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Abstract: The solar photovoltaic (PV) power generation system (PGS) is a viable alternative to
fossil fuels for the provision of power for infrastructure and vehicles, reducing greenhouse gas
emissions and enhancing the sustainability of road transport systems. A highway slope is generally
an idle public area with high accessibility, which is the ideal application scenario for a PV PGS.
The assessment of PV power generation potential (PGP) is key for the planning and design of PV
PGS projects. Previous approaches to potential assessments are mainly based on digital maps and
image processing techniques, which do not fully consider the impacts of the highway orientation,
the slope geometric characteristics, and the PV panel placement scheme on the evaluation results.
Therefore, this study proposes an assessment method for the PV PGP on highway slopes using the
design or calculated highway and slope geometric parameters and the solar radiation received by
PV panels under the desirable placement scheme. Highway segmentation and geometric parameter
calculation methods were established, and the optimal PV array placement schemes for typical
slope orientations were determined by simulating the PV power generation in the software PVsyst
(version 7.2). Afterwards, the theoretical PGP could be calculated using the received solar radiation
and the available slope area. By subtracting the energy loss caused by temperature changes, the
operation of inverters, and the PV modules’ performance decay, the actual PV PGP could be obtained.
Finally, a case study of the solar PGP assessment of a 1.97 km long highway section is provided, and
the feasibility of the proposed method is verified.

Keywords: road transport system; photovoltaic power generation; highway slope; photovoltaic array
placement; power generation potential assessment

1. Introduction

The rapid development of road transportation infrastructure causes a large amount of
greenhouse gas emissions due to the consumption of materials, fuel, and energy during the
processes of construction, maintenance, and service, and this exacerbates the problem of
global warming. Studies regarding the utilization of recycled solid waste materials and
road energy harvesting technology have been conducted to achieve the purposes of energy
saving and emission reduction [1-3]. Of these, solar energy, which is clean, renewable,
and widely distributed along highways, illustrates great potential in the field of roadway
clean energy harvesting to support the energy consumption of infrastructure and vehicles.
Moreover, photovoltaic (PV) power generation is commonly used to convert solar energy
into electricity [4,5].

Before their application in the road transportation field, PV modules were widely used
in central PV power plants [6], building roofs [7,8], the water surface areas of reservoirs,
the idle land of airports, and the space outside cooling towers [9-13] for solar power
generation. In contrast, highway infrastructure possesses significant energy endowment
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due to the long route length and wide distribution area exposed to the sun, compensating
for the disadvantage of requiring a large amount of land to arrange PV modules. PV
power generation in road traffic is commonly realized by means of PV pavements, PV
channels, roadside parking lot roofs, the slopes along highways, etc. [14-16]. Considering
the long routes, huge areas, and easy placement of PV modules, road slopes have gradually
drawn more attention in road solar energy harvesting in recent decades [17]. For instance,
many engineering projects of PV power generation systems on highway slopes have been
constructed and put into use in provinces such as Shandong and Henan in China. To
facilitate the large-scale utilization of solar energy on highway slopes, it is necessary to
provide practical calculation and assessment methods for the power generation potential in
order to support the PV power generation system’s decision-making, planning, and design
processes for project-level and network-level applications.

There are many studies on the PV power generation potential evaluation of countries,
cities, blocks, building roofs, and certain objects, such as the cooling towers in thermal
power plants [7,12,18-21]. However, different assessment methods have been adopted for
different application scenarios since the affecting factors of the spatial distribution, the
geometric boundary, and the solar radiation vary. In the field of solar power generation
potential assessments of highways and highway slopes, Sharma et al. [15] investigated
the PV power generation potential of an Indian national expressway by constructing roof
structures above the highways. Kim et al. [16] introduced the site selection criteria for
PV power generation projects on national highways in South Korea, and they illustrated
examples of solar power generation systems installed on parking lot roofs in rest areas,
highway slopes, and abandoned roads. Jung et al. [17] proposed a method to evaluate the
photovoltaic power generation potential of road slopes using publicly available digital
maps for the site selection of PV panels. Rehman et al. [22] evaluated the power generation
potential of public bus routes by considering the shading impact of obstacles based on
fisheye image processing results. Kim et al. [23] put forward a two-stage assessment
approach for the highway solar energy potential, which firstly identifies suitable solar
energy utilization sites on a national highway network using low-resolution maps and
then evaluates the PV power generation potential on the slopes of the selected sites using
high-resolution maps.

Therefore, it can be observed that the existing research has mainly focused on the PV
power generation potential assessment of in-service highways using digital maps or image
processing techniques. The impacts of the highway orientation, the geometric characteris-
tics of highway slopes, and the placement scheme of PV panels are not comprehensively
considered during potential assessments. To address these problems, this study aims to
establish an assessment method for the PV generation potential of highway slopes based
on the design or measured geometric parameters of the slope, the highway orientation,
and the optimum placement scheme of the PV panels. The assessment method could help
with the estimation of the solar energy utilization potential of highway slopes and facilitate
decision making and scheme selection in the planning and design stages of highway PV
power generation system projects.

The remainder of this paper is organized as follows: Section 2 outlines the procedures
and critical parameter calculation methods of the proposed PV power generation potential
assessment method. Section 3 presents the determination method of the optimal PV array
placement scheme for highway slopes in different directions. Section 4 provides a case
study where the PV power generation potential on the slope of a 1.97 km long highway
section in Xi'an City, China, is assessed utilizing the proposed method. Finally, Section 5
summarizes the primary research contents and the conclusions of this study.

2. Methodology

This study aims to develop a method to estimate the PV power generation potential of
slopes in road transport systems. Considering the geometric characteristics and structure
composition of highway infrastructure, the technical approach of the potential assessment
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is proposed and illustrated in Figure 1. The assessment starts with the segmentation of the
highway alignment and a calculation of the available slope area, followed by an estimation
of the inclined solar radiation. The factors causing the radiation and energy losses in the
PV system are considered. The PV power generation potential of highway slopes can be
determined after entering the highway geometric and radiation data and adopting the
desirable placement scheme of the PV array.

Assess the available highway
slope area (2.1)
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Figure 1. The technical approach of the highway slope PV power generation potential assessment.

2.1. Highway Segmentation and Slope Area Calculation

The effective solar radiation received on a highway slope is significantly affected by
orientation. A slope facing due south is usually found to have the most exposure to solar
radiation. However, the orientation of a highway slope surface changes constantly, as the
shape and direction of the highway alignment varies along the road centerline. To facilitate
the PV power generation potential evaluation, a highway alignment segmentation method
is proposed, and a method for the calculation of the available slope area is established
according to the spatial distribution characteristics of highway infrastructure.

2.1.1. Highway Slope Orientation Calculation

Generally, a highway alignment includes two primary types of sections, i.e., a straight-
line section and a curve section. For straight-line sections or curves with small intersection
angles (the angle between the tangents at the starting point and the ending point), the high-
way alignment direction can be determined using the coordinates of the starting and ending
points. Subsequently, the slope orientation can be characterized by the azimuth of the slope
(7), which can be calculated according to the alignment direction. The highway alignment
distribution and the slope orientation calculation methods are presented in Figure 2. The
direction angle (J) of a highway alignment can be calculated using Equation (1):
5= tan—l( Y Ui ) (1)

Xip1 — Xi
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where x; and y; are the x-axis and y-axis coordinates of the starting point of the ith alignment
segment, respectively; x; 1 and y;1 are the ending point coordinates of the ith segment or
the starting point coordinates of the (i 4+ 1)th segment, respectively.
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Figure 2. Highway alignment distribution and slope orientation calculation methods of straight-line
sections and curve sections with small intersection angles.

