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Abstract. The paper presents the analysis of the building integrated photovoltaic panels (BIPV) realized for
the same photovoltaic system, placed in different locations, for the continental climate of Romania. For all
studied cases, the photovoltaic (PV) system is examined in various vertical configurations, considering the
integration into buildings placed in urban agglomerations, characterized by small horizontal surfaces, but
generous facades. For the analyzed situations it is assumed that the PV panels are fixed in vertical position.
Therefore, one of the possibilities of raising their efficiency consists in controlling the operating temperature
of the photovoltaic cells. The operating parameters of the photovoltaic panels are studied in case of integration
at 10 m height above the ground and the results are reported on the unit surface. The model and the functioning
parameters are processed using TRNSY'S software. The results are analyzed for average daily, monthly and
yearly values. The results reveal some major differences obtained for the same system placed in different
locations or orientations. The average efficiencies for maximum production months are lower than annual
ones, while the daily values for efficiency are lowest. These values are directly dependent on the intensity of
solar radiation and are negatively influenced by the operating temperature of the photovoltaic panel.

1 Introduction

The photovoltaic effect is the most wide-spread solution
for converting solar energy into electricity. The effect is
achieved by using different types of photovoltaic (PV)
cells [1]. The first reports over the photovoltaic
conversion were made by Adams and Day, 1876 [2],
while the modern PV cells were discovered by Chapin and
Fuller, who reported an initial 4.5% efficiency of the
silicon PV cells [1].

Modern photovoltaic cells are made of different
semiconductors, such as silicon, germanium, gallium and
others [3]. A remarkable aspect is that almost 90% of PV
cells are made of Si [4], a wide-spread material, which
thanks to technological advancement became affordable
to vast majority of population [6, 7]. On the other hand,
taking into account the raising price of fossil fuels
corroborated with low reserves [5], the PV systems are
recommended to be implemented at the current moment
and in near future. The price of PV cells in $/Wp is
following the Swanson law [8], which states that the price
of PV panels is decreasing by 20% for each doubling of
worldwide installed power [9].

One of the most important characteristics of a PV
panel consists in its conversion efficiency. It actually
expresses the quantity of electric power obtained from
solar radiation in certain conditions. The most efficient
silicon solar cells are the mono-crystalline ones, with
typical maximum values of the efficiency in Standard Test
Conditions (STC) between 14%...17% [10].
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One of the most harmful effect over the functioning of
photovoltaic cells is represented by the inversely
proportional dependency of the efficiency (1) and open
circuit voltage (Vo.) with the operating temperature (7cer).
This is a consequence of low direct conversion of solar
radiation into electricity which leads to an approximate
80% conversion into heat [11, 12]. There are many studies
in literature referring to this dependence [13], most of
them considering a linear variation of open circuit voltage
(Voc) and maximum power (P,,,) with cell’s temperature.
The decrease of efficiency is approximately 0.3...0.5%
for each degree over 25 °C [14, 15].

For the situations when it is assumed that the PV
panels are in a fixed position, in particular case of placing
them integrated into buildings, on facades or roofs, one of
the possibilities of raising their efficiency is by controlling
the operating temperature of the cells.

There is an important number of studies in literature
regarding the methods of reduction the operating
temperature of PV panels and correlations between
efficiency and operating temperature of PV cells [16].
Some of the solutions to improve the temperature of
photovoltaic panels by using the air and passive cooling
are presented in important works [17, 18, 19, 20].

The Building Integrated Photovoltaics (BIPV)
represents a possible solution of using PV panels near the
consumption area [21, 22]. This technology consists in
integration of PV panels into the fagades of the building
creating an active wall or active fagade [23, 24]. Thus, the
PV panels are replacing zones of the exterior or interior
glazing, creating cold or hot facades.
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Considering the integration of PV panels into
buildings placed in urban agglomerations, characterized
by small horizontal surfaces, but generous facades, the
BIPV technique may be a viable solution for using the
available surface of the building’s fagades [25-28].

The literature presents a series of works focused on the
numerical analysis of PV systems placed on the roof of
buildings [29-33] or regarding BIPV/T systems [35] and
in generally, all cooling solutions come with the
recommendation that the gain of thermal energy to be
used for other applications. In this way, the payback
period can be considerably reduced comparing to the
stand-alone PV system.

2 Problem description

The main objective of this paper is to determine through
numerical simulation the efficiency of PV panels in
different locations of a temperate climate territory.
Therefore, a PV panel with 1 m? surface is considered,
integrated into the fagade of a building for variable
locations and orientations. The reference PV panel is
composed of 36 photovoltaic cells connected in series.
The purpose of the analysis consists in determining the
most advantageous situation of integration, regarding the
maximum energy production, for different geographical
situations. The annual, monthly and daily analysis was
achieved by using the TRNSYS software.

