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Abstract: This study explores the combination of photovoltaic (PV) panels with a reflector mounted
on a building to improve electricity generation. Globally, PV panels have been widely used as a
renewable energy technology. In order to obtain more solar irradiance and improve electricity output,
this study presents an advanced strategy of a reflector combining PV panels mounted on a building
in Calgary, Canada. Based on an experimental database of solar irradiances, the simulation presents
an optimal shape designed and tilt angles of the reflector and consequently improves solar radiation
gain and electricity outputs. Polished aluminum is selected as the reflector material, and the shape
and angle are designed to minimize the interruption of direct solar radiation. The numerical approach
demonstrates the improvement in performance using a PV panel tilted at 30◦, 45◦, 60◦, and 75◦ and a
reflector, tilted at 15.5◦ or allowed to be tilted flexibly. A reflector tilted at 15.5◦ can improve solar
radiation gains, of the panel, by nearly 5.5–9.2% at lower tilt angles and 14.1–21.1% at higher tilt
angles. Furthermore, the flexibly adjusted reflector can improve solar radiation gains on the PV panel,
by nearly 12–15.6% at lower tilt angles and 20–26.5% at higher tilt angles. A reflector tilted at 15.5◦

improves the panel’s output electricity on average by 4–8% with the PV panel tilted at 30◦ and 45◦

respectively and 12–19% with the PV panel tilted at 60◦ and 75◦, annually. Moreover, a reflector that
can be flexibly tilted improves electricity output on average by 9–12% with the PV panel tilted at 30◦

and 45◦ and 17–23% with the PV panel tilted at 60◦ and 75◦. Therefore, the utilization of a reflector
improves the performance of the PV panel while incurring a relatively low cost.

Keywords: photovoltaic panel; reflector; electricity generation; solar radiation; tilt angle

1. Introduction and Background

With our developing industries and growing world population, building energy
consumption has increased to maintain peoples’ standard of living. Fossil fuel sources
have been much more challenging to use in our community because they are the main
resources of greenhouse gas and global warming [1,2]. Therefore, renewable energy should
be utilized in a clean and sustainable manner. In the last 30 years, solar energy has
been increasingly utilized as the main renewable source of energy, and the power output
technology is efficiently developed by reducing the cost of production [1–3]. Compared
with other renewable sources, solar energy is also easily accessible, and it can be simply
connected and merged to the buildings and not necessarily in remote places [2,4,5].

Many studies present optimal design methods of tilt angle studies to generate more
electricity output of solar panels in many local areas because the tilt angle and orientation
of photovoltaic (PV) panel proportionally impact the electricity output [6–15]. In order
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to improve the performance of PV panel systems, studies showed different optimal tilt
angle design strategies. Some studies used the tilt angle design method based on earth-sun
geometry [10,16,17]. Some of the studies showed linear expressions using latitude and
optimal tilt angle [18]. Breyer and Schumid [19] utilized methods combining satellite data
with geometric and radiative equations. Ekpenyoung et al. [20] presented a polynomial
model for adapting to the winter season. Jacobson and Jadhav [8] used PVWatt to combine
solar irradiance data with 30 years’ historical climate data from a meteorological station.

Literature showed that the tracking panel system is much more efficient than a fixed
panel system [21,22]. Moreover, Helwa et al. [23] and Hassan [24] described that the
double-axis tracking system has more power than a single-axis tracking system. However,
a solar tracking system has limitations to be used on the rooftop of a building because it is
expensive and has high maintenance cost [25–29]. It is limited by harsh weather conditions
such as snowy and windy environments [27,30,31]. Significant energy is consumed when
it is used [32,33].

Some studies show the possibility of improving the power generation of PV panels
using a reflector [34,35]. Huang and Sun [34] illustrated that a compact fixed 2x reflector
can generate solar power by 23% for PV systems with a tilt angle, 25◦. Kostic et al. [35]
presented that an aluminum sheet reflector obtained 17.1% of total thermal energy. Pavlovic
and Kostic [36] simulated the performance of the top and bottom reflectors, and the effect
of the bottom reflectors was two times higher than from the top one.