Once the direction angle of the highway segment is obtained, the azimuth of the corre-
sponding slope can be determined based on the relation between the highway alignment
direction and the slope orientation, as shown in Figure 2. The highway subgrade is nor-
mally classified into three types, i.e., the fill-type, cut-type, and fill-and-cut-type subgrades,
which are presented in Figure 3. The slopes of the fill-type and cut-type subgrades are
usually symmetrical, indicating that the azimuth difference of the slopes on both sides is
180°. The PV power generation potential of a slope is significantly impacted by the type
and orientation of the subgrade. Therefore, the slope orientation calculation method of the
three kinds of subgrade was investigated to facilitate the potential assessment.

y e e

(@)

Figure 3. Typical highway subgrade forms and the corresponding potential photovoltaic placement

scheme: (a) fill-type, (b) cut-type, (c) fill-and-cut-type subgrades.

The slope azimuths of the fill-type subgrade in different directions were calculated,
and they are presented in Table 1. For highway segments with the cut-type subgrade,
the azimuths of the left and right slopes were found to be the same as those of the right
and left slopes of the fill-type subgrade, respectively. Fill-and-cut subgrade slopes are the
combination of the previous two types of slopes, and the slope azimuth can be determined
accordingly. It should be noted that only the part higher than 5 m of the cut slope is
considered for PV installation to reduce the influence of glare and reflection on drivers
caused by the PV panels.
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Table 1. The slope azimuths of fill-type subgrade in different directions.

Highway Segment Direction

Coordinate Relations between the The Azimuth of the Highway Slope

Starting and Ending Points Left Slope (Degree) Right Slope (Degree)

Northeast Yir1 > Vi, Xip1 > X 180 — 6 -5
Northwest Yir1 > Yir Xip1 < X; 5 5 —180
Southeast Yier < Vi, Xig1 > X 56— 180 )
Southwest Yir1 < Yi, Xip1 < X; -5 180 — 6

Due east Yitl = Yis Xip1 > X; 180 0

Due west Vi1 = Vi, Xir1 < Xj 0 180

Due north Yiv1 > Vi, Xix1 = X 90 -90

Due south Yir1 < Yi, Xip1 = X; -90 90

2.1.2. Highway Alignment Segmentation

For curve sections of a highway alignment with large intersection angles, alignment
segmentation should be conducted to consider the impact of slope orientation variation on
the effective solar radiation received on the slope. The curve sections should be divided
into segments that can be approximately treated as straight lines, i.e., obtaining small inter-
section angles. A typical alighment segmentation scheme and slope orientation calculation
method are presented in Figure 4. The highway direction determined by the starting and
ending points of the divided segment and the corresponding slope azimuth shown in
Table 1 could be adopted as the representative highway direction and slope azimuth.
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N : S
Note: yis the azimuth of the highway slope; a; is the The orientation of the
intersection angle of the i segment. 0° right slope

Figure 4. Highway alignment segmentation scheme and slope orientation calculation method of
curve sections with large intersection angles.

However, the number of divided segments will be too large if the intersection angle
of each segment is too small. In contrast, the accuracy and reliability of the effective
radiation calculation results will be significantly impacted if a curve segment with a large
intersection angle is treated as a straight line. Therefore, it is necessary to determine the
reasonable threshold of the intersection angle for the alignment segmentation. As the slope
orientation is perpendicular to the highway direction, the intersection angle is equal to the
change in the slope azimuth angle at the starting point and ending point. To determine the
reasonable threshold, the influence of the slope azimuth variation on the power generation
ability of the PV modules was analyzed utilizing the regression model between the PV
array azimuth and the generated energy developed in the southern region of Slovakia by
Bozikova et al. [24]. The model is demonstrated in Equation (2) and Figure 5.

En(7) = —0.19439% — 2.17467 + 8568.8 @)
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Figure 5. The relation between the photovoltaic array azimuth angle and the monthly

energy generation.

It can be observed in Figure 5 that the energy generation changing rate reaches the
maximum value at an azimuth angle of 90°. Therefore, to evaluate the influence of azimuth
variation on PV power generation, the variation ratios of the energy generated by the PV
array with azimuth angles close to 90" were calculated, and they are shown in Figure 6.
To ensure the accuracy and reliability of the power generation potential assessment, the
energy generation variation ratio caused by the change in the slope azimuth in the divided
segments should be controlled within certain levels based on the project requirements. If
the variation ratio control level is set to 3%, the change in the azimuth angle should be less
than 5° according to the results shown in Figure 6; this was selected as the threshold of the
intersection angle for the alighment segmentation in this study.

g O 5.18%
2 4.69%
22 " 4.19%
< 3.68%
[}
2E 3.18%
5 3% 2.66%
> S 2.14%
£3 .. Lot
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PV array azimuth angle (°)

Figure 6. The influence of photovoltaic array azimuth angle variation on energy generation with 90°

as the reference azimuth angle.

Furthermore, after the threshold of the intersection angle is adopted, the segmentation
length for the curve alignment sections can be determined according to Equation (3):
oy X 7T

L= - 3
i =TrX e ®)

where r is the radius of the circular section in the curve alignment section m; a; is the
threshold of the intersection angle, which was adopted as 5 in this study.



Sustainability 2023, 15, 12159

7 of 26

In a typical highway alignment, the curve section is commonly composed of a transi-
tion curve and a circular curve. The average curvature of the transition curve is smaller
than that of the circular curve, resulting in a larger radius of curvature. Therefore, the
segmentation length calculated with the transition curve radius will be larger than that
calculated with the circular curve radius. To simplify the alignment segmentation of large-
scale highway networks, the r in Equation (3) was conservatively adopted as the radius of
the circular curve for the curve section.

2.1.3. Available Slope Area for PV Installation

The length of the slope area available for PV installation can be adopted as the straight-
line length or the curve segment length. The width of the available slope area can be
determined according to the height and grade of the highway slope. The average of the
slope width at the starting point and ending point of the alignment segment was adopted
as the representative width of the slope area, shown as follows:

_ Bi+Biy

B
! 2

@)
where B; is the representative slope width of the ith highway segment; B; and B; 1 are the
slope width at the starting point and ending point of the ith highway segment, respectively,
which can be calculated as follows:

AH,
sin (t‘mf1 i)

mi

B; = 5)

where AH; and 1/m; are the slope height and slope grade at the starting point of the ith
segment, respectively.

The available slope area for PV installation can be determined based on Equation (6)
after the length and width are obtained:

Si = Bi X Li (6)
where S; is the available slope area of the ith highway segment for PV installation.

2.2. Solar Radiation Estimation on a Tilted Surface

The solar radiation received on a tilted surface is composed of three parts, i.e., the
direct solar radiation, the sky-scattered radiation, and the ground-reflected radiation [25,26],
which is shown as follows:

Hr = Hyr + Har + Hyr 7)

The direct solar radiation on a tilted surface H,r can be calculated as follows:
Hpr = HpRy ®)

where R;, [27] is the direct light enhancement coefficient, which can be calculated as follows:

©)

Rp = max [0, cosGi]

Sin

where 6; and « are the solar incidence angle and solar elevation angle in degrees, respec-
tively, which can be determined as follows:

0; = cos ™ [singcosP + singsinBcos(ysun — A)] (10)

a = sin~ ! (singcossd + coscosdcosw) (11)
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where A is the sun azimuth in degrees; ¢ is the local latitude in degrees; and w can be
expressed as follows:

s T
where ¢ is the time zone time in a 24 h clock; m is the model coefficient, which adopts 1
and —1 for the eastern and western hemispheres, respectively; Lg; is the time zone center
longitude in degrees; L, is the local longitude in degrees; and sy [28] is the sun declination
in degrees, which can be determined as follows:

Seun = 2345 X sin (360 ich ”)

365 (13)

where 7 is the order of days in a year ranging from 1 to 365.
The amount of scattered radiation on a tilted surface H; can be determined based on
the Hay model [29], as shown in Equation (14):

Hir = Ha| R+ 5 (1 32 ) 1+ cosp) (14)

where Hp is the solar radiation at the outer level of the atmosphere in kWh/ m?, which can
be calculated as follows:

Hp = %Hsc [1 + 0.033cos (3??:;)} (%sinq)sin&s,m + cosqocos&sinw) (15)

where 1, w, ¢, and J have the same meanings as illustrated above.
The amount of ground-reflected radiation on a tilted surface H,r [30] can be deter-
mined using Equation (16):

Hyr = 3p(Hy + Hy) (1 - cosp) (16)

where p is the average reflectivity of the ground, which is generally adopted as 0.15; Hj,
H,, and B have the same meanings as clarified above.

