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Abstract: The proliferation of renewable energy sources to achieve carbon neutrality has rapidly
increased the adoption of photovoltaic (PV) systems. Consequently, specialized solar PV systems
have emerged for various installation purposes. This study focuses on grid connecting vertically
installed bifacial PV modules facing east and west by establishing a test bed within Republic of
Korea. Based on weather and generation data collected in Republic of Korea, located in the middle
of latitude 34.98◦ N, from January to July 2023, we analyzed and compared the generation patterns,
peak generation, peak hours, and total generation of conventional and vertical PV systems. Moreover,
PVsyst was used to model the solar PV generation and analyze the consistency and viability of
vertical PV generation by comparing actual operational data with simulation results. The vertical PV
system demonstrated a peak power generation of 89.1% compared with the conventional PV system
with bifacial modules. Based on operational data from January to July, the power generation output
of the vertical PV system decreased to 65.7% compared with that of the conventional system with
bifacial modules. This corresponded to 78.8% to 80.2% based on the PVsyst simulation results. In
particular, the investigations related to the peak generation levels and occurrence times of vertical
PV systems provide insights into the practicality of vertical solar PV systems and their potential for
improving the PV hosting capacity.

Keywords: photovoltaic system; bifacial module; photovoltaic hosting capacity; vertical solar photo-
voltaic system

1. Introduction

Policies promoting the adoption of renewable energy sources to achieve carbon neu-
trality and energy efficiency have been implemented globally. Consequently, the solar
photovoltaic (PV) industry has experienced rapid growth owing to competitive pricing and
the increased participation of various market players.

In 2022, the market shares of bifacial solar modules accounted for 65%. The manu-
facturing process of the bifacial module is similar to that of existing monofacial modules,
so the manufacturing cost is similar, and as the rear of bifacial modules receives light and
generates electricity, the power generation efficiency is 4~8% higher for the Passivated
Emitter and Rear Contact (PERC) solar cell, so the bifacial module is applied to most solar
power generation projects [1].

In addition, owing to the characteristics of bifacial modules that can generate power
from both sides, a vertical solar power generation model that functions as a fence and
soundproof wall is emerging. This vertical solar power generation model that uses bifacial
modules can be used for building railings, fences, canopies, etc. [2]

The Korea Electric Power Corporation (KEPCO) implemented a renewable energy
connection guarantee system in Republic of Korea on 31 October 2016. The system ensured
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the connection of distributed power sources of 1 MW or less, which significantly increased
applications for grid connections. The system places a burden on KEPCO to reinforce power
facilities to accommodate the grid connection of small-scale renewable energy sources.

The resulting surge in waiting lists for grid connections highlights the need for infras-
tructure expansion, including distribution lines. This poses a financial burden on KEPCO
owing to the need for new line installations, raising concerns about potential opposition
from nearby residents regarding the installation of new power infrastructure.

The situation necessitates research and development to explore alternatives to expand
grid connection lines.

KEPCO has been conducting studies to improve its hosting capacity for PV generation.
The aim of this research is to study the feasibility of vertical solar PV systems, which differ
from conventional systems in terms of installation conditions, to improve the PV hosting
capacity and line utilization rate.

Many studies have been conducted on vertical PV systems using bifacial modules.
In particular, research on the characterization methods of indoor/outdoor vertical PV
systems [3,4] and studies on the application of vertical solar power generation systems
to roofs and agriculture, focusing on electricity generation and additional income, have
been published [5,6]. Moreover, studies have addressed the conditions to increase vertical
solar power generation globally [7]. With the ongoing research on vertical solar power
generation, studies that analyze the advantages and economic feasibility of vertical solar
power generation under specific conditions have also been presented [8]. However, while
these studies primarily use electricity generation data to discuss efficiency improvements,
the present study is based on the analysis of electricity generation patterns and peak
generation using actual operational data from a vertical solar power generation system
over a period of seven months. The data on peak generation is crucial for analyzing the
integration capacity of solar power generation into the actual distribution grid, and we
plan to use it directly, referring to a similar study conducted under Nordic conditions [9].

2. Methods

Solar PV systems directly convert solar energy into electrical energy by absorbing
photons within solar panels and creating electron–hole pairs. When connected to a load,
current flows owing to the electric field generated at the P–N junction of a solar cell [10].
The establishment of mass production systems has reduced the prices of PV modules and
their related components by a considerable margin. The solar PV industry in Republic of
Korea was expected to achieve grid parity by 2021.