Each material has its specific albedo value or reflective radiation index [37]. The value
1 is for fully reflective materials, and the value 0 is for fully absorbing materials. For
example, a black pavement material and snow-covered ground represent an albedo value
of ~0.1 and 0.6, respectively [38,39]. A reflect material with a high specular albedo level can
increase solar radiation gains on PV panels. But we should consider other characteristics
such as fragility, thermal conductivity, or cost value for practicality. Kostic et al. [12,35] and
Pavlovic et al. [36] showed that the reflector could increase the total electrical energy around
8–12% and total thermal energy around 22–39% during the summer season. Therefore, the
combination of photovoltaic (PV) panels with a reflector can reduce the payback time.

This study identifies the reflective materials that are practical candidates for mounting
on buildings based on a specific set of criteria. The main objective is to strategically place
the optimized reflector using a particular shape on to the PV panels to obtain higher
irradiance, increasing the power output efficiency and minimizing the solar shading effect
by the reflector. We designed a solar reflector based on the solar path diagram in case an
optimized solar reflector can block direct solar irradiation to the PV panels. This designed
reflector can flexibly adjust tilt angles of the reflect panel, and it maximizes electricity
outputs by PV panels adapting seasonal changes and solar altitude change. The increased
power output is then compared to that of the conventional PV panels without a reflector.
Poulek et al. [40] described that the higher operating temperature of PV cells reduced
the annual electricity production by 3–4% in cold and moderate climates and by more
than 5% in hot climates. Especially the Himalayas and Southern Andes regions have very
strong solar energy potential due to a large amount of solar irradiation and relatively
lower temperatures [41]. Due to the low irradiance experienced by countries located far
from the equator, this study focuses on the buildings, specifically in Calgary, Canada, a
low-temperature region. If there is the same amount of solar irradiation in countries, the
colder countries with a low ambient temperature gain an advantage to reduce the PV
panels’ surface temperature [42].

The analysis includes the following:

• Analyzing collected global and direct solar irradiance levels and calculating the solar
radiation levels based on PV tilt angles;

• Designing an optimal reflector size and tilt angle to minimize solar shading effect and
to maximize the solar electricity outputs;

• Analyzing the reflector’s performance based on local condition, e.g., Calgary, Canada;
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• Determining the impact of a solar reflector and optimizing the tilt angles to maximize
the performance of the PV panels.

2. Methods

For this study, conventional PV panels were first designed to simulate, and the anal-
ysis implemented was based on the geographical location, size, and position of the PV
system [41,42]. A crucial factor to be considered is the seasonal changes as the sun’s posi-
tions in the sky vary depending on the time of the year. Further, it is essential to identify
the power consumption to standardize the analysis. For this purpose, the consumption
of an average Calgary residential house was considered, which installs PV panels on the
roof. The reflective material selection was based on a weighted set of criteria. The highest
weightage was undoubtedly given to the reflectivity of the material; however, consideration
was also given to the applied nature of the reflectors and other weighted criteria. Thus, the
final choice was based on a cumulative value of these set conditions. The positioning of the
reflector was based on the sun’s daily motion (east to west), and the size of the reflector
took into consideration the angle of the incident and reflected rays.

The additional radiation was calculated by utilizing the equation for reflected radiation
on a tilted surface, which considers: the tilt angle of the panel, the tilt angle of the mirror,
the average daily global radiation, and the albedo level of the reflector. The irradiation
value of the panels was used to calculate its power output. Finally, space-saving was also
calculated based on the new PV panels that achieved the initially required power output.

2.1. Site and Simulation Description

For the setup of the PV panels, the geographical location of Calgary, Canada, were
identified as follows:

Latitude: 51.05◦

Longitude: −114.06◦

Further, two specific orientations were considered:

Azimuth–Compass angle of the sun as it moves from east to west during the day (True
South = 0◦).
Zenith–The angle the sun subtends with the horizon. This angle varies throughout a
calendar year.