Therefore, the unit area solar radiation received on a tilted surface can be determined
based on Equations (7)—(16) using geographic location data, such as longitude and latitude;
solar radiation data on the horizontal plane, such as Hy and Hy; and the inclination angle
and the azimuth angle of the tilted surface.

2.3. PV Power Generation Potential Assessment

Further analysis in the highway slope PV power generation potential assessment
method can be conducted once the available slope area and solar radiation are obtained.
However, the radiation loss of the PV modules and the energy loss in the PV array’s
distributed microgrid system will significantly affect the PV power generation potential.
Hence, related factors are considered in the assessment process and are discussed in
this section.

2.3.1. Solar Radiation Received by PV Modules

Ideally, the calculation of the PV module’s received solar radiation mainly considers
the azimuth and tilt angles of the module. However, a considerable solar radiation loss
will be generated due to occlusion and light transmittance. Therefore, the near shading, far
shading, and IAM losses should be accounted for when determining the PV module’s re-
ceived solar radiation. The impacts of the three loss sources and the quantitative calculation
method are demonstrated below.
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(1) Near shading and Far shading

Near shading and far shading are mainly composed of remote near shading and far
shading and close near shading and far shading. Remote occlusion generally considers
nearby mountains or other distant but large objects. The solar radiation received by
the photovoltaic arrays is reduced to a certain extent due to the huge volume and the
relative geographical location to the slope. Close near shading and far shading include
two aspects, i.e., the occlusion of the PV panel itself and the surrounding obstacles. To
reduce close occlusion, a certain interval between the PV panels and a certain distance from
the surrounding obstacles are required for the installation of the PV array system.

In this study, the remote occlusion reduction coefficient K; was used to quantify the
radiation loss caused by the occlusion of remote objects. In a flat terrain area, the remote
occlusion effect is low, and K; can be adopted as 1. In complex terrain or mountainous
areas, the remote occlusion effects on the PV modules are complex, and it is advised to
determine K; based on local experience or onsite measurements using radiometers. The
close occlusion reduction coefficient K;; was utilized to represent the shading effects of the
PV panels and the highway slope. The PV array placement scheme and the cross-section
type of the highway subgrade significantly affect the occlusion of PV modules. Therefore,
the value of K, is suggested to be determined by simulating the PV power generation
under certain placement schemes in software such as PVsyst7.2.

(2) TheIAM loss

The IAM loss refers to the process of reducing the actual total solar radiation received
due to the reflection and scattering of the solar panel during the process of solar radiation
entering the PV panel from the air. The radiation loss can be quantified via natural light
reflectivity (R), which is primarily related to the reflection ability of the optical material,
the incidence angle, and the packaging glass material of the PV module. Common calcula-
tion models include Fresnel’s law, the ASHRAE model, and the Sandia model. Fresnel’s
law [31,32] was used in this study, and the formula is as follows:

1 sinZ(Gi - 9,5) tanZ(Gi - 9,5)
R== 17
2 | sin2(0; + 6) + tan?(6; + 6;) 17)

where R is the reflectivity of natural light; 6; is the solar incidence angle in degrees; and 6;
is the reflection angle of the incident light in degrees.

Generally, the sum of transmittance and reflectivity is 1, and the transmittance (T) will
significantly affect the absorption of direct solar radiation on a tilted PV panel (Hyr). There-
fore, the effective direct solar radiation (Hy;) received by the PV panel can be determined
using Equation (18):

Hbt = HhT x T (18)

where T is the transmittance of natural light, which can be calculated as follows:
T=1-R (19)

Accordingly, the effective solar radiation on tilted PV modules can be obtained by
utilizing Equation (20):
Hy = Hy x K4 x K, (20)

where H 4 is the effective solar radiation on tilted PV modules; K is the remote occlusion
reduction coefficient; and H; is the solar radiation received by tilted PV modules considering
the IAM loss, which can be determined as follows:

Hy = Hy + Hqr + Hyr (21)

where Hjr is the sky-scattered radiation on a tilted surface; H,t is the ground-reflected
radiation on a tilted surface.



Sustainability 2023, 15, 12159

10 of 26

2.3.2. Theoretical Power Generation of PV Module and Actual Power Generation of PV System

After obtaining the effective solar radiation received by an inclined PV module, the
theoretical power generation can be determined by considering the photoelectric conversion
efficiency of the PV module with the following equation:

EL:HA X Nm (22)

where E is the theoretical power generation of tilted PV modules, kWh/ mZ; #m is the
photoelectric conversion efficiency, which is adopted as 0.15 for conventional crystalline
silicon photovoltaic modules.

PV array systems with many modules will have a power loss caused by temperature
changes in the modules, the power loss in the inverters, and the PV module performance
decay. The evaluation method for these factors is discussed and illustrated below.

Firstly, temperature changes in the PV modules will affect the photoelectric conversion
efficiency [33,34], which can be evaluated using the temperature correction coefficient
shown in the following equation:

nr = (Tc — 25) X AT (23)

where 77 is the temperature correction coefficient; A7 is the maximum power temperature
coefficient of the PV module; and T is the temperature of the PV module.

Secondly, the inverter loss is mainly caused by the energy loss during the operation
of the inverter, which is related to the technical parameters and operating conditions of
the inverter itself and is evaluated with the inverter loss correction coefficient K;. For
typical inverters with a nominal AC power of 60 kw,., the number of MPPTs of 16, and
the inverter capacity ratio is 1.27; according to our calculations in PVsyst, K; is generally
adopted as 0.98.

Thirdly, the power generation ability of PV modules will decrease as the module
performance decay accumulates with time, which can be evaluated with the PV mod-
ule performance decay correction coefficient K;. Generally, the average annual power
attenuation rate of conventional crystalline silicon photovoltaic modules is in the range of
0.8~0.9%. Combining the above correction factors and the theoretical power generation
of PV modules, the actual power generation of the PV system can be obtained with the
following equation:

EszELXUTXKtXKr (24)

where Ej is the actual power generation of the PV system, kWh/ m2; K; is the inverter loss
correction coefficient; and K; is the PV module performance decay correction coefficient.

Based on the above analysis, the actual power generation of the PV system can be
calculated based on the solar radiation data on the horizontal plane and the placement
conditions. The comprehensive formula is as follows:

ES:[(HbTXT)+HdT+HrT]XKdXKnXﬂmXﬂTXKtXKr (25)
where all symbols used in the above formula have the same meanings as illustrated above.

2.3.3. Assessment of Total Solar Power Generation Potential

By integrating the above key steps of the solar power generation evaluation, a basic
assessment method for the PV power generation potential of highway slopes can be
proposed as follows: (1) segment the alignment of highways in the system; (2) calculate the
available slope area for the PV array placement of each highway segment; (3) calculate the
effective radiation received by the tilted PV arrays on the slopes of each highway segment
considering the radiation loss caused by the PV module; (4) calculate the effective power
generation of the PV array on the slope of each highway segment considering the energy
loss generated in the PV system; and (5) calculate the total solar power generation potential
of the highway slope in the transport system.
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Therefore, the total solar power generation potential of a highway slope can be deter-
mined based on Equation (26) as follows:

j=n

i=n
Ety =ErL +Err = '21 Eg; x S; + 121 Egj X Sj
1= ]:
i=n
= '21 Hyj < Kgi X Ky X i X 17 X K X Ky X 55 (26)
i=

j=n
+ '21 Ht] X Kd] X Kn] X Nmj X ) X Kt] X Kr] X S;
]:

where E7, is the total solar power generation potential on highway slopes, kWh; Er; and
Err are the total solar power generation potential on the left and right highway slopes,
respectively, kWh; i and j are the left slope ID and right slope ID of different highway
segments, respectively; Eg is the unit area actual power generation on the slope, kWh/m?;
S is the available slope area of different highway segments, m?; H; is the solar radiation
received by a tilted PV module considering the IAM loss; K; is the remote occlusion
reduction coefficient; K, is the close occlusion reduction coefficient; 77, is the photoelectric
conversion efficiency; 77 is the temperature correction coefficient; K; is the inverter loss
correction coefficient; and K; is the PV module performance decay correction coefficient.

