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Abstract: The use of concentrated solar irradiation for the improvement of electric generation
improvement has been implemented on different scales, mainly in photovoltaic systems. High-
concentration Fresnel lenses are widely chosen for this approach in large installations, while low-
concentration systems are rather applied in medium-low scales. For the latter, the improvement on
electric performance was revealed, even when no solar tracking was implemented. The presented
work aims to analyse a low-concentration photovoltaic installation by a numerical approach. First,
the reflective surfaces were designed geometrically considering the optimal slope determined for
each month. Subsequently, different simulation techniques were used separately for prediction of
solar irradiation and energy production. Three criteria were selected to analyze power generation:
the highest increase in total annual solar irradiance on panels with reflective surfaces, the highest
total annual solar irradiance collected, and the optimal slope of panels for the entire year. The
increase in energy was found to not exceed 10% in the winter months. Whereas in the spring and
summer months the energy improvement is about 15-20%. Moreover, it was observed that the
temperature of the proposed concentration photovoltaic system increased significantly, reaching
more than 90 °C, while for traditional PV panels it did not exceed 75 °C.

Keywords: solar radiation; low-concentration systems; ray tracing; Monte Carlo; one-diode PV
model; CIGS

1. Introduction

Several efforts have been made to improve power generation in photovoltaic (PV)
systems and their efficiency. The techniques applied to achieve this goal are diverse and
can be divided into two main groups: methods to increase the amount of solar radiation
incident into the panels (higher power generation) and methods to thermally stabilize the
panels (higher efficiency). It can be found from the literature that the increase in solar
radiation can be achieved by concentrating systems for PV (CPV) installations [1], mainly
Fresnel lenses [2,3]. For large photovoltaic panels, a spectrum of Fresnel lenses is
proposed in most cases [3,4]. As the sunrays are concentrated on a smaller surface, the
temperature of PV cells under concentrated illumination increases [5] by means of a
decrease in efficiency [6]; then cooling systems are necessary to avoid overheating [7].
There are some possibilities to cool the PV panels by combining them with thermal
collectors (T-PV) [8], application of phase change materials (PCM) [9] or the removal of
heat through a water channel [10]. In the case of building integrated photovoltaics (BIPV)
[11], the increase in temperature can even increase the risk of PV damage or accelerate the
ageing effect [12]. Some authors have proposed to use different techniques to cool BIPV,
even using phase change materials on the back surface of the photovoltaic panel in
rainscreen cladding [13] or composite systems [14]. Although Fresnel lenses are
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considered the most suitable method to increase the performance of photovoltaic
installations [15,16], the overheating problem is generally more common than in the case
of free-standing or integrated PV building. Improving its thermal efficiency also increases
the cost of installations and maintenance.

Diverse authors studied technological solutions for low-concentration ratios [16,17].
Low-concentration photovoltaic systems for large scale solar plants are also possible due
to R&D investments that the most well-known companies have been encouraging. Such
as the Abengoa Solar case [16], which owns a 1.2 MW PV plant with flat mirror
concentration systems on each single PV panel. This solar plant is in Sevilla, Spain; and it
is composed of 154 operational units with a heliostat sun-tracking system. Abella et al.
[18] designed a four-face polyhedral mirror that gave a concentration ratio of 3 compared
to a single photovoltaic panel. The experimental setup consisted of a sun-tracking
structure with 12 photovoltaic panels, each one with their mirrored system, and the
electrical performance was studied both numerically and experimentally. Overheating
protection was implemented by an aluminium heat sink. Both numerical and
experimental results have shown that power output is almost 1.91 times compared with
STC values, and the short-circuit current obtained was about 2.5 bigger than STC
conditions. On the other hand, a fill factor decrease was caused by the combined effects
of concentration and temperature. On a shorter scale, a similar analysis was carried out
by Julajaturasirarath et al. [19], who modeled a single PV panel (10 W) in combination
with flat mirrors surrounding it. An electrical and reflective numerical model was
performed to obtain the energy production, and experimental comparisons were carried
out during seven days of data collection. They found that the reflectivity of the mirror can
provide more energy than traditional panels, about double the power output.
Furthermore, a recent study [20] determined that it is also possible to obtain better electric
power generation when both the PV panel and reflective flat surfaces are in a fixed
position, without tracking the sun. The maximum output power of the solar panel is
increased by using flat mirrors as concentrators and the variation in maximum power is
17%, while the efficiency improvement can reach 25%.