Initially considering azimuth and a location of our site in northern hemisphere, the
panels would be faced toward south and equator. Further, the zenith data, NASA (National
Aeronautics and Space Administration) Meteorology [43] and Natural Resources Canada
database [44] were utilized to obtain the Global Horizontal Irradiance (GHI), Direct Normal
Irradiance (DNI), and the perpendicular alignment of the sun with the PV panel during
the varying solstice. This study used seven years of average GHI and DNI daily data for
Calgary, Canada. For sizing of PV panels, parameters were based on an average household
with a home size of 185 m2, and four occupants. Figure 1 illustrates the design of a solar
reflector. The shape of the reflector is designed based on the solar path diagram at the
spring equinox, i.e., 21 March, to ensure that the reflector does not block the direct solar
irradiance. In order to demonstrate the performance of the designed reflector, this study
considers various PV panel tilt angles, namely, 30◦, 45◦, 60◦, and 75◦ and a reflector tilt
angle of 15.5◦, which is the solar altitude angle during the winter solstice in Calgary, Canada
and a flexibly changing tilt angle based on the sun’s seasonal declination differences at
the site. The angle of the lowest meridian transit altitude at Calgary for a whole year is
15.5◦. For example, if a reflector tilt angle is higher than 15.5◦ in December, the reflector can
shade the direct solar irradiance toward the PV panels. The reflector with a tilt angle, 15.5◦

cannot interrupt the direct solar irradiance toward the PV panel. Hence, the reflector tilt
angle of 15.5◦ is a maximum fixed angle allowed for Calgary region. The reflector design is
presented in Figures 1 and 2. The reflector angle must be lower than the meridian transit
altitude; otherwise, the reflector can block the direct solar irradiance directed toward the
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PV panels. This study shows two tilt reflector angles, 15.5◦ fixed and flexibly changing,
considering the monthly meridian transit altitude.
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Figure 2. Schematic of PV panel array with a reflector.

Longi PV Panels were selected for this research, with the following specifications:

Power = 350 W
Impp = 9.16 A
Vmpp = 38.2 V
Efficiency = 16.5%
Area = 1.9 m2

Irradiance level and average temperature for all the months were considered [43].
The ideal energy generation by the PV system is calculated in the following formula.

The Ppv array watt peak is further calculated using the equation below [45]. The electricity
for the customer considers the radiation at the optimum angle, temperature correction
factor, cable, conversion, and mismatching losses.

Ppv
(
Wp

)
=

Daily Power Consumption
Z1 × Z2 ×VT

(1)
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where, Ppv= PV array, Watt Peak, Z1 = radiation at optimum angle, Z2 = temperature cor-
rection factor, VT = VL × VA × Vu, VT = overall loss, VL = cable losses, VA = mismatching
losses (e.g., Lack of MPPT), = conversion losses (e.g., From Battery).

The output power of the total electricity generator at the maximum power point (MPP)
is achieved from Equations (2) and (3), where the elements are obtained from the actual
manufacture’s test data (nominal operating cell temperature (NOCT)) and standard test
condition (STC). Literature sources [46–48] have been referenced to calculate the PV panel
outputs. The equations follow below:

Ppv =

[
Ppv,STC ×

GT
1000

×
[
1− γ×

(
Tj − 25

)]]
× NPVs × NPVp (2)

where, PPV = output power at the MPP, PPV,STC = the rated PV power at MPP and standard
test condition (STC), assuming 165 W, GT = the irradiance level at STC, W/m2, Γ = the
power temperature coefficient at MPP, 0.043%/◦C, Tj = the cell temperature, NPVs = number
of modules in series, NPVp = number of modules in parallel.

The cell temperature is determined by the equation below:

Tj = Tamb +
GT
800
× (NOCT − 20)] (3)

Tj = the cell temperature, Tamb = the ambient air temperature, NOCT = nominal operating,
cell temperature, assuming 45.5 ◦C.

Energy rating at maximum ambient temperature (EMAT) model presents the total
daily solar radiation, H (Wh/m2/day), and the maximum ambient temperature, Tmax (◦C)
is determined using the following regression equation.

E = α1H + α2HT−2
max + α3Tmax (4)

where E is the total daily electrical energy produced by the module (W/day), and αj, j = 1–3
are the regression coefficients.

