¢ is the emissivity; T; is the temperature
of the outer surface of the coils and the magnetic core; Tomps is the ambient temperature.

4 FINITE ELEMENT ANALYSIS

The numerical studies were conducted with the help of a 3D computer model in COMSOL [9]. The
coupled problem electromagnetic field - electric circuit - thermal field in transient mode was solved.
The finite element method was used to analyse the model and the resulting mesh is shown in Fig. 4.
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Figure 4: Finite elements mesh

5 NUMERICAL RESULTS

By using the developed 3D model of HEMSMM, the results for the electromagnetic and thermal

fields were obtained at a frequency of 5kHz and different supply voltages of the input coil — 6V, 9V
and 12V.

Fig. 5 and Fig. 6 illustrate the distribution of the magnetic field, while Fig. 7 and Fig. 8 show the
input and output power at the 6V and 12V supply voltages respectively. Fig. 9 shows the
thermal field distribution in HEMSMM at different supply voltages of the input coil and an
operating time of 2h. Fig. 10 illustrates the transient mode of temperature rise in the coils and
the magnetic core at different supply voltages of the input coil.

0.05 0.1 0.15 0.2 0.25 0.3 0.35

Figure 5: Distribution of the magnetic flux density (T) in HEMSMM, when the input coils are not
energised
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a)

0.2 0.4 0.6 0.8 1

b)

Figure 6: Distribution of the magnetic flux density (T) in HEMSMM, when the input coil is
supplied with the following voltages: a) 6V; b) 12V
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Figure 7: Input power at supply voltage of: a) 6V; b) 12V
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Figure 9: Thermal field distribution (°C) in HEMSMM at operating time 2h and supply voltages:
a) 6V; b) 12V
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Figure 10: Transient mode of temperature rise in the coils and the magnetic core of HEMSMM at

supply voltages: a) 6V; b) 12V

Fig. 11 illustrates the results obtained for the temperature rise in the coils and the magnetic

core in transient mode at different supply voltages and a frequency of 5kHz.
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Figure 11: Transient mode of temperature rise in: a) the input coil 1; b) the output coil 2; c) the

output coils 3 and 4; d) the magnetic core
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6 CONCLUSION

Numerical studies of a new HEMSMM design were conducted at different supply voltages and
results were obtained for the distribution of the magnetic and thermal fields.

As the value of the supply voltage increases, the input power, output power and the magnetic
flux density in HEMSMM increase.

Due to the losses in the coils and the magnetic core, the HEMSMM temperature rise also
increases with the increasing value of the supply voltage. When the supply voltage is doubled
(from 6V to 12V), the temperature rise of the coils and the magnetic core increases about three-
fold.

The greatest temperature rise occurs on the input coil 1, and the least on the two output coils 3
and 4. HEMSMM reaches a thermal steady-state after about 2 hours of operation.

The developed computer model can be used for optimisation of HEMSMM.
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Nomenclature

(Symbols)
A

= a = =

-

us(t)
R:
R
Rs3
R4
iat)
iz(t)
is(t)
ia(t)

(3]

> Q 9>

Ts

Tamb

(Symbol meaning)

magnetic vector potential
Magnetisation

magnetic permeability
electrical conductivity

number of turns in the coil
current through the coil

coil cross section

voltage of coil 1

active resistances of the coil 1
active resistances of the coil 2
active resistances of the coil 3
active resistances of the coil 4
current through the coil 1
current through the coil 2
current through the coil 3
current through the coil 4

flux linkage

temperature

density of the material

specific heat

coefficient of thermal conductivity
volumetric density of the heat sources
coefficient of convection
constant of Stephan Boltzmann

emissivity

temperature of the outer surface of the coils and the magnetic core

ambient temperature
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STATIC MODEL OF TEMPERATURE
DISTRIBUTION IN A PHOTOVOLTAIC
MODULE

STATICNI MODEL TEMPERATURNE
PORAZDELITVE V FOTONAPETOSTNEM
MODULU

Klemen Sreden$ek'®, Sebastijan Seme'?, Gorazd Hren!

Keywords: photovoltaic module, temperature distribution, heat transfer, finite element method

Abstract

The primary objective of this paper is to present a static model for calculating the temperature
distribution in a photovoltaic module using the finite element method. The paper presents in
more detail the theoretical background of solar radiation, heat transfer, and the finite element
method. The results of the static model are evaluated using temperature measurements of a
photovoltaic model, which were performed at the Institute of Energy Technology, Faculty of En-
ergy Technology, University of Maribor. The results of the regression analysis show a good con-
currence between the measured and modelled values of the temperature of the photovoltaic
module, especially on days with a higher share of the direct component of solar radiation.

Povzetek

Glavni cilj tega prispevka je predstavitev staticnega modela za izraCun temperaturne porazdeli-
tve v fotonapetostnem modulu po metodi kon¢nih elementov. V prispevku je podrobneje pred-
stavljeno teoreticno ozadje soncnega sevanja, prenosa toplote in metode koncnih elementov.

% Corresponding author: Klemen Sredensek, M.Sc., E-mail address: klemen.sredensek@um.si
 University of Maribor, Faculty of Energy Technology, HoCevarjev trg 1, 8270 Krsko, Slovenia
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Rezultati staticnega modela so ovrednoteni z meritvami temperature fotonapetostnega modela,
ki so bile izvedene na Institutu za energetiko (Fakulteta za energetiko Univerze v Mariboru).
Rezultati regresijske analize med izmerjenimi in izracunanimi vrednostmi temperature
fotonapetostnega modula prikazujejo dobro ujemanje predvsem v dnevih z vedjim delezem
neposredne komponente sonc¢nega sevanja.

1 INTRODUCTION

The efficiency of converting solar energy into electricity of today's photovoltaic (PV) modules
ranges between 14-21 %, which means that about 80% of the solar radiation that reaches the
surface of PV modules is converted into heat losses or reflected into the environment. In
addition to the aforementioned, the efficiency of converting solar energy into electricity
depends mainly on materials, optical losses, and other meteorological parameters. As a result,
raising the temperature of a PV module significantly reduces its efficiency [1]. To this end,
researchers began to develop various cooling systems that would lower the temperature of PV
modules and consequently increase their efficiency [2-4]. In order to calculate the temperature
of a PV module, various static mathematical models have been developed, which accurately
determine the temperature of a PV module by means of correlations between heat transfer
mechanisms and meteorological parameters. The simplest and most commercially used way to
calculate the temperature distribution in a PV module is the Nominal Operating Cell
Temperature (NOCT) model. In addition to the solar radiation and ambient temperature, all
other parameters are normalised to the standard test conditions (STC) of the PV module
specified by the manufacturer of the PV module. In addition to the NOCT model, a model called
SNL or Sandia (Sandia National Laboratories) is also used to calculate the temperature
distribution in the PV module with additional consideration of the wind speed. Due to the
simplified use, the results of both models can deviate by up to 20 °C compared to the
measurements of the operating temperature of PV modules [5]. In general, most of the
aforementioned models are based on a state of dynamic equilibrium, which assumes that the
temperature of PV modules responds instantly to atmospheric conditions. However, the
conditions in the atmosphere are very dynamic and change rapidly. On this basis, dynamic
models with concentrated parameters were developed [6,7], which represent greater accuracy
while addressing the uniform temperature distribution through the layers of PV modules. In
addition to the aforementioned dynamic models, static models with concentrated parameters
[8] or numerical models (discrete methods) can also be used for accurate calculation. As
mentioned above, the optical losses and electricity production of PV modules must also be
considered in order to obtain an accurate calculation. In their research, specific authors [9-13]
developed so-called dynamic and static thermo-electric models, which determine the operating
temperature of PV modules and the production of electricity. However, it is necessary to
provide enough accurate measurements to respond to a dynamic or static model [13]. For this
purpose, measurement data from the year of installation of the measuring equipment were
used to reduce the error between the measured and modelled results.

This paper consists of four sections. The first section provides an introduction to the research
topic. The second section describes the methodology of solar radiation, heat transfer, and the
finite element method, while the third section presents the results of the static model and the
validation with measurements. The fourth and final section discusses the conclusions of the

paper.
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2 MATERIALS AND METHODS

2.1 Solar radiation

The electromagnetic waves of the Sun's rays present the power density of solar radiation that
the Earth receives per unit area. Solar radiation is basically divided into direct radiation, diffuse
radiation of the sky (scattered radiation), and reflected radiation (radiation reflecting off the
surroundings and falling on the observed surface). In the conversion of solar energy into
electrical or thermal energy, the most important contribution is direct radiation and, to a lesser
extent, the contribution of diffuse and reflected radiation. To correctly determine the solar
radiation on the observed surface (at a specific inclination and orientation angle), it is necessary
to take into account the geometric relations between the Sun and the Earth, such as latitude (L),
longitude (/), declination angles (), hourly angle of the Sun (w), zenith angle (z), solar altitude
angle (as), the azimuth angle of the Sun (ys), inclination angle (), orientation angle (y) and angle
of incidence of the Sun's rays (i). Using the aforementioned parameters and some specific
models [14-16], solar radiation can be predicted for any inclination and orientation angle, given
by (2.1).

Gt(t):Gb(t).[M]md(t).[w}ﬁh(t).[wj (2.1)

sin(as) 2 2

Gi(t), Go(t), Gd(t), and Gn(t) are total, direct, diffuse, and global solar radiation, while the
reflection factor pr varies from 0 to 1, depending on the different types of surface substrates.

2.2 Heat transfer

Heat transfer deals with all the processes in which energy is transferred due to temperature
differences between bodies or in matter. Heat transfer plays a vital role in many technological
processes, such as accelerating heat transfer in heating or limiting heat transfer in cooling. Heat
transfer can basically be divided into three mechanisms: conduction, convection, and radiation
[17].