3. The Placement Scheme of PV Array on Highway Slopes

Within the available highway slope area, the orientation and tilt angle of the PV
array placement have crucial impacts on the power generation potential. Additionally, the
divided highway segments generally run in different directions, which results in various
slope orientations. The desirable PV array placement scheme should be different for
differently orientated slopes. To estimate the maximum solar power generation potential
of a highway slope, the optimal PV array placement scheme needs to be determined for
slopes of highway segments running in different directions.

3.1. The Desirable Tilt Angle for Conventional Placement Orientation

PVsyst is a piece of photovoltaic system design and simulation software that can
predict the power generation of photovoltaic modules based on the layout and layout scale.
At the same time, the software can design the electrical system of a photovoltaic array and
handle solar radiation data of different areas. Simulations using this software have a high
reliability. Therefore, we used the software PVsyst version 7.2 to determine the ideal slope
inclination angle for PV modules installed on highway slopes.

According to PVsyst7.2, the best tilted angle can be derived with the input of the
longitude, the latitude, the placement orientation, the total radiation, the diffuse radiation,
the temperature, and the technical parameters of the PV system. Generally, the PV array
is installed in the same orientation as the slope, which is the conventional placement
orientation. Four typical road directions were considered in this study, i.e., due south, due
east, 45° north by east, and 45° north by west, which are shown in Figure 7. Accordingly,
the slope orientation could be determined based on the method illustrated in Section 2.1.1,
and the optimal tilt angle could be simulated through PVsyst7.2.

Taking Xi’an (108.9° E, 34.3° N) as an example, a 70 m long straight-line east-west
fill-type road was selected to illustrate the method of determining the desirable PV tilt
angle on a slope. The slope height and slope angle were 6 m and 30°, respectively. For the
south-facing slope, the azimuth angle of the PV modules was 0°. The power generation
of the PV array on the south slope was simulated in PVsyst7.2, and the optimal tilt angle
for the whole year was determined to be 26°. The following settings and parameters were
adopted in the simulation process: a 1.640 m long and 0.992 m wide monocrystalline silicon
PV module with a 250w, rated power and a 26V rated voltage, and an inverter with a
7.5 kW rated power and a 150-750 V working voltage. Based on the slope dimensions,
four PV panels were designed and placed on the slope along the road direction, as shown
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in Figure 8. For each panel, there were 4 and 19 modules along the length and width
directions of the slope, respectively. The intervals between the panels along the length
and width directions were adopted as 2.4 m and 1.2 m, respectively. Accordingly, 304 PV
modules and 8 inverters were adopted, resulting in a total nominal power of 76kw.

1&

Figure 7. Typical road directions investigated in the study, where (D is due east, ) is 45° north by
east, (@ is due south, and @ is 45° north by west.

North
East
—1.2m
—irl.2m
Lrl.2m
North ™ 24m
West South South

Figure 8. Layout of photovoltaic panels on the south-facing slope of the road.

Similarly, the optimal tilt angles of PV arrays on the slopes of roads in typical di-
rections could be simulated and derived using PVsyst7.2, and they are shown in Table 2.
However, the desirable PV array placement may not always be in the same orientation
as the target slope. PV panels placed at an azimuth angle different from the conventional
orientation may produce a larger power generation for roads running in different directions.
Therefore, the desirable PV placement scheme for slopes in different orientations should be
further investigated.

Table 2. The optimal tilt angles of PV array on slopes in typical orientations.

The Slope Azimuth Angle (°)

0 —45 -90 —135 —180 135 90 45

The Optimal Tilt Angle (°)

26 20 0 0 0 0 0 20

3.2. The Desirable PV Array Placement Scheme
3.2.1. Placement Scheme for East-West Slopes

The azimuth angles of the southern and northern slopes of the east-west highway
were found to be 0° and 180°, respectively. For the southern slope, there were mainly
three kinds of placement schemes, as shown in Figure 9. In placement scheme 1, the PV
panels were installed with the longer side parallel to the road direction, and tilt angles of
0° and 26° relative to the horizontal plane were simulated using PVsyst7.2. In placement
schemes 2 and 3, the PV panels were placed with the longer side perpendicular to the road
direction, and the tilt angle was changed relative to the slope surface by rotating along the
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western and eastern panel edges, respectively. The tilt angles of 0°, 10°, 20°, and 30° were
considered in the power generation simulation in PVsyst7.2 for schemes 2 and 3. Therefore,
seven placement schemes were proposed for the southern slope of the east-west highway,
and the power generation simulation results are shown in Table 3, which indicates that
scheme 1-2 obtains the highest power generation potential.

Scheme 1 Scheme 2 Scheme 3
/ South
West ‘4’est —~ South West South
Side view Side view
_ e I
South South
Top view Top view

Figure 9. PV array placement schemes for the southern slope of the east-west highway, where the
green arrows indicate the rotating direction when adjusting the panel tilt angles.

Table 3. The simulated power generation results of different PV placement schemes on the southern
slope of the east-west highway.

Placement Scheme ID 1-1 1-2 2-1 2-2 2-3 2-4 3-1 3-2 3-3
Scheme 1 0 26
Tilt angle (°) Scheme 2 0 10 20 30
Scheme 3 10 20 30
Power generation per unit PVipanel 1051 4005 1499 1671 1590 1475 1673 1592 1479

area (kWh/(yr * m?))

For the northern slope of the east-west highway, four kinds of placement schemes
were proposed, and they are illustrated in Figure 10. In placement scheme 1, the PV panels
were installed with the longer side parallel to the road direction, and a 0° tilt angle relative
to the horizontal plane was simulated using PVsyst7.2. In the second type of placement,
the lower row of PV panels in scheme 1 was removed to consider the shading effect of the
higher row of PV panels. In schemes 3 and 4, the PV panels were placed with the longer
side perpendicular to the road direction, and the tilt angle was changed relative to the slope
surface by rotating along the western and eastern panel edges, respectively. The tilt angles
of 0°,10°, 20°, and 30° were considered in the power generation simulation in PVsyst7.2.
Therefore, nine placement schemes were proposed for the northern slope of the east-west
highway, and the simulation results are presented in Table 4.

It can be seen in Table 4 that scheme 2 illustrated the highest power generation
efficiency, followed by scheme 1. However, the overall installed PV panel area of scheme 2
was only half of that of scheme 1, resulting in a lower power generation potential. Therefore,
placement scheme 1 is recommended for the northern slope.

3.2.2. Placement Scheme for Slopes of 45° North by East Highway

For highways in the direction of 45° north by east, the azimuth angles of the southern-
side slope and the northern-side slope were found to be —45° and 135°, respectively.

Firstly, the PV placement scheme on the southern slope was analyzed. Two types of
PV placement methods were proposed, and they are shown in Figure 11 to explore the
maximum solar energy generation potential of the road slope. In the first type of method,
the PV panels were installed with the longer side parallel to the road direction, and the
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optimal tilt angle of 20° was simulated in PVsyst7.2. In the second type of method, the
PV panels were placed with the longer side perpendicular to the road direction, and the
tilt angle was changed by rotating the panel along the southern edge of the panel. The tilt
angles of 0°, 10°, 20°, and 30° relative to the slope surface were simulated in PVsyst7.2.
Accordingly, five placement schemes were proposed, and the power generation simulation
results are shown in Table 5. Scheme 2-2 showed the highest power generation ability,
which is suggested for PV installation on the southern slope.

Scheme 1 Scheme 2 Scheme 3 Scheme 4

N ‘_ - o

— ! North <
/ North / North East  orth

= /
East
Side view Side view Side view
North
_ =~ - CCC000000000s
East
hoed | Noets
Top view Top view North Top view

Figure 10. PV array placement schemes for the northern slope of the east-west highway, where the
green arrows indicate the rotating direction when adjusting the panel tilt angles.