Reflective material selection [49] was based on a set of criteria shown in Table 1. Three
reflective materials were ultimately chosen as candidates for comparing “glass mirror,”
“polished aluminum,” and “reflector-coated polytetrafluoroethylene (PTFE).” Table 1 shows
the performance of these three reflective materials. Glass mirror demonstrated a very
high specular albedo level, and further analysis showed a favorable density and weight.
However, the material is extremely fragile and has low thermal conductivity. Therefore, it
has low practicality. Further, polished aluminum (Table 1) demonstrated a reasonably high
albedo level and slightly higher density. However, the material also showed fragility, high
corrosion resistance, and extremely high thermal conductivity. The third candidate, the
reflector-coated PTFE (Table 1), demonstrated superiority compared to the other materials;
however, it lacked thermal conductivity, an essential factor for energy capture. PTFE
materials are vulnerable and changeable by the gained thermal heat. On comparing the
three materials, polished aluminum provided the best overall result, making it the most
suitable candidate for integrating reflectors with building-mounted PV panels.

Table 1. Reflective material characteristic.

Criteria Glass Mirror Polished Aluminum Coated PTFE

Albedo 0.72–0.85 (Specular) 0.65–0.75 (Specular) 0.8 (Specular)

Density (Weight) 2.5 g/cm3 3.98 g/cm3 2.17 g/cm3

Fragility High Low Low

Corrosion Resistance High High High

Thermal Conductivity 1.7 W/m·K 39 W/m·K 0.2 W/m·K
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2.2. Analysis of Optimum Tilted Angle of PV and Reflector

Optimum tilt angle for the PV panel
Several studies [7,9,10,50–54] describe numerical methods to obtain the optimum

tilt angle for the PV panel considering the geographical location. The total radiation is
primarily composed of three elements, direct solar radiation, diffused solar radiation, and
reflected radiation, and is determined by the following relation as [7,8,50,52,55]

HT = HB + HDt +HR (5)

where HT, HB, HD, and HR are the total, direct beam, diffused and reflected solar radiation,
respectively, on the tilted angle surface, measured in kWh/m2/day.

The direct beam radiation on a tilted angle surface is calculated using the following
equation [8,51,52,56,57].

HB = (Hg − Hd) Rb (6)

Rb =
cos(∅− β) cos(δ) sin(ω) + ωrad sin(∅− β) sin(δ)

cos(∅) cos(δ) sin(ω) + ωrad sin(∅) sin(δ)
(7)

where, Hg and Hd are the global radiation and diffused radiation on the horizontal surface,
measured in kWh/m2/day, and Rb is the ratio of the direct beam on tilted angle surface
to that on the horizontal surface, β, ∅,ω, and δ are tilt angle, latitude of the location, the
hour angle, and declination angle.

The declination angle (δ)

δ = 23.45× sin
[

360
(

284 + n
365

)]
(8)

where n is the number of days starting from the 1st of January till the design date
Hour angle (ω)

ω = cos−1(− tan(δ) tan(∅− β)) (9)

where sign(δ) = sign(∅)
ω = cos−1(− tan(δ) tan(∅)) (10)

where sign(δ) 6= sign(∅), sign(x) = x
|x|

Diffused radiation incident on a tilted surface
Diffused radiation, HDt on a tilted surface, is defined by the diffused radiation on a

horizontal surface, Hd and the ratio, Rd as follows:

HD = Hd Rb (11)

Rd =
(1 + cos(β))

2
(12)

Reflected radiation from the ground surface

HR,ground = Hgρ
(1 + cos(β))

2
(13)

where ρ is the solar reflectivity of the ground.
Several studies have explored the numerical methods to determine the optimal tilt

angle for PV panels, such as two-axis tracking and 3-D model simulations with climate
models [6,8,11,58,59]. Jacobson and Jadhav [8] list the optimal tilt angle at various interna-
tional locations using 30 years of historical climate data [60]. In the table, the optimal tilt
angle at Calgary was determined to be 45◦. This study used four tilt angles of the PV panel,
namely, 30◦, 45◦, 60◦, and 75◦ to present the performance of the tilted PV panel. After that,
we denote the optimal tilt angle of a reflector panel and the performance as well.

Total solar radiation with a reflector
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Total solar radiation with a reflector with objective functions is given as follows.

HTwr = HB + HDt +HR +Hwr (14)

where HTwr, HB, HDt, HR, and Hwr are the total, direct beam, diffused, reflected solar
radiation on the tilted angle surface and solar radiation from a reflector, respectively
measured in kWh/m2/day.