Conduction is the diffuse transport of thermal energy, in which the constituent particles of
matter (atoms, molecules, electrons, and ions) rotate, vibrate, and move in a straight line. The
corresponding kinetic energy increases with increasing temperature, with the kinetic energy
being transferred from the higher temperature to the lower temperature range. The conduction
in the case of the PV module is due to the thermal gradients between the different layers of the
PV module. Fourier established a connection called the Fourier Law for one-dimensional heat
transfer, which is given by (2.2), where 4 is the thermal conductivity of the material.

dT
g=-A1— o0z. q(x)=—AVT(x) (2.2)
dx

The negative sign in (2) tells us that heat is transferred from the area with the higher
temperature to the area with the lower temperature [17].
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Convection presents a mechanism of heat transfer through the movement of a liquid or gas. In
the event that the original stationary liquid is in contact with a warmer surface, its density
decreases and begins to rise due to buoyancy. Such a phenomenon is called natural convection,
given by (2.3), where A is the wall surface area, Ts is the wall temperature, Tt is the fluid
temperature, and ¢ is the boundary layer thickness.

LT

p=1A (2.3)

Given that the wall thickness cannot be measured separately from the thermal conductivity 4,
the convective heat transfer coefficient o was introduced, where the basic convection equation
is given by (2.4) [17].

g=alr,-T,) (2.4)

The convective heat transfer coefficient a was first proposed for vertical surfaces (0.5 x 0.5m) in
1924 and is still the most used equation today, involving liquid/gas velocity (given by (2.5)).

a=57+38v (2.5)

Heat transfer by radiation differs from conductive and convective heat transfer, firstly due to the
possibility of transfer through empty space and secondly due to the transfer of the proportionality
of heat to the fourth exponent. The primary connection for the radiant heat flux from an optically
grey surface is Stefan-Boltzmann's Law given by (2.6), where T is the body surface temperature, &
is the emissivity of the body surface, and ¢ is the Stefan-Boltzmann constant.

g=ceT’ (2.6)

2.3 Fourier partial differential equation for steady-state heat transfer

In the previous subsection, three basic heat transfer mechanisms were presented, which allow
the heat flux to be determined at each point. For this reason, a partial differential equation
(PDE) is given, representing the internal body temperature. Imagine a small cube of volume dV
=dx dy dz, presented as part of a three-dimensional body in Figure 1. Under the influence of the
temperature distribution T(x) inside the body, heat flows g« and g« +dk (k = X, y, z) occur through
six surfaces of the cube. Using the first-order Taylor approximation given in (2.7), the following
heat transfer equations of the cube can be expressed from (2.8) to (2.10).

I
I
I
z+dz ‘
I
I
I
I
!
77777777777 y+dy
/
/
/
z y

4

t
X X +dx

Figure 1: A cube with volume dV and heat flows through surfaces.
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o
Giiak =9k T ik (k=x,y,2) (2.7)
ok
alongthe x-axis: (qX —qxﬂ,x)dydz:—[aijdxdydz:—[aqx jdv (2.8)
ox ox
o 0
along the y-axis: (qy—qwdy)dxdz:— %y dydxdz=— Gy dV (2.9)
oy oy
, aq, q,
along the z-axis: (qZ —quZ)dxdy:— re dzdxdy=— 5 dv (2.10)
4 4

2.4 Finite element method

The finite element method (FEM) is used to predict mechanical, thermal, and electromagnetic
systems. The FEM analysis consists of domain discretisation into finite elements, formulation of
system equations, and graphical presentation. Based on the PDE given by (2.7), the boundary
conditions can be determined, classified into three groups in heat transfer: Dirichlet, Neumann,
and Cauchy boundary conditions.

Dirichlet boundary conditions (first type) are given by (2.11) and determine the temperature Ts
at the domain/body boundary:

T(x,t)=T,(x,t) (2.11)

Neumann boundary conditions (second type) are given by (2.12) and determine the partial
temperature discharge according to Fourier's Law concerning the vector n in the event of heat
flux gs from the domain/body (perpendicular to the body) [18].

oT or q.(x,t)

qs(x,t):—la(x,t) = a(x,t): n (2.12)

Cauchy boundary conditions (third type): A thermal iteration occurs between the body and the
Tt fluid (shown in Figure 2). To quantify this, the body's boundaries represent the ‘control
volume' for an energy balance. As the thickness of the boundaries is zero, no energy can be
stored within, which means that all the heat that enters the body (via conduction) must also
leave the body (via convection). Cauchy boundary conditions are given by (2.13):

—Zz(x,t):a(T(x,t)—Tf) (2.13)
on

3  RESULTS AND DISCUSSION

This section is divided into three subsections. The first subsection describes the experimental
set-up of dual-axis PV tracking systems and measurement equipment, while the second
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describes the model set-up performed in Ansys Transient Thermal software. The last subsection
covers the validation of the model with measurements.

3.1 Experimental set-up

The input parameters of the static thermal model are various measurements performed in the
experimental field of dual-axis PV tracking systems set at the Institute of Energy Technology,
Faculty of Energy Technology, University of Maribor. In addition to the basic components of the
PV system, dual-axis PV tracking systems also consist of several measuring devices, such as
pyranometers, anemometers, and sensors for measuring the ambient temperature and the
temperature of the PV module (in the center of the PV module), shown in figure 2. The PV
system consists of 20 PV modules from the manufacturer PV Future with a nominal power of
260 Wy, and a total installed power of 5.2 kW, [19]. The sampling time of the measurements is
30 min.

Figure 2: Experimental set-up: Dual-axis PV tracking system equipped with measuring devices.

3.2 Model set-up

The aim of the model is to analyse the temperature distribution on the rear of the PV module.
Therefore, the model set-up performed in the Ansys Transient Thermal software is presented in
detail below. A non-stationary analysis (depending on time) of heat transfer through the PV
module was performed based on ambient temperature and wind speed measurements. The 3D
model of the PV module was created in the Solidworks software package and imported into the
Ansys Workbench software package. This was followed by determining the properties of the
materials and discretising the model or dividing the geometry of the model into a finite number
of small elements. Considering that the observed point was on the rear of the PV module, or
more precisely at the location of the temperature measuring sensor, the model was simplified
due to the calculation speed (removing the PV module's aluminum frame). The model grid was
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automatically generated due to the simple geometry, using hexahedral elements as shown in
Figure 3. The mesh of the model consists of 5,250 elements and 38,440 nodes.

Figure 3: Discretisation of the model.

The PV module consists of protective glass, EVA foil, PV cells (monocrystalline silicon), EVA foil,
and PolyVinyl Fluoride foil (PVF - Tedlar), as shown in Figure 4. The properties of the described
materials were determined as constant values since temperatures of the PV module do not
drastically affect the changes in the parameters. The thermal parameters of the materials used
in the considered PV module are shown in Table 1.

Aluminum frame
Glass layer
EVA foil layer
PV cell Ia{/eri'

.. EVAfoil layer

" Tedlar or PVF layer

Figure 4: Composition of the PV module by layers.

Table 1: Thermal parameters of the materials used in the PV module (based on the literature
[9,11,13])

Cl/kgk]l  k[W/mK] d[mm] p[kg/m’]

Glass 500 1.8 4 3000
EVA foil 2090 0.35 0.4 960
PV cell 677 148 0.3 2330
PVF foil 1250 0.2 0.4 1200
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The boundary conditions applicable to heat transfer were subsequently defined for the PV
module. As described in subsections 2.2 and 2.4, heat transfer is divided into three mechanisms:
convection, conduction, and radiation. The first boundary condition involved determining the
direction and magnitude of heat flux to the surface of the PV module (glass), while the second
boundary condition included all other surfaces of the PV module that are subject to ambient
temperature and velocity and wind direction to the surface. The determination of the boundary
conditions for convection and heat flux is shown in Figure 5.

uiuu ()

a) b)

Figure 5: Determination of the boundary conditions — a) convection and b) heat flux.

3.3 Validation of the model

This subsection presents the static model in the non-stationary or transient state and the
validation of measured and modelled results. Figure 6 shows the various examples of contour
displays of temperature distribution on the rear of the PV module at different input parameters.

Az Transient Thermal
Temperature

Type: Temperature
Unit: °C

Time: 40926

15.711. 2020 22:02

33,317 Max
2960
2637
2,007
19424
15,95
12,477
9,0032
55197
20563 Min

G =46 W/m? G =249 W/m? G =579 W/m?
a=6,1W/m?°C o =8,0W/m?C a=13,7W/m?°C
T.=3.5°C T.=6.4°C T.=8.0°C
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A& Transient Thermal
Temperature

Type: Temperature
Unit; *C

T‘Sm; SZASZEUB 2:07
33.317 Max
oy
Tons
s
— — — — ;’.325273 Min
G=1018 W/m? G =953 W/m? G=751W/m?
=10,3 W/m?°C a=10,6 W/m?°C o =7.9 W/m?°C
T.=8.0°C T,=11.3°C Ta=11.5°C
— " — .5 — — — — ;‘.325173 Min
G=8W/m? G=0W/m? G=0W/m?
0.=7,9 W/m?°C 0.=5,7 W/m?°C 0.=5,6 W/m?°C
Ta=7.1°C T.=4.3°C T.=3°C

Figure 6: Contour display of temperature distribution at different solar radiations G, thermal
transmittance coefficients a and ambient temperatures Ta.