The analysis includes four of the most important urban
areas located in Romania. These cities, characterized by
slightly different climatic conditions, have the following
geographical coordinates:

e Bucharest (44°26'10.1"N, 26°06'03.4"E)

o [asi (47°09'06.9"N, 27°35'13.1"E)

e Timisoara (45°4523.9"N, 21°13'43.2"E)

e Cluj-Napoca (46°46'16.6"N, 23°35'24.1"E).

The analysis is focused on the PV panel’s energy
production and does not concern the entire PV system
efficiency.

3 Numerical simulation

In Fig. 1 is presented the block diagram used in TRNSYS
software. The weather conditions (G — solar radiation and
T.x: — external temperature) used in simulations are based
on Typical Meteorological Year (TMY — Type 109) [36].
The components regarding weather conditions are
variable during the yearly, monthly and daily cycle.
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Fig. 1. The block diagram used for numerical analysis

The recommended unit for the PV panel modelling is
Type 94. This block is used in simulations, being
appropriate for both monocrystalline or polycrystalline
silicon PV modules. The four parameters model [30] used
for a more realistic PV panel functioning and evaluation
is described by the following equations which are taking
into account both series (R;) and shunt (Ry;) resistances
[34, 35]. The current, I, generated by PV cell is

determined using Eq. 1:

I=1L,—1Ip (exp

_ (V4RI (1)

KT cent

q(V+Rs) 1)

Rsn

The open circuit voltage (V,.) of the cell is calculated

using Eq. 2:

I
Voo = "5 24 (2 + 1)

2

Tab. 1 presents the dimensions and parameters of the
photovoltaic panel studied in this paper [36].

Table 1. Parameters, inputs and outputs of the model.

Parameters Input Data Output Data
S=1m’ - orientation of PV
Lc=65A panel: - south, south- - PV panel
Voe=21,6 V east, south-west; .
2 s efficiency;
Lnx=59 A - position of PV panel: -

— vertical: - maximum power,
b2 LY - clim: t7i nditions: current and
tvocr=47 °C chmatic conditions: voltage produced;
Voo =0.079 Bucharest, Iasi, - operatin
Tro= 25 °C Timisoara and Cluj- @ HI: eratu%e of PV

Napoca, according to P ”

TMY: panel;
Gry=1000W/m? | - analysis interval: i)er}?\r]gya%rgduced

annual, monthly and Y panel.

daily.

4 Results and discussions

The qualitative and quantitative information about the
results of simulations are synthesized both as images, Fig.
2 — Fig. 22, and numerical data, Tab. 2 and Tab. 3. The
values referring to solar insolation and operating
temperature are registered on the PV panel surface, being
presented for Bucharest location only, Fig. 2 — Fig. 7. The
yearly and monthly analysis is presented with detailed
information for all locations, in Fig. 8 — Fig. 19, while for
the daily results, only the Bucharest case is figured Fig.
20 — Fig. 22. The results referring to all cities are
centralized in Tab. 2 and Tab. 3.
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Fig. 2. Bucharest - Yearly variation of solar radiation incident on PV
panel — Vertical-South
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Fig. 3. Bucharest - Yearly variation of operating temperature of PV
panel — Vertical-South
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Fig. 4. Bucharest - Yearly variation of solar radiation incident on PV
panel — Vertical-South-East
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Fig. 5. Bucharest - Yearly variation of operating temperature of PV
panel — Vertical-South-East
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Fig. 6. Bucharest - Yearly variation of solar radiation incident on PV
panel — Vertical-South-West
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Fig. 7. Bucharest - Yearly variation of operating temperature of PV
panel — Vertical-South-West
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Fig. 8. Bucharest — yearly energy produced [k Wh/m?>year]
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Fig. 9. Cluj-Napoca — yearly energy produced [k Wh/m*year]
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Fig. 10. Iasi — yearly energy produced [kWh/m*year]

For each studied case, the highest values of monthly
efficiency are reached for winter, early spring and late
autumn months (over 11.50%). The negative aspect is the
inversely dependence between monthly energy produced
and corresponding efficiency.

On the other hand, for the three months interval with
maximum energy production, the minimum efficiency is
registered. The main reason consists in high operating
temperatures of PV panel during this period. For vertical
analysis, the maximum monthly energy production
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temperatures are often over 50-55 °C. The lower energy

production is determined mainly by lower values of solar
radiation registered on vertical surfaces or by narrower
intervals when the sunlight is incident on PV panel’s
surface.