Figure 3 illustrates a schematic of a reflector and PV panel. Reflected solar irradiance
reached the surface of the PV panel. Hence, the total solar radiation, HTwr is calculated by
the Formula (15) [61]

HTwr = (Hg − Hd)Rb + Hd
(1+cos(β))

2 + Hgρ
(1−cos(β))

2
+HgRd,re f lectorρre f lectorRsize,e f f

(1−cos(α+β))
2

(15)

where ρreflector is the solar reflectivity of a reflector
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subject to,

Rd,re f lector =
(1 + cos(α))

2
(16)

RSize,e f f =
Actual reflected area toward PV panel

PV panel size
Rsize.eff ≤ 1 (17)

Rsize, eff, presents the actual effectiveness of the reflector depending on reflected size.
Generally, a larger reflector size leads to an increase in actual PV panel performance;
however, the value is limited because the flat plate cannot reflect more solar radiation than
the area of the PV panel absorbing the solar radiation. Figure 1 illustrates how to design
the solar reflector’s size and shape. First, the length of reflector’s long side is determined
by the same size of the PV panels. The shape follows the solar path diagram of the spring
equinox at 21 March. The length of reflector’s short side is designed by the same size of PV
panels. Hence, the reflector shows a curved shape. Hence, the reflector size is smaller than
the PV panels. Based on the reflector size and shape, this study estimated the Rsize, eff value
to be 0.7.

2.2.1. Optimum Reflector Position and Size

The positioning of the reflectors was based on the Sun’s daily motion (east to west),
and owing to the static nature of the reflector, the optimal facing position was determined
to be southward facing.

Further, for specular reflection, the reflected ray has the same angle as the norm as the
incident ray [61].
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The angle at which the rays hit the reflector can be maximized by increasing the
reflector material size. However, for practicality, the size of the reflector is recommended
to be the maximum and should not block the solar radiation directed to the PV panel.

2.2.2. Optimum Reflector Angle

To analyze the reflected radiation on a tilted surface and to calculate the reflector’s
optimum angle with respect to the PV panel, the following equation applies [12,52].

Re f lector_Factor =
(1− cos(α+ β))

2
(18)

To improve the performance of the reflector, the Equation (18) determines the optimum
angle. This study used four different tilted angles, namely, 30◦, 45◦, 60◦, and 75◦ for the
PV panels. Based on the four tilt angles for the PV panels, the optimum reflector tilt
angles are determined to maximize the reflector factor value. However, the tilt angle
design for the reflector should consider the meridian transit altitude for each month if the
designed reflector blocks the solar radiation directed toward the PV panel. For example,
the meridian transit altitude at Calgary during the summer and winter solstice is 62.4◦ and
15.5◦, respectively. Therefore, the actual title angle of the reflector should be lower than
62.4◦ and 15.5◦ during the summer and winter solstice, respectively. If the reflector tilt
angle fixes, for example, on a roof or wall of a building for the whole year, the maximum
angle of the reflector is determined to be 15.5◦ to avoid the blocking of direct solar radiation
to the PV panel. Table 2 illustrated monthly fixed and flexible reflector tilt angles. The
flexible reflector tilt angle was designed based on meridian transit altitude for each month.

Table 2. Monthly fixed and flexible reflector tilt angle.