Regarding practical limitations (wind and snow) and possibly architectural
integration (roof or fagade), the PV system studied in this paper is considered rather as a
building integrated one (BIPV). This assumption allows for the use of a building as a
supporting structure for the whole system. Moreover, it helps in the general maintenance
and cleaning of the reflected and PV surfaces. In modern architecture design, integration
of PV panels is not the exceptional case [21]. In addition to aesthetic aspects [22] the
proposed system should fully interact with other building elements [23]. Monteleone et
al. proposed an adaptive envelope component, namely SLICE (Solar Lightweight
Intelligent Component for Envelopes), equipped with high-efficiency photovoltaic cells,
and which is a lightweight and stand-alone component for dynamic envelopes [24].
Double-wedge BPPL (Building Perma-Power Link) panels were proposed and analysed
in the case of a mid-rise building in Seattle, Washington [25]. Each cladding panel was
designed as a stand-alone system, which will be useful for installation, operation, and
maintenance. Finally, the aluminium foil-based Bi reflector system (AI-BRS) was
investigated, giving an improvement of output power more than 28.47% (in comparison
with traditional BIPV) depending on the time, size of the reflector, and location of the solar
panel [26].

The possible implementations of the proposed solution as a building integrated
system are presented in Table 1. It should be depicted that all required components are
available on the market and materials are common in architecture design. Seven different
cases of fagade and roof integrated systems were proposed and specified, but more cases
can be further developed. It should be noted that the building structure operates as a
supporting construction eliminating the mechanical problem due to the wind or snow
loads. The general maintenance of building facades or roofs also help to keep the system
in proper conditions.
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Table 1. Options for building integration of mirrored PV panels.
Scheme Category Mounting Features
= No tracking
1__ consumption
Supportive = Saving energy for
1 Window  structure for lightning
\ integrated  mirrorsand =  Partial light guiding
panels into inside
I = Relatively low visual
impact
Directly on wall No trackl,?g
Wall Supportive consumption
2 int ted  structure f Room aspect not
integrate structure for affected
PIETOTs Medium visual impact
= No tracking
consumption
Door/ Supportive Room overheating
3 \ /window strucfuie on the avoided in summer
N shading 1 *  Room aspect not
elements wa affected
I . Low-medium visual
impact
Directly on No trackli}g
| balcony facade consumption
4 Balcony Supportive Easy cleaning
integration ¢ PIt’ ‘ Additional shading
| s ruC. ure tor Medium-high visual
- mirrors impact
= No tracking
consumption
Supportive - Nowind pressure when
Double skin PP inside
structure on the
5 fagade = No PV panel
. . wall/transparen .
integration ¢ . overheating when
covering outside
= Relatively low to
medium visual impact
= No tracking
/A\ consumption
Sloped roof Supportive =  Same inclination than
6 P structure for rooftop

integration .
N mirrors

Roof integration design
Relative low visual
impact
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= Tracking system could
be incorporated

Supportive
= Low-medium visual
Flat roof  structure for .
7 \ \ . . . impact
integration  mirrors and .
1 = Better harnessing of
panels space and
modularization