2.1. Purpose of Research

Various solar power generation systems have emerged under different installation
conditions. The peak generation of PV systems is influenced by installation conditions. In
the case of vertical systems, modules cannot optimize sunlight exposure, which results
in a lower peak generation relative to the installed capacity. Consequently, a standard of
grid integration based on operational performance, specifically peak generation, should be
established, rather than the current standard based on the installed capacity. To this end,
we construct and operate both conventional and vertical PV systems in the environmental
conditions of Republic of Korea. The goal is to acquire a track record and analyze generation
data, including peak generation and generation patterns.

2.2. Status of Solar PV Integration in Republic of Korea

As of December 2021, Republic of Korea has an installed solar PV capacity of approx-
imately 21.2 GW. This capacity includes participation from various sources, such as the
Korea Power eXchange (KPX) market participants with 5.8 GW, KEPCO power purchase
agreements with 13.2 GW, behind-the-meter (BTM) installations, and other sources with
2.4 GW (Table 1) [11–13].
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Table 1. Cumulative installed capacity of PV system in Republic of Korea.

KPX Market KEPCO
PPA BTM, etc. Total

Capacity (GW) 5.8 13.2 2.4 21.2

2.3. Characteristics of Vertical Solar Photovoltaic Systems

Conventional PV systems are fixed solar power generation structures designed for
maximizing solar power generation. The tilt of solar modules is typically 25–30 degrees,
and the azimuth is set to a directly southward direction (0◦) (these values are based on
installation standards in Republic of Korea and may vary depending on the installation
location). The vertical PV system, on the other hand, arranges solar power generation
modules vertically (at 90◦) for specific user purposes, and the azimuth angle may vary
depending on site conditions and objectives.

A conventional PV system typically experiences peak generation at midday when
the Sun’s altitude is at its highest. By contrast, vertical PV systems, which are installed to
face the east (front) and west (rear) directions using bifacial modules, exhibit a twin-peak
generation pattern, with concentrated generation in the morning and afternoon [14].

Figure 1 illustrates an example of the contrasting generation patterns between con-
ventional and vertical (installed in an east–west orientation) PV systems. A comparison of
the monthly generation data between conventional and vertical solar panels indicates that
depending on the installation environment, either the vertical system yields a higher gener-
ation output, or both types generate similar levels [6,8]. However, the specific generation
level can vary based on factors such as the solar altitude of the location, climatic conditions,
and other environmental variables.
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2.4. Trends in Vertical Solar Photovoltaic Generation

The concept of vertical installation with bifacial modules was first introduced by the
German company Next2Sun in Supplementary Materials. The company has been conduct-
ing demonstrations at a scale of several MW. The system was implemented for various
applications, including agricultural fencing, sound barriers, and building-integrated pho-
tovoltaics (BIPV). Recently, research on improving the PV hosting capacity by combining
vertical and conventional solar systems has been conducted [9].

In Republic of Korea, where mountains cover approximately 60% of the land area,
vertical solar PV systems have emerged as a viable solution to be installed in various sites
for specific purposes owing to the country’s unique topography. In addition, government
initiatives and projects related to the technology are increasing.
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2.5. Design of Vertical Solar Photovoltaic Systems

Designing a typical solar PV system is a vital step toward achieving optimal power
generation by considering factors, such as weather conditions and transmission losses. To
achieve this, various procedures are followed, including the selection of high-efficiency
components, configuration of modules in series or parallel, and determining the spacing
between arrays.

Supporting structures for solar panels are installed based on international standards,
such as ISO 12006 [15], ensuring that they satisfy or exceed the required structural strength
criteria. Electrical components and subsystems are designed in compliance with standard
codes, such as IEC-60364 [16] and IEC-61936 [17], which determine the capacity of each
electrical device, select appropriate cable and wire sizes, and establish grounding systems.
In addition, practices in accordance with IEC-60909 [18] and IEC-61850 [19] are followed
for grid integration and protection, including fault current calculations and protection relay
coordination [20,21].