8.0 - -»-Vertical-South-West - August

60 f

Energy produced [kWh/m?month]

1500 1

[ 1 5 10 25 30

15
1250 |~ Vertical-South m 116.5 Time [days]
- .6 :

-+ Vertical-South-East
-»-Vertical-South-West
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In terms of efficiency, for vertical integration, the
minimum monthly efficiencies are also registered in hot
days of summer, even the incident solar radiation is
limited under 600-700 W/m?. Also, when analyzing the
studied vertical cases, it can be remarked the uniformity
of the energy production during the entire year. Thus, for
vertical position the ratio of minimum monthly energy
produced to the maximum one is about 0.390, while
compared to the annual average it is 0.533 for vertical-
south, 0.368 and 0.436 for vertical-south-east, 0.318 and
0.422 for vertical-south-west orientation. Therefore, the
most uniform distribution of the energy produced over the
year is achieved by using a vertical-south positioning for
the PV system. This case also assures maximum annual,
monthly and daily energy production at efficiencies
approximately equal to the other vertical positions
studied.

Information regarding the parameters obtained during
the maximum day, Fig. 20 — Fig. 22, also revealed that the
variation of PV panel’s temperature is dependent on solar
insolation and external temperature. The maximum power
produced is dependent on solar insolation and inversely
proportional to the cells operating temperature.
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Fig. 20. Bucharest - Parameters for maximum day of production
(October) — Vertical South
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Fig. 21. Bucharest - Parameters for maximum day of production (April)
— Vertical South-East
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Fig. 22. Bucharest - Parameters for maximum day of production (April)
— Vertical South

More accurate quantitative results are shown in the
following tables. Tab. 2 presents the yearly amount of
energy produced by PV panel. The best configuration is
achieved for placing the PV panel in vertical-south
position. Taking into account the BIPV analysis, in
vertical position south, south-east and south-west
orientations, almost a maximum of 126.5 kWh/m?year
are obtained, while the annual efficiency is about 11.61%.
The annual production is ranging between 107.9-126.5
kWh/m*year. The most advantageous case for vertical
position is Cluj-Napoca, for all studied orientations. The
lowest annual energy production for all cases resulted to
be in Iasi.

Table 2. Results for yearly analysis.

Position / Location B CJ IS ™
Vertical- | E[kWh/m*y] | 114.29 | 126.49 | 112.68 | 116.52
S n [%] 11.60 11.61 11.63 11.58
Vertical- | E[kWh/m*y] | 111.29 | 119.46 | 107.9 | 111.64
SE n [%] 11.62 11.64 11.66 11.61
Vertical- | E [kWh/m*y] | 110.74 | 118.93 | 108.70 | 111.53
SW n [%] 11.54 11.56 11.58 11.54

The influence of orientation over the yearly energy
production has the same tendency for all cities. Generally,
the order from highest to lowest energy production is:
vertical-S, vertical-SE, vertical-SW. Taking into account
that for SE and SW orientations the amount of solar
radiation on vertical surfaces is approximately equal, the
lower energy production on SW, Tab 2, could be
determined by higher operating temperatures of PV
panels during afternoons.

The analysis is also detailed for monthly intervals in
Tab 3. The information is presented as energy produced
for the maximum month. Also, in the energy produced (£
[kWh/m?]) column, right next to the numerical value, is
marked the information referring to the time in the year
when it is achieved. For monthly analysis, Tab 3, the
results are showing that the maximum production months
for vertical-south position in almost all cases are reached
during the late summer days or beginning of the autumn.
The maximum month for vertical-SE and vertical-SW is
almost always August, even the monthly efficiency
registered (11.32-11.45%) is lower than the annual one
(11.54-11.66%).

Table 3. Results for monthly analysis.

Position / Location B cJ 1S ™

E [kWh/m*m] | 12.99 | 13.39 | 12.44 | 12.90

Vertical-S n [%] 1144 | 11.47 | 11.41 | 1147
Month Sept Oct Aug Sept

E [kWh/m*m] | 12.62 | 13.07 | 13.14 | 12.53

Vertical-SE n [%] 11.36 | 11.45 | 11.43 | 1141
Month Aug Aug Aug Aug

E [kWh/m*m] | 12.25 | 13.30 | 13.03 | 12.38

Vertical-SW n [%] 11.35 | 11.36 | 11.32 | 11.33
Month July Aug Aug Aug

5 Conclusions

Taking into account that for large cities the available
horizontal surface is limited both on buildings and on the
ground level, the vertical integration of PV panels was
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