The main aim of the presented study is to design a low-concentration photovoltaic
system and to analyze the increase in solar irradiance and its energy performance. For
detailed analyses under specific location and weather conditions, the simulation
techniques were used separately for prediction of solar irradiation [27,28] and energy
production [29,30]. The proposed CPV consists of a photovoltaic panel and two highly
reflective surfaces. The geometry and angle of the inclination of reflective surfaces were
determined based on the Sun trace method using GeoGebra software [31]. The design of
a low-concentration photovoltaic system was developed for a specific location and system
dimensions. Subsequently, the solar irradiance analysis was performed for the proposed
CPV system using Radiance—lighting simulation software [28]. This approach allowed
for precise determination of the solar radiation incident on PV panels within the
characteristic time of the year and calculated the sum of irradiation during the specified
period. Key parameters such as the accumulated annual solar energy and the uniformity
of solar irradiance were analyzed compared to reference PV panels without reflective
surfaces. Moreover, the energy performance and temperature characteristics of developed
CPV were investigated numerically using ESP-r software [32]. It was found that the
implementation of reflective surfaces would effectively increase the annual power electric
production, but overheating could represent a thermal risk to the photovoltaic panels.
However, in spite of overheating, the annual efficiency increases when reflective surfaces
are added, and it is related to the effect of solar concentration on energy generation. In
other words, the increase in electric power generation is greater than the increase in
thermal losses, resulting in a positive energy balance.

2. Methodology
2.1. Geometric Design of Reflective Surfaces for PV Panels
2.1.1. Design Considerations

A flexible PV panel is considered to perform the geometrical design of the system. Its
dimensions are described in Table 2.

Table 2. Geometric specifications of flexible PV panels.

Dimension Nomenclature  Value Unit
Largest side L 873 mm
Shortest side 1 411 mm
Largest cell module side L. 760 mm
Shortest cell module side le 360 mm
Thickness at module t 2.2 mm
Thickness at J-box e 21 mm
Weight w 0.8 kg

Both considered positions for the PV panel are shown in Figure 1. Regarding the
orientation, it is facing the south axis, then the optimal slope corresponds to the solar
midday sun position (Figure 2), so that the solar radiation reaches perpendicularly to the
PV panel. In order to increase the solar radiation that impinges into the PV panel, two
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reflective surfaces (RS) are added to it. Then av, ar, and the angles between RS and PV (6,
@) panel are determined by sun-trace performed in GeoGebra software.

(a) (b)

.

by

ah

Ay

(S)

Figure 1. Positions for the PV panel facing to the South axis, and the fixed reflective surfaces. (a)
vertical position. (b) horizontal position.
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Figure 2. Optimal slope of PV panels for each monthly characteristic j-day. Location: Lodz, Poland
(Latitude: 51.75°; Longitude:19.45°, a.a.s.1.: 278 m). Optimal angles were determined by using Geosol
open access software [33]. A-L corresponds to the different configuration of PV panels for every
single month.

2.1.2. Geometric Design

A single sun-tracing was performed for the RS design. The configuration for all RS is
fixed in relation to the PV panel, and the slope of it varies for each monthly characteristic
Julian day. The sizing and configuration of the RS were performed using GeoGebra
software (69 Altenbergerstrafse street, Linz, Austria) as can be seen in Figure 3, at 10 June.
For this study, all the reflected sunrays impinge the whole PV panel extension. Then, it is
receiving both reflected and global radiation. The dimensions of the reflective surfaces
and their relative angles from the PV panel are shown in Table 3. These RS dimensions
and relative configuration remain invariable during the whole year.
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Figure 3. Geometric design

performed by GeoGebra software for 10 June midday. Both parallel sunrays mark the limit

of solar incidence at extreme borders of reflective surfaces (points K and I). Therefore, the direct acceptance and full

reflection zones are identifi

ed. (a) vertical position. (b) horizontal position.

Table 3. GeoGebra results. Geometry of reflective surfaces.