The three most essential parameters also presented as the boundary conditions of the static
model are pre-arranged using the aforementioned equations (2.11-2.13). However, the
boundary condition of heat flux (solar radiation) also considers the optical losses, which can be
determined as a constant value, or as the function of the incidence angle of the Sun's rays.
Figure 7 shows the validation between the measured and modelled values of the temperature
distribution in the PV module for randomly selected days of the year (different weather
conditions).
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Figure 7: Validation of the model with measurements (12 randomly selected days of the year).

As mentioned above, the static model was performed in a non-stationary state due to easier
comparison with the measurements. Figure 7 shows a slight deviation between temperatures in
the summer months due to a smaller proportion of diffused solar radiation. However, the
deviation in the parts without sunlight remains relatively high. In this part of the day,
convection has a much more significant impact than radiation, which can be related to the
measurement error of ambient temperature and wind speed.
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A regression analysis was performed for a more comprehensive comparison between the
measured and modelled values of the temperature distribution of the PV module. The
assessment of the suitability of regression models is determined on the basis of the coefficient
of determination R? (0 - mismatch, 1 - match).

60 T T T
-.,5-'.%
4o | Linear:y=097"x+ 2619 (o rEns
i R2=0.9734 PRI i i
_JE 20 ..,"_- _-:-‘0' R i
" . : -".‘ ’
O B KJ o . [ i
,20 1 1 1
-20 0 20 40 60
T [°C]

Figure 8: Regression analysis between measured and modelled values of temperature of the PV
module.

The results in Figure 8 show a good concurrence between the measured and modelled values of
the PV module temperature. It is also essential to highlight the consideration of the optical
losses in the glass and PV cell layer (absorptivity, transmissivity, and reflectivity). In addition to
optical losses, it is essential to consider the part of solar radiation that is converted into
electricity. Since the measuring equipment does not include electrical quantities (DC voltage
and DC current), it is almost impossible to determine the exact proportion of electricity.

4 CONCLUSION

This paper presents the static model of temperature distribution in a PV module performed in
the Ansys Transient Thermal software package. The aim of the paper is to validate the static
model of the PV module with measurements and presentation of the obtained results. The
calculation of the temperature distribution in the PV module is based on measurements of solar
radiation, ambient temperature, and wind speed. The static model was performed in a non-
stationary state (as a function of time) and represents the change of input parameters in a half-
hour time interval. The heat transfer calculation based on the static model was performed for
12 randomly selected days of the year. The results show a good concurrence between the
measurements and the results of the static model. It can also be seen that more accurate
results occur in the summer months due to a larger proportion of the direct solar radiation. A
more significant deviation occurs in the winter months, where a higher proportion of diffuse
solar radiation is present. In addition, it is essential to highlight that the regression analysis
shows a larger deviation between the measurements and the results of the static model at
higher temperatures and during the cooling time of the PV module.
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Nomenclature

(Symbols) (Symbol meaning)

A

Cp
Gp
Ga
Gh
Gt

as
ax
aqy
q.

wall surface area

heat capacity

direct component (beam) of solar radiation
diffuse component of solar radiation
solar radiation on horizontal surface
solar radiation on tilted surface
Incident angle of the Sun’s rays
length

vector

heat flux

heat flux from the body/domain
heat flux along x-axis

heat flux along y-axis

heat flux along z-axis
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Ta
Tt

Pr

PV
STC
FEM
EVA
PVF
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temperature

ambient temperature

fluid temperature

wall temperature

wind speed

volume

convective heat transfer coefficient
solar altitude angle
inclination angle

boundary layer thickness
emissivity of the body surface
thermal conductivity

density

reflection factor
Stefan-Boltzmann’s constant
photovoltaic

standard test conditions
finite element method
ethylene-vinyl

polyvinyl fluoride
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A STUDY OF PARTICULATE AND
GASE-OUS EMISSIONS OF A DAMAGED
TUBU-LAR COMBUSTION CHAMBER IN A
PELLET STOVE

STUDIJ TRDIH DELCEV IN PLINSKIH
EMISIJ V POSKODOVANI CEVNI
IZGOREVALNI KOMORI PELETNE PECI
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Abstract

Wood-burning boilers are a popular source of heating in Slovenia. However, there has been much de-
bate about the potential negative health effects associated with wood smoke in recent years. Wood
smoke is increasingly seen as a significant component of airborne particulate matter (PM), especially
in the context of the new sort time standard for fine particles in ambient air. Most organic substances
will be burnt in the boilers during good combustion conditions with sufficient oxygen supply and high
temperature.

This study presents the influence of damaged tubular combustion chamber on smoke fine-particle
emissions at small scale pellet burners. This research aims to reduce the particulate matter emissions
of small scale pellet boilers and contribute to cleaner air.
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Povzetek

Kotli na lesno biomaso so priljuljen nacin ogrevanja v Sloveniji. V zadnjih letih je bilo veliko govora
o potencialno negativhem vplivu izgorevalnih plinov na zdravje ljudi. Glede na dovoljene
vrednosti trdih delcev v zraku, ki jih predpisuje novejsi standard, je postal izgorevalni plin v peceh
na lesno biomaso eden od znatnih onesnaZevalcev okolja s trdimi delci. V primeru popolnega
izgorevanja v peceh pri visjih temperaturah z zadostno koli¢ino kisika, vec¢ina organskih snovi
izgori.

V tej Studiji je predstavljen vpliv poskodovane cevne izgorevalne komore na emisijo trdih delcev
v manjsih peletnih peceh. Glavni namen raziskave je zmanjsati mozZnosti pojava trdih delcev v
izgorevalnih plinih peletnih peceh in s tem prispevati h ¢istejSemu zraku.

1 INTRODUCTION

Residential wood combustion has been identified as one of the main sources of particulate matter
(PM); fine particles are significant because of their adverse effects on human health and the
environment, [1]. Particulate matter is defined as the total mass of suspended particles in the air.
PM is typically divided into three subclasses, i.e., PM10, PM2.5 and PMO0.1, which are defined as
particle matter with an aerodynamic diameter smaller than 10 um, 2.5 um, and 0.1 um,
respectively. PM2.5 particles are generally called “fine particles”; however, this term can also be
applied to the number or surface area based on particle diameters less than 2.5 um. In the
atmosphere, particles can be solid or liquid; the mixture of particles and gases is called an
“aerosol”, [2]. When particles from combustion sources are discussed, particles with
aerodynamic diameters less than 1 um or 2.5 um (PM1 or PM2.5) are often used, whereas
particles with sizes ranging from 2.5 um to 10 um are called “coarse particles”. Examples of coarse
particle sources include road wear and wind-blown dust, [3]. Fine particles are known to have
adverse effects on human health and to cause respiratory and cardiac symptoms and even
premature death, especially among those with reduced health conditions, e.g., children, the
elderly, and those with chronic diseases.

Small scale combustion appliances are mainly used for residential heating in Slovenia. Different
types of small-scale combustion appliances, such as wood stoves, pellet burners, pellet boilers,
wood log boilers, and wood chip boilers, are commonly used throughout Europe and in Slovenia.
Different forms of biomass fuels, such as wood logs, wood chips, wood pellets, sawdust, forest
residues, straw, etc., are used as fuel in these appliances.

Wood is the most commonly used biomass fuel in Slovenia due to the large forest base, forest
industry, and relatively easy access to cheap wood for many individuals. The use of wood in heat
and power production is increasing. Wood pellets are primarily used in continuously operated
combustion devices, [4], as an example of renewable energy.

In this study, the influence of a damaged tubular combustion chamber on smoke fine particle
emissions from pellet burners is presented. The purpose is to reduce particulate matter emissions
from the small scale pellet boilers and contribute to cleaner air.
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2 EXPERIMENTAL SECTION

Combustion experiments were performed in a laboratory environment with a small-scale 25 kW
pellet boiler suitable for household heat production. The pellet boiler operates with an overfed
fuel input and includes a Ferroli Sun P7 prefabricated burner (Figure 1). This type of pellet burner
is the most popular in Slovenia due to its reasonable price. The burner can be operated
continuously between loads of 14 and 30 kW. It is equipped with logic-controlled fans for the
supply of combustion air. The primary air was fed in through holes before the grille at the bottom
of the cylindrical furnace, i.e., a tubular combustion chamber with 3 mm steel wall thickness. The
width of the grille was approximately 100 mm, and the diameter of each hole was approximately
6 mm. Commercial wood pellets originating from Slovenia were used in the study. The primary

pellet raw material was pinewood.

85°C sensor %

holes for
air and light

Figure 1: Sketch of the pellet burner used in this study

The tubular combustion chamber should be made of high-temperature-resistant steel that
contains a prescribed amount of Cr and Mo due to the high flame temperature, which can exceed
600 °C (point M17). The distribution of the flame temperatures was measured with a Testo 890-

2 infrared camera, as shown in Figure 2 and Table 1.