Table 4. The simulated power generation results of different PV placement schemes on the northern
slope of the east-west road.

Placement Scheme ID 1 2 3-1 3-2 3-3 3-4 4-1 4-2 4-3
Scheme 1 0
. o Scheme 2 0
Tilt angle (*) Scheme 3 0 10 20 30
Scheme 4 10 20 30

Power generation per unit PV panel

area (KWh/(yr * m?)) 143.8 160.3 124.0 122.2 116.6 109.7 122.4 117.0 110.3

Scheme 1

East

\

South
Side view

North

East

Top view

Figure 11. PV array placement schemes for the southern slope of 45° north by east highway, where
the green arrows indicate the rotating direction when adjusting the panel tilt angles.
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Table 5. The simulated power generation results of different PV placement schemes on the southern
slope of 45° north by east highway.

Placement Scheme ID 1 2-1 2-2 2-3 2-4
. o Scheme 1 20
Tilt angle (*) Scheme 2 0 10 20 30
Power generation per unit PV 164.6 164.2 166.3 162.6 154.7

panel area (kWh/(yr * m?))

For the northern slope, the two placement methods of the southern slope were also
adopted. Additionally, the 0° tilt angle was considered in the first type of placement
method, and the lower row of PV panels was removed due to the serious occlusion on
the north-side slope, which is placement scheme type 2 shown in Figure 12. Therefore,
six placement schemes were put forward, and the power generation simulation results
are presented in Table 6. Placement scheme 2 illustrated the highest power generation
potential but a lower total installed PV panel area than scheme 1. Therefore, scheme 1
is recommended when a higher overall power supply is required, and scheme 2 is more
suitable if a higher power generation efficiency is desired.

Scheme 1 Scheme 2

Scheme 3
North \

North
North

West

/

—

West West

Side view

Side view Side view

North \ North\

Wes/ /

Top view

o 2555
AN

N
North “a
West

Top view

Top view

Figure 12. PV array placement schemes for the northern slope of 45° north by east highway, where
the green arrows indicate the rotating direction when adjusting the panel tilt angles.

Table 6. The simulated power generation results of different PV placement schemes on the northern
slope of 45° north by east highway.

Placement Scheme ID 1 2 3-1 3-2 3-3 3-4
Scheme 1 0
Tilt angle (°) Scheme 2 0
Scheme 3 0 10 20 30
Power generation per unit PV 1438 1603 132.1 137.0 136.4 1438

panel area (kWh/(yr * m?))

3.2.3. Placement Scheme for Slopes of 45° North by West Highway

The slope azimuth angles of highways in the direction of 45° north by west were found
to be —135° and 45°, respectively. The 45° north by west highway slopes have proposed
PV array layout schemes similar to those of the 45° north by east highway slopes shown in
Figure 11. The power generation simulation results of the southern and northern slopes
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are shown in Table 7. The placement scheme 2-2 is suggested for the southern slope, and
scheme 1 or 2 is advised for the northern slope.

Table 7. The simulated power generation results of different PV placement schemes on the southern
and northern slopes of the 45° north by west highway.

Placement Scheme ID 1 2-1 2-2 2-3 2-4
Tilt angle (°) 0 0 10 20 30
Power generation per unit PV
panel area on the southern slope 164.4 164.0 166.3 162.6 155.2
(KWh/ (yr * m?))
Placement Scheme ID 1 2 3-1 3-2 3-3 3-4
Tilt angle (°) 0 0 0 10 20 30

Power generation per unit PV
panel area on the northern slope 143.6 160.3 132.7 137.4 137.0 133.5
(KWh/(yr * m?))

3.2.4. Placement Scheme for Slopes of the North-South Highway

The azimuth angles of the west and east slopes of the north—south direction highway
were found to be —45° and 45°, respectively. As the slopes on the two sides are symmetrical,
similar PV placement schemes could be applied on each side. Taking the west slope as
an example, three kinds of placement methods were considered, and they are shown in
Figure 13. In the first type of placement method, the PV panels were installed with the
longer side parallel to the road direction, and a 0° tilt angle was simulated in PVsyst7.2
to estimate the power generation. In the second type of placement, the lower row of PV
panels of the first type of scheme was removed to consider the shading effect of the higher
panels. In the third type, the PV panels were installed with the longer side perpendicular
to the road direction, and the tilt angles of 0°, 10°, 20°, and 30° relative to the slope surface
were simulated. Therefore, six placement schemes were designed for the west slope or the
east slope, and the power generation simulation results are presented in Table 8.

Scheme 1 Scheme 2 Scheme 3

- ‘ N
——> West —— West
North / North l
South

Side view Side view Side view
North North North
l l West
West West
e Top view Top view Top view

Figure 13. PV array placement schemes for the west slope of the north-south highway, where the
green arrows indicate the rotating direction when adjusting the panel tilt angles.

Table 8. The simulated power generation results of different PV placement schemes on the west slope
of the north—south highway.

Power Generation Per Unit PV Panel Area on the Northern Slope

Placement (kWh/(yr * m?))
Scheme ID
1 2 3-1 3-2 3-3 3-4
Tilt angle (°) 0 0 0 10 20 30
West slope 146.3 160.3 149.5 154.9 154.9 151.1

East slope 146.5 160.3 149.9 155.2 155.2 151.1
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It can be seen in Table 8 that schemes 3-2 and 3-3 had the highest power generation
potential, and scheme 2 illustrated the highest power generation efficiency for both sides
of the north—south highway slope. Therefore, placement schemes 3-2 and 3-3 are recom-
mended for general application conditions, while scheme 2 is suggested for scenarios where
the power generation efficiency takes precedence over design considerations.

3.3. Effective Slope Area Ultilization Ratio

It can be inferred from the placement scheme analysis of the slopes of highways
running in different directions that the desirable PV array layout design varies with the
change in the slope orientation. To facilitate the estimation of the PV power generation
potential in highway engineering, the effective slope area utilization ratio (ESUR) is put
forward and defined as the ratio of the installed PV modules’ area to the slope area. The
ESURSs of the optimal placement schemes for slopes running in the typical directions were
calculated, and they are summarized in Table Al. During the application stage, engineers
could take the ESURs of slopes in the typical orientations as references to estimate the
potential PV module area on the highway slopes of local projects.

4. Case Study of PV Power Generation Potential Assessment
(1) Collection of geographic and climate information

In this case study, the slope solar power generation potential of a highway in Chang’an
District, Xi’an City, China, was calculated. The research site is located near 108.93° E and

34.17° N, and the typical annual horizontal radiation of Xi’an was selected as the horizontal
solar radiation data for this example, which is presented in Table 9.

Table 9. The annual horizontal radiation of Xi’an City (kWh/m?).

Month January February March April  May June July  August September October November December
T(.)ta.l 59.0 714 91.3 120.5 145.5 143.4 158.1 144.1 101.7 76.7 57.0 514
radiation
Scattered 341 507 640 783 928 913 942 844 734 553 108 35.8
radiation

(2) Highway alignment geometric data collection and segmentation

For the convenience of explanation, this paper only took a 1.97 km long section of
the expressway as an example to illustrate the calculation method of the solar power
generation potential of highway slopes. The horizontal alignment design of the selected
highway section is shown in Figure 14. There are four transition curves and two circular
curves in the horizontal alignment. The length of the transition curves, the radius of the
circular curves, the stake number, and the coordinates could be obtained from the design
documents. The length of each transition curve is 90 m, and the radii of the circular curves
are 520 m and 580 m.

Based on the alignment geometric data, highway segmentation can be conducted
according to the method presented in Section 2.1.2. It is a straight line from the starting
point to station KO + 536.97 of this highway section, which was set as the first segment.
The first transition curve and circular curve follow after station KO + 536.97. According to
the principle that the intersection angle of the segmented curve should be less than 5°, the
segmentation length was determined to be 50.61 m for the first circular curve. Similarly,
the segment length of the second circular curve was calculated as 45.37 m. Accordingly,
the selected highway section could be divided into 27 segments, and the geometric data
are shown in Table A2. Furthermore, the highway direction and the slope azimuth angles
could be determined based on Equation (1) and Table 1, which are presented in Table A2.