Dimension Symbol Vertical Horizontal
Position Position
Top RS angle (from panel) 0 126.6° 126.6°
Top RS length Cv; Ch 400 mm 800 mm
Top RS width av; an 440 mm 220 mm
Bottom RS angle (from panel) () 126.6° 126.6°
Bottom RS length Cv; Ch 400 mm 800 mm
Bottom RS width av; ah 440 mm 220 mm

Since the optimal configuration of the PV panel corresponds with the frontal solar
incidence, the maximum solar energy collection is expected to be at solar midday for fixed
systems. For this midday solar position, Figure 3 shows the different acceptance zones for
all sunrays that reach the system parallel to the main sunray, which is taken as reference.
It is firstly identified the direct acceptance range, where the solar radiation impinges to
the PV panel without any previous reflection. Then, two full reflection zones are
identified. They are compounded by the two RS that reflect the solar radiation into the PV
panel. These three regions form the solar aperture segment, which measure 1.323 m and
0.663 m for both vertical and horizontal positions, respectively. Then, the total aperture
areas count Sy =1.32 m x 0.44 m = 0.58 m2, and Sh = 0.663 m x 0.8 m = 0.53 m2. On the other
hand, the effective area of solar collection of the PV panel is considered as the area for the
solar cell arrayment, which is Sc = Lc x I = 0.27 m?, where Lc and L. are the length and width
of panel, respectively. The geometric concentration ratios are Cv=5v/Sc=2.1, and Cn = Sn/Sc
= 1.96. However, the concentration ratio is only valid for the solar midday when the PV
panel has been exposed to both direct and reflected sunrays. For morning and afternoon
periods, the concentration ratio is lower.

2.2. Numerical Analysis
2.2.1. Solar Irradiance Analysis

The numerical investigation of the energy performance of PV panels equipped with
reflective surfaces was performed in two stages. The first part is dedicated to the analysis
of solar irradiance incidents on the surface of PV panels. In the second, the energy
performance and temperature of the PV panels were determined using the ESP-r software.

Solar radiation incident on the PV panels with consideration of reflected rays from
highly reflective surfaces was performed using the Radiance simulation engine combined
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with the Blender software by VI-Suite addon [27]. Radiance Lighting Simulation and
Visualization software is a comprehensive and validated tool for lighting simulation.
Moreover, Radiance is highly recognized among designers and researchers in the field of
daylight analysis [34]. The Radiance simulation engine is based on a hybrid approach of
ray tracing and Monte Carlo [28]. The geometry of the analyzed concentrating PV system
was modeled using the Blender tool, which provides modeling, rendering, and
visualization capabilities. The simulation was performed using the VI-Suite addon
allowing the transformation of geometry developed in Blender to Radiance geometry files,
simulation using the Radiance engine, and visualization of results of solar radiation
calculations in Blender.

The geometry of PV panels and reflective surfaces was modeled regarding the
dimensions determined in Section 2. The material properties of the individual surfaces are
presented in Table 4. The PV panels’ surface was defined as plastic material and the
reflective surfaces as mirrors according to the Radiance material definition. The optical
parameters for the PV panels were defined based on [28,35]. The optical characteristics of
the reflective surfaces were adopted according to the study of highly reflective materials
presented in [36].

Table 4. Optical properties of materials used in solar radiation analysis.

Optical Properties
Surf Material T
trtace atertal Type g G B Roughness  Specularity
PV panel plastic 0.1 0.1 0.1 0.00 0.07
Reflective surfaces mirror 0.853 0.839 0.820 - -

Solar radiation calculations were performed using weather data defined by the
typical meteorological year (TMY) for the location of Lodz, Poland (Latitude: 51.75°;
Longitude:19.45°). The TMY used in the simulations according to the VI-Suite instructions
was downloaded from the Energy Plus website (https://energyplus.net/weather, accessed
on 21 July 2021) [37]. Weather data consist of hourly values of solar radiation, temperature,
wind direction and velocity, pressure, and humidity for a one-year period. Considering
all these parameters is important, since in real-time test scenarios, certain weather
conditions affect the performance of the solar panel’s performance, resulting in significant
voltage loss, an example here being the temperature [38].

The study was performed for twelve configurations of the PV panels defined to south
direction with inclination angle regarding the optimal slopes of PV panels for each month
according to the calculations presented in Section 2. In addition, solar radiation was
determined for concentrating PV systems and for reference PV panels without reflective
surfaces. Furthermore, both positions (vertical and horizontal) of the PV panels were
considered.