Table 2 lists the other key design parameters and conditions. The vertical PV system,
which utilizes both bifacial and monofacial modules, is designed with a variety of azimuth
conditions, as listed in Table 3, with 45◦ intervals facing a direct southward direction.
Monofacial and bifacial modules with a 25◦ installation angle were installed to compare the
power generation characteristics of conventional and vertical solar PV systems. Module-
level power optimizers were installed to enhance data acquisition and analysis efficiency.

Table 2. Test-bed design overview.

Details

Solar module 460 W monofacial/bifacial (Hanhwa Qcell Co., Seoul, Republic of Korea)

Inverter 110 kW multistring type (Hyundai Co., Seoul, Republic of Korea)

Power optimizer 600 W (First Silicon Co., Seoul, Republic of Korea)

Tilt 90◦ (vertical type), 25◦ (conventional type), tracker type

Azimuth of vertical
PV 0◦, 45◦, 90◦, 135◦, 225◦, 270◦, 315◦

Furthermore, power optimizers increase the current, which may have been reduced to
normal module levels using the DC/DC converter functionality owing to effects such as
individual module shading and module-to-module mismatch within a string. By doing so,
it prevents a decrease in the overall power generation of the string, enabling the inverter
to perform optimal maximum power point tracking (MPPT) and optimize solar power
generation [22].

In vertical solar PV systems, solar radiation sensors are placed on the front and back
of the solar modules, along with surface temperature sensors on the back. By contrast, solar
radiation sensors are installed on the structures of conventional solar PV systems with a
25◦ installation angle.

Table 3 presents the results of shadow impact simulations conducted using the SolarPro
program to optimize the placement of the test-bed, which includes both conventional and
vertical solar power generation systems. The system is designed to ensure there is no
shadow impact within the modules based on the winter solstice in Republic of Korea, from
10:00 AM to 3:00 PM. When analyzing the snapshots captured at 10:00 AM and 3:00 PM,
as shown in the “Overall bird’s eye view” in Table 2, it is evident that there is no shadow
interference caused by adjacent structures on individual structures.
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Table 3. Shade impact simulation conceptual diagram (based on winter solstice 2022).
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2.6. Construction of a Photovoltaic Generation System Test Bed

The solar PV system is based in the Naju City, Jeollanam-do, with a total installed
capacity of 28.5 kW. It comprises vertical solar PV panels with a 14.8 kW capacity, conven-
tional solar panels (oriented to the south with a 25◦ installation angle) with an 11.0 kW
capacity, and tracking solar panels with a 2.7 kW capacity. Gravel is spread across the
ground at power generation facilities to inhibit the growth of weeds and unwanted vegeta-
tion. Figure 2 is the actual view of the completed test-bed. In the constructed PV system,
analysis is performed using data from vertical PV system using bifacial modules marked
with a red box and conventional PV system using monofacial/bifacial modules. To acquire
various types of data within the limited site area, the front and rear sides of the modules
were arranged by crossing them within the same structure of vertical PV.

Monofacial and bifacial solar modules from Hanwha Q Cells with a 460 W rated power
were used. For the bifacial modules, both the front and back sides had a 2 mm-thick glass
to facilitate the output characteristic analysis. Tables 4 and 5 list the specifications of the
configured bifacial and monofacial modules, respectively.
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Figure 2. Test-bed placement and data analysis targets (vertical and conventional PV which utilizes
both bifacial and monofacial modules).

Table 4. Specifications of the bifacial module.

Details

Module name Q.PEAK_DUO_XL-G9.3 BFG 460

Max. power 460 W

Efficiency 20.6%

Temp. coefficient of PMPP −0.35%

Bifaciality (70 ± 5)%

Front glass thickness 2 mm

Rear glass thickness 2 mm

Table 5. Specifications of the monofacial module.

Details

Module name Q.PEAK_DUO_XL-G9.3 KR1 460

Max. power 460 W

Efficiency 20.6%

Temp. coefficient of PMPP −0.35%

Front glass thickness 3.2 mm

3. Results and Discussion
3.1. Data Analysis of East–West-Facing Vertical Solar Photovoltaic System

The operating data under different installation conditions were monitored using the
module-level voltage/current/power, inverter-level voltage/current/power, and weather
sensors (solar radiation and temperature). Data were acquired at a minimum of 1-min
intervals. However, data were analyzed at 1-h intervals. For example, the data recorded at
7 AM were the average values of the data acquired between 6 AM and 7 AM. Consequently,
considering the differences in time resolution is necessary to compare the findings of this
study with other cases based on a lower time resolution.
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Data acquisition began in January 2023. For seven successive months, output analysis
was performed based on days with clear skies and peak production days, as selected based
on the daily average cloudiness data provided by the Korean Meteorological Administration
(KMA) (Table 6). Slightly cloudy days were used as the basis for the analysis for July as
there were no clear-sky days.