12234 %C

1688 “C

12000

11000

10000

Figure 2: Flame temperature measurement at the tubular combustion chamber of pellet burner
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Table 1: Temperature distribution at pellet burner’s flame

Measure point Temp. [°C] Emiss. Refl. Temp.
[°cl
Measure point 1 573.5 0.13 20.0
Measure point 2 514.7 0.13 20.0
Measure point 3 575.8 0.13 20.0
Measure point 4 545.9 0.13 20.0
Measure point 5 513.8 0.13 20.0
Measure point 6 442.0 0.13 20.0
Measure point 7 492.7 0.13 20.0
Measure point 8 418.8 0.13 20.0
Measure point 9 394.2 0.13 20.0
Measure point 10 529.6 0.13 20.0
Measure point 11 460.4 0.13 20.0
Measure point 12 615.2 0.13 20.0
Measure point 13 460.6 0.13 20.0
Measure point 14 413.4 0.13 20.0
Measure point 15 569.8 0.13 20.0
Measure point 16 493.7 0.13 20.0
Measure point 17 643.0 0.13 20.0
Measure point 18 237.7 0.13 20.0
Measure point 19 329.2 0.13 20.0
Measure point 20 386.1 0.13 20.0
Measure point 21 348.9 0.13 20.0
Measure point 22 416.4 0.13 20.0
Measure point 23 322.1 0.13 20.0
Measure point 24 439.1 0.13 20.0
Measure point 25 302.9 0.13 20.0
Measure point 26 391.0 0.13 20.0
Measure point 27 391.2 0.13 20.0
Measure point 28 318.1 0.13 20.0
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Measure point 29 327.3 0.13 20.0
Measure point 30 409.9 0.13 20.0
Measure point 31 353.3 0.13 20.0
Measure point 32 424.9 0.13 20.0
Measure point 33 390.3 0.13 20.0
Measure point 34 393.8 0.13 20.0

The shape of the pellet burner’s flame can be seen in Figure 3. The arrow marks the area with the
highest measured temperature (point M17), 643 °C (Figure 2 and Figure 3 and Figure 4).

Figure 3: The shape of the flame in the pellet burner

The damage of the steel tube (tubular combustion chamber) and the grille occurred after one
year of the burner operation time, as shown in Figure 4 and Figure 5.

Figure 4: Hole as a damage of the steel tube (tubular combustion chamber)
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Figure 5: Hot cracks as a damage of the steel grille

Chemical analyses of the steel tube (tubular combustion chamber) and Cr-Mo steel tube was
performed with X-ray fluorescence spectrometry (XRF) using an X-ray fluorescence spectrometer
(Thermo Scientific Niton XL3t GOLD+) and is given in Table 2.

Measurements were carried out manually (Figure 6) with the target points on the steel tube
(Figure 7). Each measurement was repeated three times, and later the average value was
calculated. Each measurement was done for one minute.

Table 2: Chemical composition of steel tube (tubular combustion chamber)

(%) C Si Mn P S Cr Ni Mo Cu Al

HSLA 0.17 | 0.57 | 0.71 0.021 | 0.004 | 0.49 | 0.08 | 0.028 | 0.31 | 0.027

Steel
tube

X11CrM

09 0.08 | 0.41 | 0.63 0.031 | 0.002 | 823 | 0.04 | 0.96 - -

Steel
tube

The basic mechanical properties of the steel tube were obtained using flat tensile specimens
taken from the steel tube in the rolling direction; they are given in Table 3.

Table 3: Real mechanical properties of steel tube (tubular combustion chamber)

Designation Rp Rm Elongation Charpy
(MPa) (MPa) (%) toughness (J)
Steel tube 736 317 16.2 79,88,112 at
0°C
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Figure 6: Manual measurement of chemical analyses of steel tube (tubular combustion
chamber) with X-ray fluorescence spectrometry (XRF) using an X-ray fluorescence spectrometer

Figure 7: Target point (number 2) for manual measurement of chemical analyses of real steel
tube (tubular combustion chamber)

Fine particle measurements were made in the chimney tube at a distance of 20 cm from the boiler
using a fine particle analyser (Figure 8), which measures fine particles, O, concentration and CO
emissions in real-time for 15 minutes.
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Figure 8: Fine particle measurement with the Testo 380 fine particle analyser

3  RESULTS AND DISCUSSION

From the results of chemical analyses (Table 2) and real mechanical properties (Table 3) of the
steel tube (tubular combustion chamber), it is evident that the high-strength, low-alloyed (HSLA)
steel is used for the construction of the tubular combustion chamber. This steel is typically HSLA
carbon steel, with a comparatively mild amount of carbon (0.16% to 0.20%) and a low amount of
Cr and Mo, which is less than 0.5% (Table 2). It has ferromagnetic properties. The mild amount of
carbon also makes HSLA steel vulnerable to rust. HSLA steel is used in construction as structural
steel and is not useful for operation at temperatures higher than 100 °C due to the low content
of Cr and Mo, as can be seen from Table 2. The characteristic fine-grain bainitic microstructure of
the HSLA steel tube is shown in Figure 9. The surface of a metallographic specimen is prepared
by polishing and etching. After preparation, it is analysed using a Zeiss Axio A2 optical microscope.

Figure 9: The characteristic fine-grain bainitic microstructure of a real HSLA steel tube

The tubular combustion chamber should be made from high-temperature Cr-Mo resistance steel,
which contains a prescribed amount of Cr (at least 9%) and Mo (about 1%) due to the high flame
temperature, which can exceed 600 °C. The improper selection of base material (HSLA steel) leads
to the damage of the steel tube due to the high operating temperatures during the combustion of
pellets (Figure 4). The highest flame temperature of 643 °C (Figure 2, point M17, see arrow) was
measured at the surface of the HSLA steel tube end (Figure 3 and Figure 4, see arrow) with an
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infrared camera, as shown in Figure 2 and Table 1. Thus, the tubular combustion chamber must be
made from a high-temperature Cr-Mo steel, containing a prescribed amount of Cr and Mo.

The damage appeared at the burner tube as holes, as can be seen from Figure 4. The total
measured amount of damaged tube surface was 22.75 cm?.

Because of this, holes with diameters of 11 mm were drilled into the new steel tube (Figure 10
and Figure 11) made of X11CrMo9 high-temperature-resistant steel to simulate the damage of
the tube (tubular combustion chamber) measured with a fine particle analyser (Figure 8).

Figure 10: Cr-Mo steel tube with damaged surface (16 holes)

Combustion experiments were performed with optimal operational manipulation (loads, primary
combustion air supplies). Normal operation was assumed to obtain a nominal load of 25 kW,

represented as an optimal baseline.

Figure 11: Cr-Mo steel tube with damaged surface (6 holes) of 5.70 cm?

Each of the combustion experiments was performed in a preheated pellet boiler. The boiler was
turned on one hour before the start of the experiment, and the warming was performed on full load.
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The influence of damaged tubular combustion chamber on smoke fine-particle emissions (FPE),
0O, concentration, and CO emissions at the pellet burner is presented in Table 4 and Figure 12.
Table 4 presents the total values of smoke fine-particle emissions (FPE), O, concentration and CO
emissions after 15 minutes of measurements with the fine particle analyser.

By reviewing the results (Table 4 and Figure 12) of measurements of smoke fine-particle
emissions (FPE), O, concentration and CO emissions, it is clear that the highest values were
reached at the largest damaged tube surface at 22.75 cm? (24 holes). FPE value is approximately
77% higher than the optimal value at the zero damage surface. The damaged combustion
chamber of the pellet burner influences lower O, concentration for about 48% and approximately
50% higher CO emissions in comparison with optimal values at the zero damage tube surface.

Table 4: The results of measurements of smoke fine-particle emissions (FPE), O2 concentration
and CO emissions at the damaged pellet burner chamber

Damage surface FPE 0, co

(em?) (mg/Nm?) | (%) | (mg/Nm?)
0.00 16.7 6.2 68

0.95 (1 hole) 16.9 6.1 |69

1.90 (2 holes) 17.1 5.8 72

3.80 (4 holes) 17.9 5.1 75

5.70 (6 holes) 18.1 49 |79
22.75(24 holes) 29.6 3.2 101

The damage effect of the tubular combustion chamber on smoke fine-particle emissions (FPE),
02 concentration and CO emissions is insignificant at damage surfaces 0.00 cm?, 0.95 cm?, 1.90
cm?, and 3.80 cm? (4 holes) for which the measured values did not exceed 7% of optimal values.

o FPE(Mg/NM3) 02 (%) e CO (mg/Nm3)

35 120

30 /x 100
25

FPE (mg/Nm?3)
S

s s oz o

€O (mg/Nm?),0, (%)

0 10 20 30

Damage surface (cm?)

Figure 12: The influence of damaged tubular combustion chamber on smoke fine-particle
emissions (FPE), O, concentration and CO emissions at the pellet burner
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The next higher values were reached at the damaged tube surface of 5.70 cm? (6 holes). FPE value
is approximately 10% higher than the optimal value at the zero damage surface. The damaged
pellet burner chamber also influenced lower O, concentration by about 20% and approximately
13% higher CO emissions in comparison with optimal values at the zero damage tube surface.

4 CONCLUSION

Wood is the most commonly used biomass fuel in Slovenia due to the large forest base, forest
industry, and relatively easy access to cheap wood for many individuals. The use of wood in heat
and power production is increasing. Wood pellets are primarily used in continuously operated
combustion appliances. In real applications, combustion conditions are never ideal. Moreover,
fuel and combustion air contain several components that affect the combustion process and
emission formation. The combustion of solid fuel in real-life applications always require more air
than what is theoretically needed.

The tubular combustion chamber of a pellet burner should be made from high-temperature-
resistant Cr-Mo steel that contains prescribed amounts of Cr and Mo due to the high flame
temperature, which can exceed 600 °C.

Improper selection of base materials for the construction of steel combustion tubes leads to
damage due to the high operating temperatures during the combustion of pellets.

The damage appeared on the burner tube as holes. A damaged tubular combustion chamber in
the pellet burner significantly influences smoke fine-particle emissions (FPE), O, concentrations,
and CO emissions.

The highest values of smoke fine-particle emissions (FPE), O, concentration, and CO emissions
were reached at the largest damaged tube surface: 22.75 cm? (24 holes). The FPE value is
approximately 77% higher than the optimal value on the non-damaged surface. A damaged pellet
burner chamber also influences lower O, concentration by about 48% and approximately 50%
higher CO emissions in comparison with optimal values at the zero damage tube surface. The
damage effect of the tubular combustion chamber on smoke fine-particle emissions (FPE), O,
concentrations, and CO emissions is insignificant at damage surfaces 0.00 cm?, 0.95 cm?, 1.90 cm?
and 3.80 cm? (4 holes) for which measured values did not exceed 7% of optimal values.