2.2.2. Distribution of Solar Irradiance

The results of the first part of the numerical analysis were presented in the form of
rendering maps of cumulative annual solar irradiance for vertical (Tables 5 and 6) and
horizontal positions (Table 7) of PV panels. In addition, the annual values of the following
parameters are presented in the tables. Values were calculated for the entire year, such as
the average total annual solar irradiance (Iw), the difference between average total annual
solar irradiance of PV panels equipped with reflective surfaces and reference PV panels
(A Iav), and the uniformity solar irradiance at concentrated PV system (u). The last one was
calculated according to the following formula:

L.
u= min (1)

Imax
where Inax and Imin are the minimum and maximum solar energy densities on solar panel,
respectively.
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For calculation non-uniformity (nu) of solar flux density the formula used by Wang
etal. [39]:

Lnax — Imi
nu = max mn (2)
Imax + Iin
The distribution of solar irradiance for reference PV panels is uniform and the same
for the vertical and horizontal positions of PV panels. The highest value of solar irradiance

is observed for cases E, F, and G with the I.v higher than 1080 [kWh/(m? year)].

Table 5. Solar irradiance characteristic for A-F cases of PV panels positioned vertically.

Total Annual Solar Irradiance I [KWh/(m? Year)]

o

Wh/m?

1230-1250 " Referenc
1210-1230

1100-1210 ePV
1170-1190 panel
11501170
1130-1150
1110-1130
10901110

1070-1090 Lav 865.9 936.8 1013.3 1065.1 1080.8 1081.3

1050-1070
-, -

1030-1050
1010-1030
990-1010

970-990  Concentr

950-970
S ae ated PV

910-930  System
890-910
870-890
850-870

NRENRRNRENT

Ly 911.7 1004.0 1095.6 1152.9 1158.7 1149.4

Al [KWh/(m? year)] 457 67.2 82.3 87.8 78.0 68.2

u [-] 0.93 0.92 0.89 0.89 0.92 0.93

nu [-] 0.04 0.04 0.06 0.06 0.04 0.03
Configuration (Month) A (Jan) B(Feb) C(Mar) D (Apr) E(May) F (Jun)
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Table 6. Solar irradiance characteristic for G-L cases of PV panels positioned vertically.

Total Solar Irradiance I [kWh/(m? Year)]

kWh/m?

1230-1250  Referenc
1210-1230

| 1190-1210 e PV
1170-1190  panel
1150-1170
1130-1150
1110-1130
1090-1110
1070-1090 Tav 1081.4 1074.5 1034.6 967.7 884.8 846.4
1050-1070 —

1030-1050 ol
1010-1030

990-1010

970-990 Concentr

950-970
930-050 ated PV
910-930  System
890-910
870-890
850-870

REAARENY

Lav 1154.8  1159.7 1120.1  1042.0  937.0 885.7

Al.y [kWh/(m? year)] 73.3 85.1 85.5 74.3 52.2 39.3

u [-] 0.93 0.90 0.88 0.90 0.94 0.92

nu [-] 0.04 0.05 0.06 0.05 0.03 0.04
Configuration (Month) G (Jul) H(Aug) I(Sep) J(Oct) K (Nov) L (Dec)

Table 7. Solar irradiance characteristic for cases of PV panels positioned horizontally.