Sustainability 2023, 15, 12159

18 of 26

piatd Apped

plaiy Appég

Dpe,

Zg
g

) /

D (11 //’:2///\' &
V72

witog pugg (£

J

(b)

Figure 14. The horizontal alignment design of the selected highway section: (a) one part the selected
highway section; (b) the other part of the selected highway section, where the red lines are the
horizontal alignment of the selected highway section.

(3) Calculation of available slope area of the highway segments

Taking the first highway segment as an example, it is necessary to consider the length,
the width, and the proportion of the slope that are required for the PV array placement.
Since there is a 180 m long retaining wall installed along the left slope of the first segment
based on the design document, this part of the slope was considered for solar energy
utilization in this study. As the slope widths at the two ends of the first segment are 2.93 m
and 15.42 m, the average slope width could be determined to be 10.35 m according to
Equation (4). The length of the slope could be calculated as the station number difference
between the two ends of the segment, and it was 536.97 m. By subtracting the length of the
retaining wall, the effective slope length should be 356.97 m. Accordingly, the available
slope area could be calculated based on Equation (5), and it was 3694.64 m?. Therefore,
the available slope area of all segments could be determined, and they are illustrated
in Table A3.

(4) The optimal placement scheme and area of the PV array for highway segments

The optimal placement schemes of the highway segments with different slope orienta-
tions could be selected based on the recommended schemes presented in Table 9. Taking the
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first segment, for instance, the azimuth of the right slope is 23.69° (as shown in Table A2),
which is between 0° and 45°. Therefore, the power generation was simulated with the
placement schemes “(D + 26°” and “(@ + 20°”. The simulation results show that the scheme
“(D +26°” had a higher power generation, and this was selected as the desirable placement
scheme for the right slope of the first segment. Subsequently, the area of the PV array that
could be placed on the slope could be determined according to the effective slope area
utilization ratio of the corresponding installation scheme shown in Table 9. Accordingly,
the optimal placement scheme and area of the PV array for slopes of different highway
segments were determined, and they are documented in Table A4.

(5) The theoretical and actual solar radiation received by per unit PV panel area

The theoretical unit area solar radiation on the tilted PV array surface could be cal-
culated based on the location of the project, the placement scheme of the PV array, and
the solar-radiation-related coefficients according to the method illustrated in Section 2.2.
Thereafter, the actual solar radiation received by the PV panel could be obtained by sub-
tracting the near shading, far shading, and IAM losses according to the method presented
in Section 2.3.1. As the selected section of the highway is in the flat terrain area, the remote
occlusion effect K; was adopted as 1. The close occlusion reduction coefficient K;; and the
transmittance of natural light on the PV modules were determined by simulating the PV
power generation under the selected placement schemes in PVsyst7.2. Accordingly, the
values of the theoretical and actual solar radiation received by per unit PV panel area on the
slopes of different highway segments were calculated, and they are presented in Table AS5.

(6) Calculation of the actual power generation of the PV array on highway slopes

The theoretical power generation of the tilted PV modules could be determined
according to Equation (13), utilizing the actual unit area solar radiation results shown in
Table A5, and the photoelectric conversion efficiency was adopted as 0.15 in this study.
Afterwards, the actual power generation of the PV system could be calculated using
Equation (15). As the temperature of the PV module varies with time during the year,
the yearly average value of the temperature correction coefficient #r was determined
by simulating the power generation of the 27 highway segments and calculating the
temperature loss in PVsyst7.2. Therefore, 7 was adopted as 0.95 in this study. The inverter
loss correction coefficient K; was adopted as 0.98 to represent general application conditions,
while the PV module performance decay correction coefficient was not considered since the
long-term power generation potential was not the main focus of this case study. Therefore,
the theoretical and actual power generation potentials of the PV system on the slopes of the
selected highway section could be determined, and they are shown in Table A6.

(7) Assessment of the solar power generation potential of the selected highway section

After a comprehensive analysis and calculations of the case study, the available slope
area for the PV array installation, the actual unit area solar radiation received on the tilted
PV panels, and the actual unit area power generation of the PV array on the slopes of the
27 highway segments were obtained. Therefore, the actual annual power generation poten-
tial of the selected highway section could be further determined according to Equation (17).
The assessment results of the solar power generation on the slopes of different highway
segments are illustrated in Table A7, and the overall solar power generation potential of
the studied highway section was found to be 3,896,061.68 kWh in total.

5. Summary and Conclusions

The assessment method of the PV power generation potential of highway slopes was
established by considering the geometric characteristics of highways and the desirable
PV array placement scheme. The available highway slope area was determined based on
the highway segmentation results. The effective power generation potential per unit of
PV panel area was derived by subtracting the radiation loss of the PV modules and the
energy loss in the PV system. Accordingly, the overall power generation potential of the
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highway slopes could be acquired based on the available slope area and effective solar
power generation efficiency results of all highway segments. Finally, a case study was
provided to illustrate the application of the proposed assessment method. The primary
conclusions of the study are listed as follows:

(1) Highway segmentation should be performed based on the change in slope orientation
and the effects on solar power generation. The intersection angle threshold of 5°
corresponding to a 3% variation level of the solar power generation was adopted for
the alignment segmentation in this study.

(2) The near shading, far shading, and IAM losses should be considered in radiation loss
calculations, and the correction coefficients of the temperature, the inverter loss, and
the PV module performance decay should be applied when calculating the actual unit
area PV power generation potential.

(3) The optimal PV array placement scheme varies with the slope orientation, which was
determined through the power generation simulation in the software PVsyst (version
7.2). The corresponding effective slope area utilization ratio was calculated and is
documented in Table Al to serve as a reference for future solar power generation
potential assessments.

(4) The proposed method was applied in a potential assessment case study of one 1.97 km
long highway section in Xi’an City, China. The overall annual power generation
potential of the highway section was found to be 3,896,061.68 kWh.

Author Contributions: Conceptualization, A.S. and L.H.; methodology, Z.H.; software, W.Z.; val-
idation, Z.H., W.Z., and R.W.; formal analysis, Z.H.; investigation, W.Z.; resources, A.S. and L.H.;
writing—original draft preparation, W.Z.; writing—review and editing, Z.H. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by the National Key R&D Program of China, grant
number 2021YFB2601300.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data are presented in the article.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

PV, photovoltaic; PGS, power generation system; PGP, power generation potential; ESUR,
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Nomenclature
) the angle between the highway alignment direction and the x-axis
Ey the monthly average electricity generated by the PV array, kWh
the azimuth angle of the PV array surface ranging from —90° to 90°, which represents the azimuth
7 of the highway slope
Hrt the total amount of solar radiation received on a tilted surface, kWh/m?
Hyr the direct solar radiation on a tilted surface, kWh/m?
Hyr the sky-scattered radiation on a tilted surface, kWh/ m?
H,r the ground-reflected radiation on a tilted surface, kWh/ m?
H, the direct radiation on the horizontal plane, kWh/ m?
Ry the direct light enhancement coefficient
B the inclination angle of a tilted surface in degrees
Ysun the azimuth angle of a tilted surface in degrees
w the solar hour angle corresponding to the local geographic time
H, the scattered radiation on the horizontal plane, kWh/ m?
Ho the solar radiation at the outer level of the atmosphere, kWh/ m?2
Hgc the solar constant whose value is 1.367 kW /m?2
H,r the amount of the ground-reflected radiation on a tilted surface

Hy; the effective direct solar radiation received by a tilted PV panel
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Hyr the direct solar radiation on a tilted PV panel

T the transmittance of natural light

Hy the effective solar radiation on a tilted PV module

Nm the photoelectric conversion efficiency

H; the solar radiation received by a tilted PV module considering the IAM loss

Ky the remote occlusion reduction coefficient

K, the close occlusion reduction coefficient

Hyr the sky-scattered radiation on a tilted surface

H,r the ground-reflected radiation on a tilted surface

Osun the sun declination in degrees

Ky the inverter loss correction coefficient

K the PV module performance decay correction coefficient

Etor the total solar power generation potential on highway slopes, kWh

Erp the total solar power generation potential on left highway slopes, kWh

Err the total solar power generation potential on right highway slopes, kWh
Appendix A

Table Al. The optimal effective slope area utilization ratio and unit PV panel area power generation

of highway slopes in different directions.