Table 6. Amount of cloud.

Clear Sky A Little Cloud Lots of Cloud Cloudy

Amount of cloud 0~2 3~5 6~8 9~10

Table 7 presents the operational results for the vertical solar power system with a 90◦

azimuth facing east–west. The values were calculated using the DC output data of a single
module in the optimizer to minimize the effect of the variables on the output characteristics
of the vertical solar power system. Table 7 lists the monthly average daily power generation
and monthly capacity factor for the days, excluding periods of the abnormal operation and
maintenance of the test bed.

Table 7. Comparison of power generation and capacity factor between vertical (east–west) PV and
conventional PV using bifacial/monofacial modules.

Generation (Wh) Jan Feb Mar Apr May Jun July

Vertical
(bifacial)

daily average 1152 1262 1492 1413 1440 1437 913

clear days average 1481 1733 1859 2156 2254 1910 1604

Conventional
(monofacial)

daily average 1514 1986 2166 1955 1917 2103 1277

clear days average 1826 2703 2705 2977 2945 2759 2121

Conventional
(bifacial)

daily average 1686 2148 2354 2110 2060 2194 1317

clear days average 2026 2922 2911 3173 3182 2888 2178

Monthly capacity factor (%) Jan Feb Mar Apr May Jun July

Vertical
(bifacial)

daily average 10.4 11.4 13.5 12.8 13.0 13.0 8.3

clear days average 1.34 15.7 16.8 19.5 20.4 17.3 14.5

Conventional
(monofacial)

daily average 13.7 18.0 19.6 17.7 17.4 19.0 11.6

clear days average 16.5 24.5 24.5 27.0 26.7 25.0 19.2

Conventional
(bifacial)

daily average 15.3 19.5 21.3 19.1 18.7 19.9 11.9

clear days average 18.4 26.5 26.4 28.7 28.8 26.2 19.7

For clear-sky days, the power generation was averaged based on dates provided by
the KMA, ranging from 0 to 2. Notably, a few cloudy days were used as substitutes for the
calculations for July 2023 as there were no clear-sky days.

The monthly average daily power generation for the east–west vertical solar power
generation system ranged from 913 kWh to 1492 kWh. The monthly capacity factor from
January to July ranged from 8.3% to 13.5%. The peak power generation (1st peak) for the
vertical solar power generation system with an east-facing front occurred in the morning,
followed by a second peak generation time in the afternoon, owing to the rear-facing west
side of the modules. This resulted in a twin-peak generation pattern, as shown in Figure 3.

Figure 3 illustrates the distribution of the peak generation times in the morning and
afternoon from January to July for the days that were either clear or had minimal cloud
cover. In January, the peak generation occurred at 10–11 AM and 3–4 PM. As the analysis
progressed toward July, peak generation was observed at approximately 9 AM and 5 PM.
Table 8 lists the concentrated generation times on the peak days for each month.
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Table 8. Concentrated generation times (1st peak/secondary peak) of vertical PV.

Jan Feb Mar Apr May Jun July

11/16 10/16 10/16 9/17 9/17 10/16 10/17

The total energy generation and peak generation values must be considered for the
hosting capacity. The monthly maximum output values listed in Table 9 indicate that the
peak generation occurred in January at 89.1% of the installed capacity. Peak generation
occurred on 25 January 2023.

Table 9. Peak generation of vertical PV.

Jan Feb Mar Apr May Jun July

Vertical PV module 409.7 340.4 349.7 357.1 338.2 290.6 277.9

Compared with facility capacity (%) 89.1 74.0 76.0 77.6 73.5 63.2 60.4

Several factors caused the relatively high peak generation on 25 January compared
with the other months. On that day, the average temperature was −7.9 ◦C, according to
the KMA, resulting in lower module heating effects. Additionally, as shown in Figure 4,
there was a direct solar radiation of approximately 800 W/m2 during the concentrated
generation hours for the vertical solar modules. This condition is conducive to the vertical
solar panel generation during the winter months when the sun’s altitude is low.