Map of Total Solar Lav Al Configu-
Irradiance I [kWh/(m? [KkWh/(m2 [kWh/(m? wu[-] nul-] ration
Year)] Year)] Year)] (Month)
kWh/m?2 A
1230-1250 929.2 63.2 0.93 0.04
1210-1230 (Jan)
1190-1210
1170-1190
1150-1170
1130-1150 B
1110-1130 1030.1 93.2 0.92 0.04
1090-1110 (Feb)
1070-1090
1050-1070
1030-1050
1010-1030 C
990-1010 1128.7 1154 0.89 0.06 ™
970-990 ar)
950-970
930-950
910-930 b
890-910
oso0 1192.0 1269 090 005 Apr)

850-870
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1199.3 1185 093  0.04 E
(May)
F
1187.7 106.5 093  0.03
(Jun)
1194.9 113.4 093  0.04 G
. ) . . Jub)
H
1200.2 125.7 091  0.05
(Aug)
1155.4 121.1 0.88  0.06 !
(Sep)
J
1071.2 103.6 090 0.05 Oct
956.8 72.1 094  0.03 K
) ) . . (Nov)
900.4 54.1 092  0.04 L
: ) ) . (Deo)

However, the solar irradiance maps for the concentrating PV systems were
inhomogeneous with the highest value at the bottom of the PV panel. Moreover, different
distributions of solar radiation intensity were observed at vertically and horizontally
positioned PV panels. However, the highest annual solar irradiance for CPV systems was
observed for cases D, E, G, and H with a value greater than 1150 [kWh/(m? year)] for
vertical and 1190 [kWh/(m? year)] for horizontal positions of PV panels. The highest
increase in annual solar irradiance was observed for case D, both for the vertical position
(more than 7%) and horizontal position (more than 10%) of the PV panel.

The cumulative monthly result of solar irradiance for each case is presented in
Figures 4-6. The highest solar radiation intensity for reference and concentrating PV
systems is in the months from May to July, which corresponds to the solar radiation
availability characteristics for the analyzed location —Lodz. Furthermore, in these months,
the highest results were observed for cases E, F, and G. In the winter months (January,
February, November, and December), for these cases (E, F, and G), the impact of reflective
surfaces is not noticeable.
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Figure 4. Total monthly solar irradiance incident on reference PV panels.
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Figure 5. Total monthly solar irradiance incident on vertically positioned PV panels equipped with
reflective surfaces.
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Figure 6. Total monthly solar irradiance incident on horizontally positioned PV panels equipped
with reflective surfaces.
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2.2.3. Energy Performance Analysis for Single Panel

The subsequent part of the numerical analysis was devoted to investigating the
influence of reflective surfaces on the energy performance and temperature of PV panels.
The study was carried out using ESP-r software, the multi-domain simulation tool for
comprehensive modeling of buildings, including the energy flow, the indoor
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environment, or renewable energy sources [32]. In ESP-r the photovoltaic conversion can
be modeled using one of three models: a simple model with constant PV cell efficiency,
Kelly’s model, and WATSUN-PV model. In the paper presented the WATSUN-PV model
was used due to the most advanced consideration of the impact of cell temperature on the
voltage and current of PV panels [40] as presented in Equations (3) and (4).

ET,ef

f
Iy = Isc,refE— [1 + a(Tcell - Tcell,ref)] 3)
T,ref
Er,
Voc = Vocref [1 - V(Tcell - Tcell,ref)] max {0 L+p-in <E Ef}]:> } @
Tre

where:

Isc—the short circuit current [A];

Voe—the open circuit voltage [V];

Iscref—short circuit current in reference conditions [A];

Voo ref—Open circuit voltage in reference conditions [V];
Ere—effective irradiance incident on the surface of PV cell [W/m?];
Errf—irradiance incident on the PV surface in reference conditions, Et,.r= 1000 W/m?2;
Teen—PV cell temperature [°C]

Teeire;—PV cell temperature in reference conditions, Teeiiref =25 °C
a—temperature coefficient of I« [1/°C]

y —temperature coefficient of Ve [1/°C]

p—irradiance coefficient of Voc assumed as 0.0681 [-]

The power of PV panel, Pup, is calculated in relation to calculated and reference the
short circuit current and open circuit voltage, (equation 5):

Isc ) Voc
Prpp = Impp,rer * Vimpp,ref (m ©)

where:

Impref—maximum power point current in reference conditions [A]
Vi rg—maximum power point voltage in reference conditions [V]

The electrical parameters for calculations were assumed according to data of a
flexible CIGS PV panel of Flisom company presented in Table 8.

