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Abstract

Despite the benefits and the economic advantages of agrivoltaics, capital costs limit deployment velocity.
One recent potential solution to this challenge is to radically reduce the cost of racking materials by using
existing farm fencing as vertical photovoltaic (PV) racking. This type of fenced-based PV system is
inherently electrically challenging because of the relatively long distances between individual modules
that are not present in more densely packed conventional solar PV farms. This study provides practical
insights for inverter selection and wire sizing optimization for fence-based agrivoltaic systems.
Numerical simulation sensitivities on the levelized cost of electricity (LCOE) were performed for 1)
distance from the fence to the AC electrical panel, 2) inverter costs, and 3) geographic locations. The
results showed that microinverters had better performance when the cross-over fence length was under
30 m or when the system was designed with less than seven solar PV modules, whereas string inverters
were a better selection for longer fences. The cross-over number of modules depends significantly on the
cost of the inverters, which is a parameter that influences the system's design. The capital costs for a
fence retrofit is far less than for any form of conventional PV racking. In addition, the LCOE of the
vertical fencing solar agrivoltaic system can be competitive with conventional ground-mounted solar PV
for the niche of small-farmers, but further studies are needed for an in-depth cost comparison analysis of
the two systems for agrivoltaics and vertical PV fencing systems for large-scale multi-hectare agricultural
applications.
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1. Introduction

In order to utilize solar photovoltaic (PV) technology to offset enough fossil fuel production to
halt climate destabilization, large surface areas are needed [1]-[6]. Cities, where the majority of humanity
calls home [7], lack adequate surface area for PV to meet electrical needs even without including
electrification of heating and transportation to eliminate the need for all fossil fuel combustion. Large
surface areas are available in rural areas, the center of food production [8]. Such land-use conflicts, once
relegated to wind farm development [9]-[12], are increasingly challenging large-scale PV projects as
they can interfere with agricultural production [3], [5], [13], [14]. These problems are slated to worsen
with the human population increasing by 1.15%/year [15], and thus food production needs to be increased
by 70% by midcentury to feed all 9.1 billion people expected to be alive at the time [16]. Historically,
the good-intentioned conversion of cropland to ethanol production for fuel increased food costs and
aggravated global hunger [17]-[20]. Agrivoltaics, a relatively new technology that co-develops land for
both PV and agricultural food production, can meet the goals of both applications, not only without
conflict, but also some synergies [21]-[23]. These synergies, which include protection of plants from
direct sunlight and overheating, increase sub-panel water retention for plants, and lower operating
temperatures for PV, enable agrivoltaics to at least provide the option of increasing global land
productivity by 35-73% [21], while minimizing agricultural displacement for energy [22]-[25].
Agrivoltaics is under intense research investigation including aloe vera [26], aquaponics (aquavoltaics)
[27], lettuce [28], [29], grapes [30], maize or corn [31], [32], and wheat crops [33]. Agrivoltaic studies,
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in general, show either marginal impacts on various crop productions or sometimes an increase,
particularly of shade-tolerant leafy vegetables like lettuce, which prefer partial shading from PV [34].
Agrivoltaics creates a mutually beneficial symbiosis [35]-[37]. Socially, it is supported by farmers [38],
the PV industry [39], and the general public [40]. Despite these benefits and the economic advantages of
agrivoltaics [22], the cost of solar agrivoltaics system, especially for small-scale farmers, remain capital
intensive. This is in part due to the capital costs of the balance of system (racking and electrical
installations) that represent 32% of the total cost of the system (not including soft costs) [41]. One recent
potential solution to this challenge is to radically reduce the cost of racking materials by using existing
farm fencing [42] to make agrivoltaic systems. In such systems, PV modules can be mounted with metal
cable zip ties to a wide variety of existing fencing and still meet mechanical and civil codes [42]. Such
fenced-based PV systems not only create solar electricity that has economic value, but can act as wind
barriers [43], [44]. Also, the fences serve as a deterrent against wild animals that can otherwise intrude
on the farm and destroy crops or harm the animal husbandry [45], [46].

This type of fenced-based PV system is inherently electrically challenging because of the relatively
long distances between individual modules compared to the more densely packed conventional solar PV
farms. In addition, the nature of such arrays means that farmers could install such PV systems themselves
with existing tools, but are unlikely to be PV system design experts. How should such systems be
designed electrically? How to select the best inverter suitable to the fence-based PV application?