Pellet boilers save energy and money, and they are highly durable; however, regular
maintenance, especially of the tubular combustion chambers, is essential to keep them working
efficiently and contributing to cleaner air.
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Abstract

The heating, ventilation and air-conditioning (HVAC) system represents the main auxiliary load
for any type of bus. Being the most significant energy-consuming auxiliary load for the electric
bus, it must be given special attention in an electric bus system design. To study the heat transfer
and thermal optimization for passenger comfort in the electric bus computer-aided design (CAD)
is used. The geometry of an electric bus interior is designed considering the main components
of the vehicle: passenger cabin, driver’s cabin, windows, walls, and seats. Materials of the same
type as those used in the real bus are considered for the geometry model. Based on the heat
transfer theory, a thermal model and simulations are made for the heat transfer inside the elec-
tric bus. The simulated data are compared with measurement data, and based on these, it can
be concluded that the thermal model of the electric bus can be validated and used further for a
wide variety of thermal simulation types.

X Corresponding author: Lecturer Ph.D., Chiriac Gabriel, Tel.: +040 727 645058, Mailing address: Bd. Prof. Dimitrie Mange-
ron, nr. 21-23, 700050 lasi, Romania, E-mail address: gchiriac@tuiasi.ro

1 “Gheorghe Asachi” Technical University from lasi, Faculty of Electrical Engineering, Romania

2 Technical University of Moldova, Chisinau, Faculty of Power and Electrical Engineering, Republic of Moldova

47



Costicd Nitucd, Gabriel Chiriac, Georgel Gabor, llie Nucd, Vadim Cazac, JET Vol. 14 (2021)
Marcel Burduniuc Issue 2

Povzetek

Sistem ogrevanja, prezratevanja in klimatizacije (HVAC) predstavlja glavno dodatno
obremenitev za vse vrste avtobusov. Ker gre za sistem z najveCjo porabo energije pri
elektricnem avtobusu, mu moramo posvetiti posebno pozornost pri dizajniranju elektricnega
avtobusa. Pri Studiji prenosa toplote in optimizaciji v smislu udobja potnikov smo uporabili
racunalnisko podprto dizajniranje (CAD). Postavitev notranjosti elektricnega avtobusa je
zasnovana glede na glavne komponente vozila: prostor za potnike, prostor za voznika, okna,
stene in sedeZe. V oblikovanem modelu so uporabljeni materiali iste vrste kot v realnih
avtobusih. Na podlagi teorije o prenosu toplote smo naredili model in simulacije prenosa
toplote znotraj elektricnega avtobusa, nakar smo primerjali podatke iz simulacije s podatki iz
meritev. |z izvleckov omenjene primerjave lahko zaklju¢imo, da je termi¢ni model elektricnega
avtobusa mogoce validirati in nadalje uporabiti za najrazli¢nejSe termic¢ne simulacije.

1 INTRODUCTION

Energy consumption per trip for an urban vehicle is a major design factor, which is influenced by
the driving pattern, the topology, the climate conditions and the payload. The energy required
by the auxiliaries is not negligible, so that the efficiency enhancement of the auxiliaries could
lead to an improvement of global energy use in the vehicle, which is particularly important for
innovative means of transport which are characterised by a limited range, such as that of an
electric bus.

The importance of energy consumption for non-traction needs is revealed when considering the
percentage distribution of energy consumption in annual scales for a bus system [1]: traction
needs represent about 52%, non-traction needs on stopping about 13% and non-traction needs
for route operation about 35%.

A key parameter affecting the auxiliary energy consumption is the external temperature. A rise
of 10 °C can lead to an energy consumption increase of about 0.75kWh/km [2].

An important input parameter is the setpoint temperature within the electric bus cabin. Usually,
the setpoint is kept at a constant temperature that is comfortable for the passengers inside the
bus, but the “comfort aspect” is a relative aspect concept. What a person perceives as a
comfortable temperature depends on many parameters, such as [3] air humidity, air velocity,
radiation, seasonal effects, and metabolism.

Attention is given to the optimization of the thermal system of electric vehicles. This
functionality can be synthesized as:

1. Dynamic temperature setpoint: By considering the different aspects of comfort, an energy-
optimized temperature setpoint control can be implemented. For example, a temperature
setpoint can vary over the day to account for ambient temperature changes. This results in
lower energy consumption of the HVAC system [3].

2. Pre-conditioning: The energy that is required for the heat to control the cabin climate is taken
from the battery. Therefore, this might affect the driving range of the vehicle. Besides
minimizing the energy consumption of the HVAC system, pre-conditioning can also be applied
to improve the vehicle’s driving range of the vehicle. Pre-conditioning means that the cabin
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climate is already controlled towards the desired temperature while the vehicle is still
connected to the charger, either in the depot or en route at terminal stops.

Heat transfer theory, heat balance method and U-Value definition are the foundations used in
calculations and modelling [4]. Based on the heat transfer theory, there are three mechanisms
for transferring heat: conduction, convection and radiation.

The Heat Balance Method is a common method for calculation of heating and cooling loads in a
space or zone [4]. The total heat released into the cabin is given by:

- Ambient load, as the thermal load caused by the temperature gradient between inside air and
the ambient temperature,

- Radiation loads,

- Metabolic load, generated by human body,

- Ventilation load, as the flow of fresh air,

- Engine/Motor load, due to the bus motors,

- AC load, for keeping the internal temperature in the comfort zone by heating or cooling.

The heating, ventilation and air-conditioning (HVAC) system represents the main auxiliary load
for any type of bus. Being the most significant energy-consuming auxiliary load for the electric
bus, it must be given special attention in an electric bus system design. The HVAC systems
usually implemented in electric buses is composed from a rooftop unit comprising a
compression refrigeration machine and several heat exchangers for air cooling and heating.
Heating can be also performed by heaters placed at the floor level and supplied from the main
power supply, or from an auxiliary supply system (such as a battery), [5-8].

Energy needs for resistance heating can significantly increase the vehicle’s energy consumption.
From measurements on a 12 m electric bus [9], it is estimated the average electric power
necessary to keep the interior of the vehicle at 17 °C on a cold winter day with ambient
temperature of approximately -10 °C is around 24 kW. Assuming a specific energy demand for
traction and non-HVAC auxiliaries of 1.2 kWh/km, a plausible value according to measurements,
a constant 24 kW load for heating will increase vehicle consumption by 1.3 kWh/km at an
average velocity of 18 km/h and 2 kWh/km at an average velocity of 12 km/h.

Possible measures to reduce energy consumption of the HVAC system include improved
thermal insulation, double-glazed windows, door air curtains and using improved control
systems. Differently from the conventional HVAC system on current buses, [10] an integrated
air-conditioning and heating system specifically for an electric bus are proposed. For an i-HVAC
(integrated HVAC) system, an electrical heat pump type should be considered.
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2 HEAT TRANSFER MODEL

Thermal conduction is estimated considering Fourier’s Law, with heat flux given by:
g=-k-dT/dx [W/m2] (2.1)
where:
g is the heat flux,
k is the thermal conductivity, [W/mZK],
T is temperature, [°C],
x direction of the heat flux, [m].

Thermal convection is considered for the heat transfer between the air and the solid structure
of the bus. Newton’s formula is considered in this case for the heat flux estimation:

q=-h-(Ts-Ty) [W/m2] (2.2)
where:
g is the heat flux,
h heat transfer coefficient, [W/mK],
T, is the temperature of the solid, [°C],

Tris the temperature of the fluid, [°C].

3 DESIGNING THE INTERIOR GEOMETRY MODEL OF THE
ELECTRIC BUS

To study the heat transfer and thermal optimization for passenger comfort in the electric bus,
computer-aided design (CAD) is used, COMSOL Multiphysics, which has a special application for
thermal aspects, the Heat Transfer Module. In order to simulate the heat process inside the bus,
the following steps are to be followed: geometry modelling, physics settings, solving, and
results.

The geometry of the electric bus is constructed as a basic geometry and is composed from:
passenger cabin; driver’s cabin; bus walls; windshield; windows; floor; roof; doors; wheels;
passengers seats; electric air heat units inside the passenger cabin; heating block inside the
driver’s cabin.

The dimensions of the electric bus are designed in the geometry model according to the actual
dimensions of the real vehicle, an E321 electric bus used currently in public transportation in
Chisinau, Republic of Moldova [11, 12]. This is a low-floor compartment vehicle with a capacity
of about 100 passengers, with a 150kW electric motor, with four heating units inside the
passenger cabin. The components of the vehicle described above are also designed on the
geometry model considering their actual dimensions on the electric bus. Thus, the model and
the simulation results will be close to reality.
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The first step to build the geometry model of the electric bus was to design the passengers’
cabin and the driver’s cabin. For the modelling and simulations these areas will be considered to
be filled with air.

The second step in designing the geometry model is to design the exterior components, such as
the front wall, rear wall, lateral walls, front windows (windshield), rear window, lateral windows
and the doors. For this, a 2D representation was used (Figure 1), as a work plane design and
plane geometry design. For each of these components, coordinates for the size, shape and
position are transferred into the geometry model.
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Figure 1: 2D design of the bus

Having the main structure of the geometry model, the heaters can be designed inside the
cabins. The passenger cabin is designed with four heaters and the driver’s cabin with one heater
(Figure 2). Thus, in the passenger cabin, the first heater is placed on the right side of the vehicle,
next to the third door, a second heater is placed on the left side of the vehicle, in the middle
area, the third heater is placed on the right side, after the second door, and the fourth heater is
placed in front of the cabin, next to the glazed partition which separates the driver’s cabin from
the passenger compartment (Figure 2).