Table 8. Electrical parameters of PV panels.

Parameter Symbol Value Unit

Power at maximum power point Prpp,ref 30 Y

Voltage at Py Vinpp,ref 34 \Y

Current at Pupy Lnpp,ref 0.88 A

Open circuit voltage Ve ref 46 \Y

Short circuit current Lscref 0.97 A
Temperature coefficient of Vo y -0.3 %/°C
Temperature coefficient of I a 0.01 %/°C

ESP-r software has been developed extensively in the context of building
performance simulation. However, the solar radiation is calculated on the data from a
meteorological year without interreflections between surrounding surfaces. Therefore, the
total solar radiation incident on the analyzed concentrating PV system was calculated
using the Radiance engine. Subsequently, the obtained result file was implemented into
the ESP-r model as a boundary condition in the form of a temporal file.

The remaining meteorological data, such as air temperature, wind direction and
velocity, air pressure and humidity were assumed according to the same weather data as
in the first part of the analysis.
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2.2.4. Energy Performance Analysis for the Selected Configuration of Panels

The second part of the analysis was performed for three selected PV panel
configurations of PV panels due to the highest total annual solar irradiance (case H), the
highest increase in total annual solar irradiance of PV panels with reflective surfaces
compared to the reference PV panels (case D), and the optimal slope of PV panels for the
entire year (case G).

Furthermore, the application of the proposed concentrating PV system is only
reasonable in the form of an installation consisting of several adjacent panels equipped
with highly reflective surfaces. For the purpose of energy performance calculations, the
authors assumed a single row of twelve vertically positioned PV panels equipped with
reflective surfaces. The solar irradiance for the described installations are presented in
Table 9. Reflective surfaces located at the top and bottom of PV panels affect the non-
uniform distribution of solar irradiance with the highest intensity in the upper and lower
parts of the panel. Therefore, the ESP-r calculations assumed the average value of solar
irradiance incident on PV panels. Solar irradiance was determined for every hour
throughout the whole year.

Table 9. Distribution of annual solar irradiance for rows consisting of twelve PV panels positioned
vertically for D, H and G cases.

kWh/m?

1230-1250
1210-1230
1190- 1210
1170-1190
1150- 1170
1130- 1150
1110-1130
1090- 1110
1070- 1090
1050- 1070
1030- 1050
1010-1030
990- 1010

3. Results

In this section, the results of the energy performance and temperature of PV panels
are presented. In Figure 7, the total monthly energy generated by the CPV systems and
reference PV panels is shown. In the winter months (January, February, November, and
December), the impact of reflective surfaces is very small and the increase in energy does
not exceed 10%. Whereas in the spring and summer months (May, June, July, and August)
the energy generated from CPV systems is higher than from reference PV panels about
15-20%. The annual increase is at the level of 16% for cases D and H, 14% for G case.
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Figure 7. Total monthly energy generated by PV panels.
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The next figures are devoted to a comparison of the temperature of CPV systems and
reference PV panels. In Figure 8 the operating temperatures of the PV surface (average,
maximum and minimum) are shown. The highest differences are noticeable for the
maximum temperature, with an increase of about 30% for cases D and H and 15% for case
G. The average and minimum temperatures for the analyzed cases were comparable. The
last Figure 9 presents the monthly degree hours of CPV overheating compared to the
reference photovoltaic panels. The highest overheating degree hours were registered for
May, and in the summer months (May — July) the panels in configuration G were the most
overheated, while for the other months, configuration D had the highest value of degree

hours.
® Tmin ®Tav @ Tmax
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& 83.32 A
g
o 70
‘@ 50
E w0 2313 123.14| 123.20
a ® ® ® ® ) P
£
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Figure 8. Temperature range of PV panels including minimum, maximum and average temperature
during operation of PV panels.
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Figure 9. Degree hours of overheating of PV panels equipped with reflective surfaces.