The 25◦ installation angle for the structures also contributed to favorable conditions.
The installed solar radiation sensor recorded daytime values of approximately 1000 W/m2,
indicating excellent weather conditions.

In Figure 4, the blue and red solid lines represent the solar radiation measurements
from the sensors installed on the front and back sides of the vertical solar modules, respec-
tively. The yellow solid line represents the solar radiation measurement values from the
sensors installed on the structures with a 25◦ installation angle. The grey and green dashed
lines represent the atmospheric and module surface temperatures, respectively.
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Figure 4. Weather monitoring data for 25 January 2023.

Furthermore, on that day, snow covered the ground, resulting in a high albedo of
approximately 0.9 [23]. This high albedo indicated that a substantial amount of sunlight
was reflected from the ground, increasing the front- and back-side generation of the module.

Peak generation in February started at 74% of the installed capacity and increased
until April before gradually decreasing to 60.4% after May, influenced by changes in the
sun’s altitude and weather conditions.

Table 10 presents detailed figures of the peak generation by time of day from January
to July, as shown in Figure 5. In comparing the maximum outputs based on the operational
performance between the bifacial vertical solar panels and conventional solar panels,
Table 10 indicates that the peak generation of the vertical solar panels is lower. This
difference can be attributed to the physical characteristics of the vertical solar panels based
on their installation conditions.

Table 10. Hourly peak generation results.

Time 7 h 8 h 9 h 10 h 11 h 12 h 13 h 14 h 15 h 16 h 17 h 18 h 19 h

Vertical-type bifacial
module (W) 92.3 310.0 357.1 409.7 398.5 317.7 236.4 242.6 266.0 288.3 260.1 213.3 71.7

Compared with
facility capacity (%) 20.1 67.4 77.6 89.1 86.6 69.1 51.4 52.7 57.8 62.7 56.5 46.4 15.6
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3.2. PVsyst Simulation Modeling

Simulations were performed using the PVsyst 7.3 program to predict the power
generation of the solar PV systems. PVsyst is a specialized software used for annual
power generation calculations and loss analysis of solar PV systems, including shading
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analysis. As shown in Figure 6, during the initial setup phase of the system, simple input
variables were used to predict the installation angles, orientation-based effective surface
area, and loss rates. In the simulation phase, system configuration and shading analyses
were performed to calculate the loss rates and power generation [24].
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Figure 6. Analysis conditions and results of PVsyst.

Key assumptions for the simulation of vertical PV systems included the modeling of
vertical structures, the application of bifaciality for bifacial modules, and setting the albedo
based on the actual ground conditions of the test site.

Table 11 lists the simulated conditions of the solar PV system used in this study.

Table 11. Simulation conditions of the PVsyst program.

Details

Weather data Meteonorm 8.1, KMA

Location latitude 34.98◦ N/longitude 126.69◦ E

Installation conditions
vertical tilt 90◦, east–west oriented (azimuth 90◦)

conventional tilt 25◦, azimuth south (0◦)

DC side design
vertical 460 W × four serial × three parallel

conventional 460 W × six serial × two parallel

Albedo 0.18 (dry compacted gravel) [25]

Weather data were obtained from Meteonorm 8.1 and KMA sources. Meteonorm
8.1 uses artificial satellite data in addition to ground-based observations, resulting in rela-
tively low errors when calculating solar irradiance for domestic and international locations.
KMA data are known for their high reliability with respect to domestic observation data;
however, concerns may exist regarding errors when applied to locations far from the ob-
servation stations. As the KMA did not provide solar irradiance data for the Naju region,
weather data for the Gwangju City were used for this research.

In the simulations, 6 kW systems were developed for the configurations, and mismatch
losses were set to account for power loss caused by voltage and current mismatches between
the modules and string voltage mismatches. For vertical PV systems, the module mismatch
losses were set to 3%, and the string voltage mismatch was set to 0.2%. In addition, vertical
PV systems, with a 90◦ installation angle and higher susceptibility to surface contaminant
accumulation than conventional bifacial PV systems, had a module surface loss coefficient
of 1.0%. A reference was made to experimental cases under similar overseas conditions to
simulate a ground albedo similar to that of the actual test bed.