Power Generation Per Unit

Slope Olgientation Placement Scheme Effestive §lope A.rea PV Panel Area
©) Utilization Ratio (KWh/(yr * m?))
 +26° 0.589 170.3
0 @ +0° 0.565 169.9
@ +20° 0.589 164.6
45 @ +10° 0.565 166.3
@ + 0° Single row 0.295 160.3
% @ +10° 0.565 155.2
D +0° 0.589 143.6
135 @ + 0° Single row 0.295 160.3
@ +0° 0.589 143.8
180 @ + 0° Single row 0.295 160.3
13 @ +0° 0.589 143.8
@ + 0° Single row 0.295 160.3
—90 @ + 0° Single row 0.295 160.3
@ +10° 0.565 154.9
s D +0° 0.589 164.4
@ +10° 0.565 166.3

Notes: “(D + 26°” denotes the placement scheme where the PV panels were installed with the longer side parallel
to the road direction and a tilt angle of 26° relative to the horizontal plane; “(D + 0° Single row” denotes the
scheme where one row of PV panels was placed with the longer side parallel to the road direction and a tilt angle
of 0°; “@ + 0°” denotes the scheme where the PV panels were installed with the longer side perpendicular to the
road direction and a tilt angle of 0° relative to the slope surface.

Table A2. Highway alignment segmentation results of the selected highway section.

: oot Slope Form Slope Azimuth (°
Segment ID Station (km) Coordinates (x, y) (m) Highway le)ectlon P . P - O
Angle (°) Left Slope  Right Slope  Left Slope  Right Slope
S;a;tllf;g KO+000.00  630,627.68  3402532.41
1 KO + 536.97 631,119.39  3,402,316.64 23.69 Fill Fill 156.31 23.69
2 KO + 587.58 631,171.86  3,402,294.30 23.05 Fill Fill 156.95 23.05
3 KO + 626.97 631,202.69  3,402,282.62 20.75 Fill Cut 20.75 20.75
4 KO + 677.58 631,251.15  3,402,268.08 16.71 Cut Cut 16.71 163.29
5 KO +728.19 631,300.69  3,402,257.83 11.69 Cut Cut 11.69 168.31
6 KO +778.80 631,350.92  3,402,251.82 6.82 Fill Cut 6.82 6.82
7 KO + 829.41 631,401.49  3,402,250.34 1.67 Fill Fill 178.33 1.67
8 KO + 880.02 631,451.98  3,402,253.12 3.15 Fill Fill 176.85 3.15
9 KO0 +930.63 631,502.06  3,402,260.47 8.35 Fill Fill 171.65 8.35
10 KO +981.24 631,550.12  3,402,271.64 13.09 Fill Fill 166.91 13.09
11 K1 +028.91 631,596.61 3,402,286.79 18.04 Fill Fill 161.96 18.04
12 K1 + 079.52 631,643.81 3,402,306.34 22.50 Fill Fill 157.50 22.50
13 K1+ 11891 631,679.17  3,402,322.55 24.63 Cut Fill 155.37 155.37
14 K1 +292.72 631,836.82  3,402,395.74 24.90 Cut Fill 155.10 155.10
15 K1 + 338.09 631,878.12  3,402,414.53 24.47 Cut Fill 155.53 155.53
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Table A2. Cont.

: oot Slope Form Slope Azimuth (°
Segment ID  Station (km) Coordinates (x, y) (m) Highway Dlgectlon P - P - O
Angle (°) Left Slope  Right Slope  Left Slope  Right Slope
16 K1 +382.72 631,919.50  3,402,431.22 21.96 Cut Fill 158.04 158.04
17 K1 +428.09 631,962.79  3,402,444.77 17.38 Fill Fill 162.62 17.38
18 K1 + 473.47 632,007.07  3,402,454.55 12.46 Fill Fill 167.54 12.46
19 K1 +518.85 632,052.04  3,402,460.49 7.53 Fill Fill 7.53 7.53
20 K1 + 564.23 632,097.36  3,402,462.39 2.39 Cut Cut 2.39 177.61
21 K1 +609.61 632,142.67  3,402,460.33 2.60 Cut Cut 2.60 177.40
22 K1 + 654.99 632,187.64  3,402,454.39 7.52 Fill Cut 7.52 7.52
23 K1 +700.36 632,231.58  3,402,444.70 12.44 Fill Fill 167.56 12.44
24 K1 +705.88 632,237.23  3,402,443.07 16.09 Fill Fill 163.91 16.09
25 K1 +751.26 632,28045  3,402,429.27 17.71 Fill Fill 162.29 17.71
26 K1 +795.88 632,322.34  3,402,413.89 20.16 Fill Fill 159.84 20.16
27 K1 +972.05 632,487.22  3,402,351.85 20.62 Fill Fill 159.38 20.62

Table A3. The available slope area of the highway segments.

Available Slope Length (m) Average Slope Width (m) Available Slope Area (m?)
Segment ID Station (km) -
Left Slope Right Slope Left Slope Right Slope Left Slope Right Slope
Starting point KO + 000.00

1 KO +536.97 356.97 536.97 10.35 10.49 3694.16 5630.75
2 KO + 587.58 50.61 50.61 12.63 9.66 639.16 489.04
3 KO + 626.97 39.39 39.39 6.72 6.22 264.87 245.02
4 KO + 677.58 50.61 50.61 4.30 5.30 217.76 267.98
5 KO +728.19 50.61 50.61 4.00 5.50 202.44 278.36
6 KO +778.80 50.61 50.61 2.80 5.01 141.71 253.30
7 KO + 829.41 50.61 50.61 6.08 7.69 307.46 389.19
8 KO + 880.02 50.61 50.61 10.10 12.59 511.16 636.93
9 KO +930.63 50.61 50.61 10.52 13.65 532.42 690.83
10 KO +981.24 50.61 50.61 10.36 12.56 524.32 635.41
11 K1 +028.91 47.67 47.67 9.78 10.83 465.94 516.23
12 K1 + 079.52 50.61 50.61 10.12 10.80 512.17 546.59
13 K1 +11891 39.39 39.39 7.39 10.25 290.90 403.75
14 K1 +292.72 173.81 173.81 3.59 7.95 623.10 1380.90
15 K1 + 338.09 45.38 45.38 3.22 8.44 146.12 382.77
16 K1 +382.72 44.62 44.62 3.07 9.32 136.99 415.65
17 K1 +428.09 45.38 45.38 3.53 7.89 160.19 357.81
18 K1 +473.47 45.38 45.38 9.43 8.44 427.92 382.77
19 K1 + 518.85 45.38 45.38 13.21 6.90 599.45 313.11
20 K1 + 564.23 45.38 45.38 7.75 10.50 351.68 476.47
21 K1 + 609.61 45.38 45.38 4.15 19.30 188.32 875.81
22 K1 + 654.99 45.38 45.38 5.54 13.30 251.17 603.53
23 K1 +700.36 45.38 45.38 7.85 5.27 356.22 239.15
24 K1 +705.88 5.52 5.52 8.93 5.54 49.27 30.56
25 K1 +751.26 45.38 45.38 10.24 7.47 464.45 338.98
26 K1 +795.88 44.62 44.62 13.27 10.59 592.13 472.32
27 K1 +972.05 76.17 76.17 11.33 9.55 862.64 72743

Table A4. The optimal placement scheme and area of the PV array for slopes of different
highway segments.