Degree hours of overheating [Kh]

|‘ Illl
9 10 11

12

The overheating of photovoltaic panels and non-uniform illumination can have a
disadvantageous effect on their efficiency, but on the other hand, the higher intensity of
solar radiation can increase the overall production [41]. In comparison to the reference
case the annual average efficiency slightly increased for all cases (Table 10). There are no
visible differences in the efficiency of PV between cases D, G and H. As expected, the
annual average efficiency of the whole concentrating system is higher around 0.6% in
comparison with the reference case.

Table 10. Average annual efficiency.

Case D D_ref G G_ref H H_ref
Annual average

efficiency of

- 6.73 6.66 6.73 6.67 6.73 6.67
photovoltaic panels
[%]
Annual average
efficiency of low 734 B 790 ) 731 _

concentrating
system [%]

4. Discussion

The geometrically optimized solar reflected system for PV panels installed in a row
provided an improvement in solar energy density, but a high uniformity in its distribution
and temperature of the panel was not achieved. The annual average increase in solar
intensity varies from 4.4 to 10.6% depending on the position and configuration of CPV.
The biggest disadvantages of the proposed solution that influence productivity are the
uniformity of solar radiation and the temperature increase of the panel.

The uniformity/non-uniformity was analyzed by two coefficients determined bases
of the simulation results. Compared to the results obtained by Wang et al. [39] for the
multi-segment plate concentrator (uniformity 0.8), our values were substantially higher at
the level of 0.94-0.97, determined on the yearly data for different configurations. As it was
expected, there is very low impact of reflected surfaces in winter months when diffuse
radiation dominates.

The effect of increasing solar radiation that is converted into heat in some areas of PV
panels caused the temperature difference at its surface and the problem of overheating. It
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was noticed that in the case of configurations D and H, which was the optimal one for
April and August, the temperature exceeds 85 °C. This can lead after hours of exposure to
reduction in the average normalized maximum power. Moreover, cell damage can be
observed as an effect of high temperature, which is known as a hot spot effect that can
possibly be solved by using bypass diodes.

Even though the temperature of the panel is additionally irradiated by reflected solar
flux increasing and irradiation is non-uniform, the overall monthly energy production
rises during the whole year. The relative difference is from 10% in winter to 20% in
summer, depending on the configurations. It can be also noticed that the effect on energy
production is positive for all configurations.

5. Conclusions

Two opposite flat reflected metal surfaces were proposed to improve the energy
performance of PV panels. Technically, the proposed solution is easily applicable, low-
cost, and characterized by a constant geometry. The size and configuration determined at
the beginning allows one to use such a system in a free standing installation. The main
drawback of non-movable and flat reflectors is the asymmetrical spotlight on the PV
surface. Even if the irradiation is irregular for all the analyzed cases, it leads to an increase
of solar irradiation incident on the cells. On the other hand, some amount of solar flux is
transferred into heat, causing local overheating, which could represent a thermal risk for
PV panels.

The authors proposed different system configurations considering location, sun
position, and slope angle of PV panels. Twelve different configurations were considered
and numerically analyzed throughout the whole year, assuming the south orientation of
the installation. The energy produced by PV panels equipped with reflected surfaces was
observed to be higher than the reference one for all configurations. Even if the PV panel
was overheated, the energy gains (due to the higher intensity of solar radiation) are higher
than the energy loss (due to the panel overheating). It should be noted that in specific
periods, the PV can be overheated above the limit level to avoid damage. Although the
energy production is higher in comparison with the reference case (without reflected
surfaces), the overall efficiency is almost the same. Annual power production was
determined to improve by about 10% when low-concentration systems are included, and
solar radiation presents the highest values in the summer months.

For further analyses with other reflective materials (mirror, for example), other PV
types more sensitive for the direct solar radiation could be considered. Moreover,
development of experimental set-up and full-scale measurement could be a next step for
future research. By experiments, it would be possible to validate the computational model
and test the installation under different real weather conditions. Moreover, further
investigation towards improving the uniformity of solar flux density distribution could
be a scope of future work.
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