Table 12 lists the simulation results for each weather dataset. The table indicates that
the power generation results from the KMA data under the same simulation conditions
were slightly higher.
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Table 12. Power generation simulation results (kWh).

Meteonorm 8.1 KMA

Vertical
(Bifacial)

Conventional
(Monofacial)

Conventional
(Bifacial)

Vertical
(Bifacial)

Conventional
(Monofacial)

Conventional
(Bifacial)

Jan 381 509.4 538.6 391.5 539.5 569.1
Feb 443.5 559.4 592.2 448.1 585.8 619.4
Mar 593.1 712.5 759.4 586 735.8 782.6
Apr 675.8 766.4 822.7 662.3 764.5 820.5
May 698 780 842.6 721.1 792.1 856
Jun 596.8 658.1 716.1 585.1 651.4 708.4
July 579.7 620.1 675 541.2 583.4 635.9
Aug 605.2 687.4 742.3 567 620.5 673.4
Sep 551 651.1 695.9 541.2 621.7 666.7
Oct 550.4 684.6 726.1 532.7 682.9 723.2
Nov 391.6 518.8 549.5 407.6 537.1 568.4
Dec 334.8 454.6 483.2 358.4 490.8 519.7

3.3. Comparison of PVsyst Simulation Results with Operational Data

Monthly power generation simulations were conducted for a solar PV system at the
same location to compare the operational data and simulation results. The results were
converted into monthly capacity factors based on the actual module ratings of 460 W.

Figures 7 and 8 represent the capacity factor trends of the simulation results using two
weather datasets and actual operational data from the test bed. For the conventional PV
system, the operational data were higher than the simulation results from January to March
and June. For the vertical PV system, the operational data closely matched the simulation
results for January to March, but decreased thereafter. A slight decrease in the average
capacity factor for the operational data in April and May was observed in both cases.
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Figure 7. Comparison of operational data and Meteonorm-based simulation results.

Figure 9 shows the ratio of solar irradiance in 2023 to the monthly average solar
irradiance from 1981–2022, as provided by the KMA [26]. The solar irradiance in 2023
was approximately 20% higher than the average from 1981 to 2022, but showed a similar
pattern in April and May. This suggests that the operational data patterns for conventional
PV systems were similar to those expected for normal operation on the test bed. However,
for vertical PV systems, the significant decrease in power generation compared with the
simulation results may have occurred because the PVsyst program does not calculate
electrical losses when shading occurs on the rear side of the bifacial modules, and losses
from reflected and diffused solar radiation owing to shading are limited.
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4. Conclusions

This study aimed to acquire peak generation data track records of a vertical PV
system, which are essential for analyzing the voltage stability and thermal capacity of the
interconnected lines owing to solar power generation integration. Moreover, it aims to
analyze the hourly generation peak and total generation.

To this end, a vertical solar PV system, designed and constructed using bifacial mod-
ules facing east (front) and west (rear), was analyzed based on operational data obtained
from January to July 2023 in Republic of Korea.

The vertical PV system exhibited a peak power generation of 89.1% compared with the
conventional PV system using bifacial modules. Based on operational data from January to
July, the power generation output of the vertical PV system decreased to 65.7% compared
with that of the conventional system with bifacial modules, corresponding to 78.8% to
80.2% based on the PVsyst results. However, power generation can be improved based on
albedo in areas with heavy snowfall.

Vertical PV systems exhibit concentrated power generation in the morning and after-
noon, which could enable an optimal power supply during peak demand times within a
smart grid. In addition, owing to the concentrated power generation during sunrise and
sunset, an output shift occurs, which could lead to the replacement effect of energy storage
systems (ESS) and prevent power grid issues, such as the curtailment of renewable energy
output [27].

Furthermore, considering the low peak power generation characteristics compared
with conventional PV, a new grid connection method based on operational data can be
developed to increase the PV hosting capacity and line utilization rate.

This study was based on seven months of empirical data. Therefore, economic analysis
and further analysis on the impact of vertical PV systems on the power grid will be
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conducted based upon the availability of annual data to provide insights into improving
the PV hosting capacity.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/en16196971/s1, Agrivoltaics based on vertical bifacial PV by the
German company Next2Sun.
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