The Area of PV Arrays Could Be Placed on

The Optimal Placement Scheme the Slope (m?2)

Segment ID
Left Slope Layout Right Slope Layout Left Slope Layout Right Slope Layout
1 @ +0° @ +26° 2175.9 3316.5
2 @ +0° @ +26° 376.5 288.0
3 @ +26° @ +26° 156.0 144.3
4 @ +26° @ +0° 128.3 157.8
5 @ +26° @ +0° 119.2 164.0
6 @ +26° @ +26° 83.5 149.2
7 @ +0° @ +26° 181.1 229.2
8 @ +0° @ +26° 301.1 375.2
9 @ +0° @ +26° 313.6 406.9
10 @ +0° @ +26° 308.8 374.3
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Table A4. Cont.

The Optimal Placement Scheme

The Area of PV Arrays Could Be Placed on

the Slope (m?)

Segment ID
Left Slope Layout Right Slope Layout Left Slope Layout Right Slope Layout
11 ®+0° @ + 26° 2744 304.1
12 D +0° @ + 26° 301.7 321.9
13 @D +0° @ +0° 171.3 237.8
14 @®+0° @ +0° 367.0 813.4
15 @D +0° @D +0° 86.1 225.5
16 @®+0° @ +0° 80.7 244.8
17 @ +0° @ +26° 94 4 210.8
18 @D +0° @ + 26° 252.0 2255
19 @ +26° @ + 26° 353.1 184.4
20 @ +26° @ +0° 207.1 280.6
21 @ +26° @D +0° 110.9 5159
22 @ +26° @ +26° 147.9 355.5
23 D +0° @ + 26° 209.8 140.9
24 @ +0° @ +26° 29.0 18.0
25 @D +0° @ + 26° 273.6 199.7
26 D +0° @ +26° 348.8 278.2
27 @ +0° @ +26° 508.1 428.5

Notes: “(D +26°” denotes the placement scheme where the PV panels were installed with the longer side parallel
to the road direction and a tilt angle of 26° relative to the horizontal plane; “(D + 0° Single row” denotes the
scheme where one row of PV panels was placed with the longer side parallel to the road direction and a tilt

angle of 0°.

Table A5. The theoretical and actual solar radiation received by per unit PV panel area.

The Left-Side Slope

The Right-Side Slope

Theoretical Occlusi Transmittance Actual Unit Theoretical Occlusi Transmittance Actual Unit
Segment ID Unit Area cctusion Loss Area Unit Area cclusion Loss Area
S Reduction . L. . . Reduction . L.

Radiation Coefficient Reduction Radiation Radiation Coefficient Reduction Radiation

(kWh/m?) oe Coefficient (KWh/m?) (KWh/m?) Coefficient (KWh/m?)
1 1220 0.90 0.96 1051.50 1287 1.00 0.97 1245.89
2 1220 0.90 0.96 1051.50 1288 1.00 0.97 1246.86
3 1290 1.00 0.97 1248.80 1290 1.00 0.97 1248.80
4 1292 1.00 0.97 1250.73 1220 0.90 0.96 1051.50
5 1294 1.00 097 1252.67 1220 0.90 0.96 1051.50
6 1296 1.00 0.97 1254.61 1296 1.00 0.97 1254.61
7 1220 0.90 0.96 1051.50 1296 1.00 0.97 1254.61
8 1220 0.90 0.96 1051.50 1296 1.00 0.97 1254.61
9 1220 0.90 0.96 1051.50 1295 1.00 0.97 1253.64
10 1220 0.90 0.96 1051.50 1294 1.00 0.97 1252.67
11 1220 0.90 0.96 1051.50 1291 1.00 0.97 1249.77
12 1220 0.90 0.96 1051.50 1288 1.00 0.97 1246.86
13 1220 0.90 0.96 1051.50 1220 0.90 0.96 1051.50
14 1220 0.90 0.96 1051.50 1220 0.90 0.96 1051.50
15 1220 0.90 0.96 1051.50 1220 0.90 0.96 1051.50
16 1220 0.90 0.96 1051.50 1220 0.90 0.96 1051.50
17 1220 0.90 0.96 1051.50 1292 1.00 0.97 1250.73
18 1220 0.90 0.96 1051.50 1294 1.00 0.97 1252.67
19 1296 1.00 0.97 1254.61 1296 1.00 0.97 1254.61
20 1296 1.00 0.97 1254.61 1220 0.90 0.96 1051.50
21 1296 1.00 0.97 1254.61 1220 0.90 0.96 1051.50
22 1296 1.00 0.97 1254.61 1296 1.00 0.97 1254.61
23 1220 0.90 0.96 1051.50 1294 1.00 0.97 1252.67
24 1220 0.90 0.96 1051.50 1292 1.00 0.97 1250.73
25 1220 0.90 0.96 1051.50 1292 1.00 0.97 1250.73
26 1220 0.90 0.96 1051.50 1290 1.00 0.97 1248.80
27 1220 0.90 0.96 1051.50 1290 1.00 0.97 1248.80
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Table A6. The theoretical and actual power generation of the PV system on the slopes of the selected
highway section.

Theoretical Unit Area Power Actual Unit Area Power Generation
Segment ID Generation (kWh/m?) (KWh/m?)
Left Slope Right Slope Left Slope Right Slope
1 157.72 186.88 146.84 173.99
2 157.72 187.03 146.84 174.12
3 187.32 187.32 174.39 174.39
4 187.61 157.72 174.66 146.84
5 187.90 157.72 174.94 146.84
6 188.19 188.19 175.21 175.21
7 157.72 188.19 146.84 175.21
8 157.72 188.19 146.84 175.21
9 157.72 188.05 146.84 175.07
10 157.72 187.90 146.84 174.94
11 157.72 187.46 146.84 174.53
12 157.72 187.03 146.84 174.12
13 157.72 157.72 146.84 146.84
14 157.72 157.72 146.84 146.84
15 157.72 157.72 146.84 146.84
16 157.72 157.72 146.84 146.84
17 157.72 187.61 146.84 174.66
18 157.72 187.90 146.84 174.94
19 188.19 188.19 175.21 175.21
20 188.19 157.72 175.21 146.84
21 188.19 157.72 175.21 146.84
22 188.19 188.19 175.21 175.21
23 157.72 187.90 146.84 174.94
24 157.72 187.61 146.84 174.66
25 157.72 187.61 146.84 174.66
26 157.72 187.32 146.84 174.39
27 157.72 187.32 146.84 174.39

Table A7. The assessment results of the solar power generation on the slopes of different highway

segments (kWh).
Segment ID Power Generation on Power G.eneration on Totalfl’:)}rer %Sgirx:;twn
the Left Slope the Right Slope S
egment
1 417,692.35 754,360.14 1,172,052.49
2 72,268.73 65,568.34 137,837.07
3 35,567.75 32,902.22 68,469.97
4 29,286.98 30,300.04 59,587.02
5 27,268.71 31,473.69 58,742.40
6 19,117.87 34,172.29 53,290.16
7 34,763.98 52,504.99 87,268.97
8 57,795.99 85,927.20 143,723.18
9 60,199.82 93,126.85 153,326.66
10 59,283.97 85,589.85 144,873.81
11 52,683.04 69,375.07 122,058.11
12 57,910.19 73,284.39 131,194.58
13 32,891.57 45,651.32 78,542.89
14 70,452.85 156,136.00 226,588.85
15 16,521.54 43,279.15 59,800.69
16 15,489.22 46,996.83 62,486.06
17 18,112.41 48,122.58 66,234.99
18 48,384.18 51,559.19 99,943.37
19 80,870.83 42,241.16 123,112.00
20 47,444.58 53,873.65 101,318.23
21 25,405.95 99,026.34 124,432.28
22 33,884.94 81,421.26 115,306.20
23 40,277.19 32,213.55 72,490.74
24 5570.87 4110.08 9680.95
25 52,514.57 45,590.10 98,104.67
26 66,951.13 63,424.93 130,376.05
27 97,537.23 97,682.07 195,219.30

Total 1,576,148.40 2,319,913.28 3,896,061.68
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