Monthly Fixed Reflector Tilt Angle, ◦ Flexible Reflector Tilt Angle Allowed, ◦

January 15.5 19

February 15.5 28

March 15.5 39

April 15.5 50

May 15.5 59

June 15.5 62

July 15.5 59

August 15.5 50

September 15.5 39

October 15.5 28

November 15.5 19

December 15.5 15.5

3. Results
3.1. Sensitivity Analysis of the Impact of a Reflector Tilt Angle

This study analyzed the optimal tilt angle of the reflector from Equation (15). Figure 4
shows the result of the optimal tilt angles of a reflector for Calgary. The results show that a
higher reflector angle significantly impacts the reflection factor with sensitivity analysis.
The impact can be maximized using a high tilt angle for the PV panels compared to a lower
tilt angle. However, based on the seasonal variation of meridian altitude levels, the tilt
angle can be adjusted. For instance, during winter, the actual title angle of the reflector must
be adjusted below 15.5◦ and below 62.4◦ during summer for Calgary, Canada. It is because
the reflector panel can block the direct solar radiation toward the PV panels. Therefore, if a
reflector’s tilt angle can flexibly adjust, the actual reflector factor is maximized to a value
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of 0.53–0.85. However, if the reflector panel is fixed, the optimal angle is determined to
be 15.5◦ for Calgary, and the maximum value of the reflection factor is determined to be
0.15–0.5.
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3.2. Numerical Prediction of Solar Radiation with a Sensitivity Analysis

Figures 5–7 present the solar radiation of PV panels tilted at 30◦, 45◦, 60◦, and 75◦ with
and without the reflector as a numerical prediction with a sensitivity analysis. Figure 5
shows the solar radiation without a reflector. Lower PV panel tilt angles of 30◦ and 45◦

profoundly affect the solar radiation from April to September; however, higher tilt angles
of 60◦ and 75◦ affect solar radiation from October to March. Figures 6–10 illustrate the
reflector’s performance tilted at 15.5◦ and adjusted flexibly. Overall, the reflector can
improve the solar radiation absorption during the shoulder and summer season; however,
its effect in the winter is limited. The results illustrate that the reflector strongly impacts
the amount of solar radiation on PV panels with higher tilted angles of 60◦ and 75◦, and
the fixed reflector tilted at 15.5◦ has lesser influence on the amount of solar radiation on PV
panels with lower tilted angles of 30◦ and 45◦; however, the flexible reflector can improve
the amount of solar radiation during the summer season. The fixed reflector tilted at 15.5◦

can improve solar radiation on the PV panel by nearly 5.5–9.2% for PV panels tilted at 30◦

and 45◦ respectively and 14.1–21.1% for panel tilted at 60◦ and 75◦. The flexibly adjusted
reflector can significantly improve the solar radiation on the PV panel by nearly 12–15.6%
for panels tilted at 30◦ and 45◦ respectively and 20–26.5% for panels tilted at 60◦ and 75◦.
The optimal PV tilt angle (45◦) represents intense solar radiation; however, the reflector can
compensate for the solar radiation on the PV panel not tilted at the optimal angle. Figure 5
illustrates that during the summer season (June to August), the optimal tilt PV angle is
determined to be 30◦. However, as shown in Figures 6 and 7, with a reflector, the optimal
tilt PV panel angle is 45◦ because the reflector helps gather solar radiation for a higher angle
tilted panel. Therefore, the optimal tilt PV angle for the summer season can be adjusted to
45◦. Figure 10 demonstrates annual solar radiation toward PV panels having four different
tilt angles with and without the reflector. The results show how the reflector’s tilt angle
impacts the extra amount of solar irradiance gained. If a PV panel angle is designed to be
higher than 60◦ for the location, a reflector can significantly improve the performance to
gather solar radiation.
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3.3. Analysis of the Predicted Electricity Output of PV Panels with and without a Reflector as a
Sensitivity Analysis