Figure 2: Heater positions inside the electric bus
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A non-transparent view can be used for a better identification of some of the components, as in
Figure 3, where the front door is selected to accentuate its position, dimensions, and
properties. A 3D grid can be also displayed in order to estimate the spatial distribution of the
components.

The last main component of the geometry model is the current collecting system of the electric
bus. This system is placed on the vehicle roof and consists of two skates placed on two core
bars, which assure the vehicle’s energy supply when it operates in a non-autonomous way, like
a trolley-bus (Figure 4).

Figure 3: Non-transparent view of the geometry model

The finalized geometry has 87 domains, 676 boundaries, 1351 edges, and 773 vertices. This
results in the basic geometry model of the electric bus, which will be used for the simulations.

Figure 4: The basic geometry model of the electric bus; transparent view

The materials considered for the components of the bus for the model are iron, glass, acrylic
plastic, fibreglass and PMMA — polymethyl methacrylate. The interior volume of the bus is
modelled as filled with air.
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4  SIMULATION RESULTS AND ANALYSIS

The main results of the simulations based on the thermal model are shown in Figure 5. Figure 5
shows the temperature distribution inside the electric bus with a view from the right side of the
vehicle. The temperatures are estimated at the surfaces of the bus components. It can be
observed that the highest temperature, as expected, is at the heaters (40 °C), and the lowest
temperature is at the exterior surface of the roof, next to the power collecting box system
where the trolleys are attached (17.3 °C).

Figure 5: Simulation results for the temperature distribution in the bus

For a better visualization of the temperature distribution, it can be seen from the temperature
variation along the electric bus that the higher temperatures are measured around the area
where the heaters are placed and the lower temperature (between 17 °C and about 25 °C) in
the area farthest from the heaters. For the validation of the thermal model, some experimental
measurements of temperatures were taken at the various points in the interior of the electric
bus. The results of the simulations were compared with the measured temperatures.

The temperatures were measured in different areas inside the electric bus with a point-and-
shoot infrared camera (FLIR thermal-imaging camera). The temperature measured in the
driver’s cabin is 27.8 °C, quite comfortable for the driver. The temperature measured inside the
electric bus, next to a heater, is 41.3 °C. These measurements are compared with the values
resulting from the thermal simulation presented above. As seen in Figure 5, the simulated
maximum temperatures inside the driver’s cabin are between 25.2 °C and 27.9 °C, which are
quite close to the measured temperature of 27.8 °C (Figure 6). As for the heaters, the simulated
temperature is 40 °C, which is close to the measured one of 41.3 °C. Comparing the simulated
and measured temperatures, it can be concluded that the thermal model of the electric bus can
be validated as correct and be used further for a wide variety of simulation types in order to
estimate the optimal solution to improve heat transfer inside the electric bus.
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5

Figure 6: Temperature measured with a thermal-imaging camera on the driver’s cabin

CONCLUSIONS

The geometry of an electric bus interior is designed considering the main components of the
vehicle: passenger cabin, driver’s cabin, windows, walls, seats and the main materials in
accordance with a real bus. To study the heat transfer into the electric bus, a computer-aided
design is used based on the heat transfer theory. A thermal model and simulations are made for
the heat transfer inside the electric bus. The simulated data are compared with measurement
data, and based on these data, it can be concluded that the thermal model of the electric bus
can be validated and used further for various thermal simulations.
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Nomenclature

(Symbols) (Symbol meaning)
h heat transfer coefficient, [W/m?K]
k thermal conductivity, [W/mK]
q heat flux
T temperature, [°C]
T, temperature of the solid, [°C]
T; temperature of the fluid, [°C]
X direction of the heat flux, [m]
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Abstract

The primary objective of this paper is to present a graphical user interface for the calculation
of electricity produced by a photovoltaic system and electricity consumed by a heat pump. The
produced electricity is determined by a multi-year average of measurements of the global and
diffuse power density of solar radiation for several places in Slovenia, while consumed electricity
is determined based on the required heat for heating a residential building and domestic water.
The calculation of produced and consumed electricity is validated by measurements on a real
system. The developed graphical user interface enables simple user inputs of the photovoltaic
system, heat pump, and the considered residential building, and provides a comprehensive tech-
nical analysis for installing both systems at the same location.
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Povzetek

Glavni cilj tega prispevka je predstavitev graficnega uporabniskega vmesnika za izracun
proizvedene elektri¢ne energije s fotonapetostnim sistemom in porabljene elektri¢ne energije s
toplotno ¢rpalko. Predvidena proizvedena elektri¢na energija je dolocena z veclletnimi povpredji
meritev globalne in difuzne gostote moci soncnega sevanja za vec krajev po Sloveniji, medtem
ko je poraba elektri¢ne energije dolo¢ena na podlagi toplote za ogrevanje stavbe in sanitarne
tople vode. Izracun proizvedene in porabljene elektri¢ne energije je ovrednoten z meritvami na
realnem sistemu. Izdelan grafi¢ni uporabniski vmesnik predvideva preproste uporabniske vnose
fotonapetostnega sistema, toplotne crpalke in obravnavanega objekta ter podaja celovito
tehni¢no analizo za postavitev obeh sistemov hkrati.

1 INTRODUCTION

An increasing number of households are opting for alternative heating solutions for residential
buildings in a bid to achieve a higher level of self-sufficiency. One example of a modern solution
is the use of a heat pump for heating a building and sanitary water, which increases the share of
renewable energy sources (RES). Additionally, the necessary electricity for operation of the heat
pump can be produced by a photovoltaic (PV) system installed on the residential building itself.
This increases the level of self-sufficiency of the household. The decision to invest in a
combination of a PV system and a heat pump for heating purposes is simpler if it is supported
by appropriate forecast calculations. To this end, investors can use a graphical user interface
that calculates produced and consumed electricity for any residential building based on simple
user inputs. Based on the idea of the described graphical user interface, this paper is divided
into two parts: a calculation of electricity production using a PV system, and electricity
consumption with a heat pump. The authors [1] found that the electricity produced by the PV
system is directly dependent on the solar radiation received and the apparent position of the
Sun in the sky. One option is to rely on local measurements from previous years to predict solar
radiation at any point on Earth [2]. In Slovenia, these measurements are provided by ARSO
(Environmental Agency of the Republic of Slovenia) [3]. Many authors, such as [1-2, 4-7],
present different models for determining solar radiation of any surface on Earth based on
knowledge of the power density of solar radiation on a horizontal surface and geometric
relationships between the Earth and the Sun. The requirements of the methodology for
calculating the energy performance of buildings and providing their own RES for the operation
of systems in buildings [8] are set out by the Rules on the Efficient Use of Energy in Buildings
(PURES) [8]. The requirements are followed and explained by the Technical Guidelines for
Construction TSG-1-004: 2010 Energy efficiency [9].

The latter also provides a methodology for calculating the electricity required to operate a heat
pump. By conducting this research, the authors are pursuing a goal of creating a graphical user
interface in the Matlab software package. The established methods for calculating the
production and consumption of electricity and the search for simplification were taken into
account, which would also meet user input restrictions and ensure the greatest possible
automation of the calculation. Existing graphical user interfaces in the field of PV systems, such
as [10], are primarily intended for PV system sizing or daily solar radiation forecasts, as
described by the authors [11]. In the field of inspection of buildings, in terms of heating, the Kl
Energija programme [12] stands out, which also follows the PURES. In addition to the above, the
RETScreen clean energy management software package [13] is available on the market, which
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deals with technical and financial energy efficiency analysis. After reviewing the literature, it
was found that the proposed graphical user interface represents an innovative approach to
evaluating the considered systems and user information.

This paper consists of four sections. The first section provides an introduction to the research
topic. The second section describes the methodology of production and consumption of
electricity, while the third section presents the results of the graphical user interface and the
validation with measurements. The fourth and final section discusses the conclusions of the

paper.

2 METHODOLOGY

The first subsection covers the basics of solar radiation, the calculation of solar radiation on the
surface, and the necessary geometric connections between the Sun and the Earth. The second
subsection deals with the calculation of the electricity required for the operation of the heat

pump.

2.1 Production of electricity — PV system

The power density of solar radiation at the edge of the Earth's atmosphere and the Earth's
average distance from the Sun is called the solar constant, which is approximately 1366 W/m?
[14, 15]. Horizontal surfaces on Earth receive two types of solar radiation: direct solar radiation
Ib, Which does not experience a significant change in direction on the way through the
atmosphere [2], and diffuse solar radiation /g4, which results from the scattering of sunlight in
the atmosphere [16]. The greater the scatter, the smaller the direct component of solar
radiation and vice versa [16]. The sum of direct and diffuse solar radiation is the global solar
radiation on the horizontal surface Iy and is given by (2.1) [2].

lh=lyp+1gp (2.1)

In addition to global solar radiation, an arbitrarily directed surface also receives reflected
radiation /., which results from the reflection of global solar radiation from the environment
[2]. The total radiation on any surface is thus the sum of direct, diffuse and reflected solar
radiation on any surface expressed by (2.2) [2].

Ic :Ib,c +Id,c +lr,c (2.2)

To calculate the solar radiation of an arbitrarily oriented surface at any location on Earth, it is
necessary to understand the geometric relationship between the Earth and the Sun in a
selected period of time. The distance of the Earth from the Sun changes throughout the year.
The Earth is closest to the Sun at the winter solstice (21 December) and furthest from the Sun at
the summer solstice (21 June). At that time, the declination takes its extreme values,
representing the angle between the conjunction of the centres of the Earth and the Sun and the
plane of the Earth's equator. The declination for an individual day of the year is calculated
according to (2.3) [6].
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(2.3)

365

The apparent current height of the Sun in the sky is described by the solar altitude angle a [1].
The solar altitude angle is the angle between direct sunlight and the horizontal surface of the
Earth, calculated by (2.4) [4].

a =sin"*(sinLsin& + cosLcos S cosh) (2.4)

The angle between the direct sunlight and the normal of the considered surface is called the
incidence angle of the Sun i [5] and is calculated by (2.5) [7].

sinLsind cos f—cosLsindcos y
i=cos ™| +cosLcosScoshcos 3 +sinLcos S coshsin fcos y (2.5)
+cosdsinhsin Bsiny

As previously mentioned, the total solar radiation /. as well as the solar irradiation H. (expressed
by (2.6)) received by any surface is the sum of direct, diffuse and reflected solar irradiation,
taking into account the corresponding inclination factor for each radiation component (2.7),
(2.8) and (2.9) [2].

H, =RyB, +RyDy +R.(B, +D,) (2.6)
cosi
Ry =—- (2.7)
sina
1+
Rd :LS’B (2.8)
2
1_
g, - L=cosp) zcosﬂ) (2.9)

2.2 Consumption of electricity — heat pump

The main goal of a building heating system is to provide internal thermal comfort [8]. The most
popular heating devices or heat generators currently on the market are so-called heat pumps,
which use the temperature of the environment to produce heat for heating and are electricity
operated. The electricity required for operation of a heat pump is calculated by (2.10) [9].

Qe
Epp=—— 2.10
= cop (2.10)

The indoor design temperature T; = 20 °C was used to calculate the daily heat required for
heating. The author in [9] assumes that this value is the same as the indoor design temperature
for determining the annual heat required for heating residential buildings. The required daily
heat Quu,n is calculated by (2.11).

QNH,n :(Q trans,n""Qv,n)_UNH(Q i,n+Qs,n) (2.11)

Transmission heat losses occur due to the heat transfer through building structures [9]. Heat
transfer through building structures occurs due to the temperature difference between indoor
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and outdoor air, with heat passing through three heat transfer mechanisms (convective heat
transfer, conductive heat transfer, and radiation). Indoor heat is transferred to the inner surface
of a building envelope by radiation and convection. Heat is transferred to the outer surface
through the layers of building structures, and is then re-transferred by radiation and convection
to the surrounding air. Heat transfer by radiation and convection is combined and presented by
internal a; and external a. convective heat transfer coefficient. The thermal transmittance of a
building structure is expressed by (2.12) by considering all three heat transfer mechanisms [37,
38].

1
1 .59, 1 (2.12)
o +Z =

According to [17], the external convective heat transfer coefficient ae is 25 W/m?K for all heat
flow directions. However, the internal heat transfer coefficient a; is 7.69 W/m?K in the
horizontal direction of heat flow, 10 W/m?K in the upwards direction of heat flow, and
5.88 W/m2K in the downwards direction of heat flow. The coefficient of specific transmission
heat losses of an entire building envelope is determined by (2.13).

ZUJAJ

H, = +0,06 (2.13)

U_

The last term in (2.13) represents an increase in the thermal transmittance of the building
envelope by 0.06 due to the influence of thermal bridges [9]. Transmission heat losses for a
given day of the year are then calculated by (2.14).

Quansn =Hell~Te )t (2.14)
The coefficient of specific transmission heat losses H; is calculated by (2.15) [8, 9].
H, :H; A (2.15)
Ventilation heat losses for a given day of the year are calculated by (2.16).
Q,, =H, [T, )t (2.16)
The coefficient of ventilation heat losses is calculated by (2.17).
v =0,34-k-V, o (2.17)

The heat gains of internal sources Q are due to the movement of people, the operation of
devices, and lighting in the room. For residential buildings, the usable area of the building A, is
simplified to 4 W/m? [9]. Heat gains due to solar radiation on a given day Qs are calculated by
(2.18).

Qs,n :Hc,n “Fs -Fe - Fs - Ayindow *9 (2.18)

It was assumed that there is no shading of windows with external obstacles (shading factor
Fs = 1) and that blinds are not in use during the heating period (blinds factor F. = 1). The window
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frame factor specifies the proportion of glazing on the entire window surface. In the event that
the window frame factor is unknown, the value F; = 0.7 is assumed after [9]. The efficiency of
heat gains #nn by the monthly method is given by (2.19).

1y

H,m

INHm =57 (2.19)
1- THm

The ratio between heat gains and heat losses yum is given by (2.20), where the parameter m
represents the month of the year.

_ Qi,m + Qs,m
T — (2.20)
Qtrans,m +Qv,m
The dimensionless parameter ay is given by (21).
T
ay=1+— (2.21)

15

The time constant of the building 7, presented in (2.21) is given by (2.22) according to a
simplified method.

50-v
T=

(2.22)
Hy +H,

If the heat pump is also used for domestic water heating, the heat output of the heat pump is
calculated by (2.23) according to the simplified calculation.

Qup =Quu +Qy (2.23)

The heat required to calculate the domestic hot water Qu presented in (2.23) is calculated by
(2.24) [9], where the specific annual energy consumption for domestic hot water g, presented
in (2.24) is 12 kWh/m?/year for single-family houses [9].

=w

Q, =
365

d,A, (2.24)

3 RESULTS AND DISCUSSION

3.1 Validation of electrical (PV system) and thermal model (heat pump)
with measurements

Validation of the electrical model or methodology for calculating the electricity production of
the PV system was performed based on measurements on a real PV system in the vicinity of
Krsko, Slovenia. The PV system consists of six single-crystal PV modules (72 PV cells) with an
average selected efficiency of 15 %. The PV system is oriented to the south (aw=0 °) at an
inclination angle of § = 30° with a total area of 6.75 m?. To confirm the electrical model of the
graphical user interface, a comparison was made between the results of the electrical model
and the measurements on the presented PV system (Figure 1).
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Figure 1: Validation of electrical model (production of electricity from PV system) with
measurements.

Figure 1 shows that there are minor deviations in February, March and October. Significant
deviations can be observed in the summer months from 17-26 %. The annual deviation between
the calculated and measured electricity production is 12.72 %. The deviations are a
consequence of measurement data of global and diffuse solar radiation, constant efficiency of
the PV system, disregard for shading of surrounding buildings and that of degradation of the PV
system, which occurs with the increase of the lifetime of the PV system. Validation of the
thermal model or methodology for calculating the electricity consumption of the heat pump for
heating the building was performed on the basis of measurements on a real residential building
in the vicinity of Maribor, Slovenia. The residential building has a heating volume of 553.6 m3,
using an air-to-water heat pump. To confirm the thermal model of the graphical user interface,
a comparison was made between the thermal model results and the measurements on the
presented residential building (Figure 2).

1500 T T T T T T T T g
Il Measurements
I Calculations
— 1000 | 1
S
=
o
I
W 500 - g

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

Figure 2: Validation of thermal model (consumption of electricity by heat pump) with
measurements.

Figure 2 shows minor deviations in the summer months, when only domestic hot water is
heated. A significant deviation can be seen when comparing individual months, while the
annual deviation between the calculated and measured electricity consumption is only 2.25 %.
The deviations are due to the simplification of the calculation of electricity consumption
(neglect of heat losses of the heating system and hot water system) and the assumption of
constant values of internal design temperature and a number of air exchanges (depending
mainly on the living habits of residents).
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3.2 Presentation of graphical user interface

The created graphical user interface is divided into four tabs. The first tab presents the data
entry for calculating solar radiation and electricity production of the PV system (Figure 3). The
user has the option of choosing between eleven locations across Slovenia, which are evenly
spaced. Based on the choice of location, relevant meteorological data are determined, namely,
a multi-year average of half-hour power density measurements of global and diffuse solar
radiation [3], and average daily temperature summarised after a typical meteorological year.
The average daily temperature is also used in the calculation of building heat losses. The choice
of location also prescribes the corresponding latitude L, used to calculate the solar altitude
angle a (2.5) and the angle of incidence of the Sun's rays i (2.6).

4 MATLAB App = o X
Photovoltaic system - energy production | Heat pump - energy consumption | Results | Results - detailed
Data entries in this tab are used for the calculation of produced electrical Direct irradiance

energy with a photovoltaic system. Fill in all the required fields.

Choose a location from the drop down menu, which coresponds best to the
site of the building, where the photovoltaic system would be installed.

Jon [WIM?]

Location | Maribor v |

The following required data refers to the part of the roof where the photovoltaic
modules would be installed. 50 100 150 200 250 300 350
n - day of year

Angle of inclination 20 [l

Diffuse irradiance

Orientation | southwest v | 1000

Available roof area [m*2] 2o
€ e00
=

Type of modules | monocrystalline silicon v = 400

200

50 100 150 200 250 300 350
n - day of year

Figure 3: First tab ‘Photovoltaic system — production of electricity’

The second tab represents the data entry for calculating the heat consumption of the heat
pump. The second tab is divided into six sub-tabs for more detailed analysis. In the first sub-tab,
shown in Figure 4, a simple or difficult data entry can be selected.
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[4 MATLAB App = [m] X

Photovoltaic system - energy production | Heat pump - energy consumption | Results | Results - detailed

Entry selection

Heating
Data entries in this tab are used for the calculation of consumed electrical energy with a heat pump

Outer walls : :
Fill in all the required fields in all the sub tabs on the left.