Figures 11–15 illustrate the predicted annual electricity output of PV panels tilted at
30◦, 45◦, 60◦, and 75◦ with and without a reflector as numerical prediction with a sensitivity
analysis. The results show that a reflector increases electricity output by 5–15% for PV
panels tilted at 30◦ during the summer season and 29–38% for PV panels tilted at 75◦. The
reflector tilt angle of 15.5◦ has less impact on lower tilted PV panels; however, it significantly
impacts the higher tilted PV panel. The reflector tilted at 15.5◦ increases electricity output
on average by 4–8% with the PV panel tilted at 30◦ and 45◦ and 12–19% with the PV
panel tilted at 60◦ and 75◦ annually. The flexibly tilted reflector can consider seasonal solar
meridian transit altitude changes and increases electricity output on average by 9–12% with
PV panels tilted at 30◦ and 45◦ and 17–23% with PV panels tilted at 60◦ and 75◦. Therefore,
the utilization of a reflector achieves the same effect of installing a PV panel with the
cheaper material cost. Figure 15 illustrates predicted annual electricity outputs having four
different tilt angles with and without the reflector. The results present how the reflector’s
tilt angle impacts the total amount of electricity outputs. If a PV panel angle is designed to
be higher than 60◦ for the location, a reflector can significantly improve the performance
to obtain the electricity outputs. Kostic et al. [12] presented that PV/T(thermal) collectors
with an aluminum sheet reflector showed higher energy-saving efficiency. The reflectors
also consumed about 10% of the total cost; however, the additional energy achievement
using the reflectors are around 20–35%. An optimal tilt angle of the PV panels obtains
higher solar radiation throughout the year. A higher PV panel tilt angle of 60◦ and 75◦,
achieves relatively lower solar radiation; however, a reflector can efficiently compensate for
the loss of solar radiation. This analysis demonstrates that a reflector set up with PV panels
can obtain a nearly 5–20% solar radiation gain and consequently increase the electricity
output efficiently.
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Conventionally, a moving solar-tracking system presents a method to obtain additional
solar radiation. However, this method combines a typical PV panel with a reflector. It
demonstrates the possibility of increasing solar radiation gains with a relatively low cost
compared to a PV panel extended. This novel system can improve the electricity output
of PV panels at a low cost. The reflector reduces the cooling load in a building because
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the material can reflect direct solar radiation to the sky and provide shade. The reflector
improves the gathering of solar radiation by the PV panel tilted at high angles. Therefore,
it could be effectively used for building integrated photo voltaic (BIPV) system in the
future. However, the reflector can increase the surface temperature of the PV panels during
the summer season since the optimal tilted PV panel achieves an additional 5–15% solar
radiation.

Additionally, some technical improvement remains to be explored via future studies.
The reflection can increase the surface temperature of PV panels, and thus both ambient
temperature and reflected thermal energy impact the surface temperature of PV panels
and the electricity generation. Future study should consider how the reflectors, ambient
temperature, and air velocity influence the thermal energy and electricity generation with
experimental studies in a building. We could also consider finding other materials for the
reflectors to improve reflectivity and performance. Other studies such as life cycle analysis
and the environmental impact of this system would be suggested.

4. Conclusions

This study explores how a solar reflector impacts solar radiation collection by PV
panels in a given area and how the design of a new reflector with the optimized tilt
angle can minimize blocking the direct solar radiation toward PV panels. Recent studies
have presented the determination of the optimal tilt angle for PV panels. This study
shows the performance evaluation of solar radiation collection by combining PV panels
with an aluminum reflector by local solar irradiance, Calgary, Canada. Understanding the
determination of the optimal tilt angle of the PV panel in a local area is essential to obtaining
solar radiation on the PV panel. As a case study, this study analyzed the performance
of solar PV panels with an aluminum reflector at Calgary in Canada, employed on the
existing solar radiation data, GHI and DNI in Calgary, using sensitive numerical analysis
and data from the Natural Resources Canada database to assess the impact of the reflector
added on PV panels in a building. The reflector fixed can improve around 5.5–9.2% of
the solar radiation gain on the PV panel with lower tilted angles and 14.1–21.1% on the
panel with higher tilted angles. Moreover, the flexibly adjusted reflector can improve
around 12–15.6% of the solar radiation gain on the PV panel with lower tilted angles
and 20–26.5% on the panel with higher tilted angles. The reflector tilted 15.5◦ affects to
obtain electricity output additionally by an average 4–8% with PV panel tilted 30◦ and
45◦ respectively and 12–19% with PV panel tilted 60◦ and 75◦ annually. Furthermore, the
reflector tilted flexibly affects to obtain electricity output additionally by an average 9–12%
with PV panel tilted 30◦ and 45◦ and 17–23% with PV panel tilted 60◦ and 75◦. Therefore,
the utilization of a reflector shows the same effect to install the PV panel additionally.
The reflector significantly impacts the increase of solar radiation and electricity output in
higher tilted PV panels. Additionally, there are some technical limitations that remained
to be explored via further studies. Additional thermal solar irradiance from the reflector
and surrounding ambient temperature variations can affect the surface temperature of
PV panels and electricity outputs. In future works, we should consider both impacts
of extra thermal heat gains from the reflector and ambient temperature variations with
experimental approaches.
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