Ceiling/roof
Floor

e Select difficulty of data entry. Consider advantages, restrictions and own knowledge about the building.
indows

|| Simple data entry |v| Difficult data entry

- buildings of simple shape - buildings of complex shape

- unheated attic or no attic - with attic

- one-dimensional measurements of the building - multidimensional measurements of the building
A%

Length [m] Heated volume 450 [m"3]
Width [m] Heated area 150 | m~2]
Height of floor [m]

Number of floors

Figure 4: Second tab ‘Heat pump — consumption of electricity”

Simple data entry is intended for buildings of simple geometric shape without an attic or with
an unheated attic. Thus, the outer envelope of a building approaches the shape of a square, and
the one-dimensional dimensions of a building can determine a building's gross heated volume
and usable area. The required user entries are the length and width of the building, the height
of the floor, and the number of floors. The difficult data entry is intended for buildings of
complex shapes, which may also have an attic. In this case, the user must know the
multidimensional dimensions of the building and determine the gross heated volume, usable
area and areas of individual elements of the external envelope of the building. The calculation
with difficult data entry is more accurate but requires better knowledge of the building. The
‘Heating' sub-tab allows the selection of heat pump type, the outlet water temperature, and
whether the heat pump includes domestic hot water heating. The ‘Heat pump type' drop-down
list offers air-to-water, water-to-water, and brine-to-water options. In the ‘Outlet water
temperature' drop-down list, the user selects between 35 °C and 55 °C, which corresponds to
the type of heaters in the building. The type of heat pump and the outlet water temperature
are necessary data for determining the heating number of the coefficient of performance (COP).
The sub-tabs ‘Outer walls', ‘Ceiling/roof' and ‘Floor' (shown in Figure 5) are intended to
determine the composition of individual elements of a building's exterior envelope. The
composition of the outer envelope is determined by the choice of materials and their
thicknesses. Materials are divided into seven categories: walls, mortars, stone and earth, fillers,
concretes, thermal insulators, and cladding.
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"4 MATLAB App — o X
Photovoltaic system - energy production Heat pump - energy consumption Results Results - detailed
Entry selection
Heating Determine the composition of outer walls. Select a material from the drop down menu, enter its thickness and add it to the table below.
Outer walls
Ceilingfroof Outer walls area 200 [m"2]
Floor
Windows
Bricks | Full brick (1... v | Thickness 30 fem] Add
Mortars Cementmo... v | Thickness 1 | fom] ( Add |
Stones and soils | ... v Thickness 0 | fem] I Add |
|
Fillers | ... v Thickness 0 [cm] | Add |
Concretes | ... v| Thickness 0 [cm] Add
Thermal insulation |Expanded p... v | Thickness 15 | fom] [ Ad |
Coatings | ... v Thickness 0 | [om] [ A |
Material Thickness [em]
Delete
Basic plaster 1
Full brick (1600) 30
Expanded polystyrene 15
Cement mortar 1

Figure 5: Sub-tab ‘Outer walls’

The ‘Windows' sub-tab (shown in Figure 6) allows entry of thermal transmittance of windows,
the solar energy transmittance of glass g, a window area, and their orientation.

4 MATLAB App — [=] X

Photovoltaic system - energy production  Heat pump - e onsumption | Results | Results - detailed

Entry selection

Heating
g : - =
s Thermal of windows 15 | Wimk2K] |

Ceiling/roof
Fioor Solar energy transmittance of glass (g-value) | 0.6

Windows

Enter window area and choose an orientation for each side of the building.

Windowarea | 15 |[m2] Orientation [south v
Windowarea | 8 |[m"2] Orientation (west v
Windowarea | 3 |[m"2] Orientation north v
Window area 8 | m2) Orientation | east v

Figure 6: Sub-tab ‘Windows’

The ‘Results' tab (Figure 7) shows the calculated produced and consumed electricity on a
monthly and annual basis, while the ‘Results — detailed' tab (Figure 8) shows some additional
calculated quantities.
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[4] MATLAB App = o X
| | Photovoltaic system - energy production | Heat pump - energy consumption  Results | Results - detailed
Click »Calculate« for data processing and to obtain resuits. Calculate

Annual electrical energy production 9704 [kwh]

Annual electrical energy consumption for heating of building 8362 [kWh]

and heating of domestic water

Produced and consumed electrical energy
2000

Produced electrical energy
1600
1400
1200
1000

E [kwh]

800
600
400
200

jan feb mar apr may jun ju aug sep oct nov dec

month

Figure 7: Third tab ‘Results — produced and consumed electricity’

[4] MATLAB App = o X
| Photovoltaic system - energy production Heat pump - energy consumption Results  Results - detailed

january february march april may june
Produced electrical energy [kWh] 310 418 772 1061 1189 1288
Transmission heat loss [kWh] M7 3613 3080 1861 761 0
Ventilation heat loss [kWh] 872 7565 644 389 159 0
Internal heat gain [kWh] 446 403 446 432 446 0
Solar heat gain [kWh] 632 7565 1260 1415 1483 0
Required heat for heating of domestic water [KWh] 153 138 153 148 153 148
Required heat for heating of building [KWh] 3964 3210 2032 569 10 0
Required electrical energy for heat pump operation [kWh] 1834 1456 892 295 167 169
‘ »
Thermal transmittance of outer walls 0227 | Wim"2K]
Thermal i of the ceil [ 0193 |wimnK]
Thermal i ofthefloor [ 1424 | [wWimr2K]

Specific transmission heat loss coefficient H't 0.659 [W/mA2K]

Annually required energy for heating of building per unit of heated area 114 [kWh/m"2]

Energy efficiency rating E

T T T T
0 A15 B 3 C 60 D 105 E 150 F 210 G 300+

Figure 8: Fourth tab ‘Results detailed — energy efficiency rating’

The tab ‘Results — detailed' (Figure 8) shows the monthly and annual values of the following
calculated values: produced electricity, transmission heat losses, ventilation heat losses,
internal heat gain, solar heat gain, required heat for heating of domestic water, required heat
for heating of the building, and required electricity for heat pump operation. Below the table,
the calculated thermal transmittances of each element of the building envelope and the
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coefficient of specific transmission losses are displayed. Additionally, the annual required
energy for heating of building per unit of heated area is calculated and shown, based on which
the energy efficiency rating is determined. The criterion for determining the energy efficiency
rating is determined based on [37]. In addition, the corresponding letter of the energy efficiency
rating of the building is displayed, with the pointer showing the appropriate place on the colour
scale of the energy classes.

4 CONCLUSION

This paper presents a graphical user interface for calculating electricity produced by a
photovoltaic system and electricity consumed by a heat pump. The aim of the paper is to create
an accurate tool to analyse the current and future technical view of residential buildings with a
user-friendly and straightforward designed graphical user interface. Required meteorological
data was obtained by the Environmental Agency of Slovenia, while other data were summarised
according to technical guidelines for energy efficiency in buildings. The discussed methodology
for the calculation of produced and consumed electricity was validated with measurements on a
real system. In addition, it is essential to highlight the minimum deviations between the
methodology results and measurements, which ranged from 2.25 % (for consumed electricity)
to 12.72 % (for produced electricity).
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Nomenclature

(Symbols) (Symbol meaning)

A the area of the outer envelope of a building
ay dimensionless parameter
Au usable area of building

Auwindow window area
B direct solar irradiation on horizontal surface
d layer thickness of the building structure
Dy diffuse solar irradiation on horizontal surface
dw the number of days of hot water supply in a given period
Ewp required electricity for the operation of the heat pump
Fc blinds factor
Fs frame factor
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Fs

H.
Hen

NnH
NNH,m
Qup
Qi
Qim
Qin
Qnw
Qnpn
Qsm
Qsn
Qtrans,m

Qtrans,n
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shading factor

solar radiation transmittance factor

hour angle

total solar irradiation on observed surface

total solar irradiation of observed surface for the selected day of the year
coefficient of transmission heat losses

coefficient of specific transmission heat losses

coefficient of ventilation heat losses

incidence angle of the sun

power density of direct solar radiation on an inclined surface
power density of direct solar radiation on a horizontal surface
power density of total solar radiation on an inclined surface
power density of diffuse solar radiation on an inclined surface
power density of diffuse solar radiation on a horizontal surface
power density of global solar radiation on a horizontal surface
power density of reflected solar radiation on an inclined surface
number of air exchanges

latitude

consecutive month of the year

consecutive day of the year

efficiency of heat gains

efficiency of heat gains for the selected month of the year

heat produced for heating

heat gains from internal sources

heat gains from internal sources for the selected month of the year
heat gains from internal sources for the selected day of the year
heat required to heat the building

heat required to heat the building for the selected day of the year
heat gains due to solar radiation for the selected month of the year
heat gains due to solar radiation for the selected day of the year
transmission heat losses for the selected month of the year

transmission heat losses for the selected day of the year
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Qum
Qn
Quw
qw
Ro
Ry
R:

Te n

1

Vneto

}'H,m

S N

ventilation heat losses for the selected month of the year
ventilation heat losses for the selected day of the year
heat required to heat hot water

specific annual energy use for hot water

inclination factor for direct solar irradiation

inclination factor for diffuse solar irradiation

inclination factor for reflected solar irradiation

time period

average daily outdoor temperature for the selected day of the year
indoor design temperature

thermal transmittance

gross heated volume of the building

net heated volume of the building

solar altitude angle

external convective heat transfer coefficient

internal convective heat transfer coefficient

inclination angle

azimuth angle

the ratio between heat gains and heat losses for the selected
month of the year

declination angle
thermal conductivity
reflection factor

the time constant of the building
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