This study is designed to answer these questions for small farmers for the first time and provide
practical insights for inverter and wire selection for PV system designers and small-scale farmers who
want to improve the value of their business. Through numerical simulation studies it will provide the best
inverter for solar fences application depending on the length of the fence, with a particular focus on the
wire sizing optimization for microinverters and central inverters. Sensitivities are run on 1) distance from
the fence to the AC electrical panel, 2) inverter costs, and 3) geographic locations. Using the costs of the
components the levelized cost of electricity is compared to conventional PV systems as a whole and
balance of systems only.

2. Material and Methods

The methodology used in this study combines electrical cables section calculations and solar PV system
design techniques into a practical calculation algorithm that outputs the levelized cost of electricity
(LCOE) of a solar PV system installed on a vertical fence used for agricultural purposes. The algorithm
is applied to a vertical solar fencing, by considering either a string inverter or microinverters, to determine
the appropriate type of inverter that needs to be used for an optimal cost of the system depending on the
length of the fence. A base case analysis is conducted followed by a sensitivity analysis of the key
parameters.

2.1. Solar agrivoltaics system layout

A recent study [42] has performed a wind load study on solar PV modules installed on different types of
farm fences. According to the results, when a single solar PV module is installed between the posts of a
fence with posts, the fencing can sustain up to 209 km/h of incoming wind gust. As a result, in this study
the geometrical layout considered is that of a fence with posts where the posts are spaced by a 5m-
distance as shown in Figure 1 [47]-[49]. A single module is installed in the space between two posts,
and the modules are interconnected through either a string inverter or microinverters and then connected
to the AC electrical panel that will inject the energy from the modules into the grid. The layout for these
systems is shown in Figure 1.
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Figure 1. Layout of the fence with the solar PV modules (example of 4 modules). (a) — Microinverter-
based system. (b) — String inverter-based system.

2.2. Solar PV system design

The design of the solar PV system is performed using the open-source System Advisor Model (SAM)
developed by the National Renewable energy Laboratory (NREL) [50]. The part of the solar PV system
that is of interest in this study includes the solar PV modules, the electrical wiring design, and the DC to
AC inverters. The AC electrical panel as well as the connection to the grid are out of the scope of the
present study. One of the design parameters this study focused on is the type of inverter used to convert
the DC power generated by the PV modules into AC power that is fed to the grid. The inverters used in
this study have been selected from the SAM software database. The other important parameter is the
choice of electrical cables. During the design of an electrical system, cables are a key aspect to ensure



the system will operate as expected under full load conditions and is needed to be selected to ensure that
the system will survive electrical faults events [51]. The design choice of a cable in an electrical system
depends on several parameters, including the nature of the current flowing in the system (AC or DC), the
nominal voltage of the system V,,,,, (V), the nominal current of the system I,,,,,, (A), the desired voltage

drop AV (%), the maximum ampacity rating of the cables I, (A) provided by the manufacturer as well as
the operating temperature of the cables[51]-[53].

2.2.1. Microinverter-based PV system

In the case of a microinverter (mi)-based solar fencing system, each PV module is connected to a single
microinverter and the microinverters are connected in parallel. As a result, the overall DC voltage input
Vpc,, (V) of each microinverter is equal to the maximum power point voltage V., (V) of the module it

is connected to.

| Ve, = Vimpp | (1) |

The AC outputs of the microinverters are connected in parallel, therefore the overall output voltage of
the AC side of the system Vac,,, (V) is the same as the rated output voltage of a single inverter V4

).

| VACsystem(mi) = VACmi | ( 2 ) |

On the other hand, the maximum current in the AC part of the system I . (A) is obtained by dividing
the rated AC power P ¢ . (W) of the inverter by the system AC voltage.

| Iac,, = Pac,,/V ac,, | (3) |

The value of the system’s AC voltage and the AC current are used to design the AC cables running from
the furthest module’s microinverter to the AC electrical. The cables are designed to have a maximum
AC loss of 1%. The section of the AC cable is calculated by Equation ( 4 ):

&), p X Lmi X Igc
ACni =P X A SV 4
Where p (Q/mm?) is the resistivity of the cable adjusted to the temperature, L,,; (m) is the length from

the last module to the AC electrical panel (See Figure 1a), and b is a coefficient that equals 2 for the
single-phase AC cables [52]. After the section of the cable is determined, the chosen commercial cable’s
gauge is used to calculate the actual voltage drop that corresponds to the actual AC wire losses. The fact
that the microinverters deliver power at a power factor of 1 [54], combined with the fact that the study is
considered in steady state application explains the reason why the cable reactance is not included in this
study [52].

(mm?) (4)

system(mi)

The calculated AC losses are then used as input to SAM for simulation of the systems. In the case of the
microinverter, the DC losses are set to zero because the modules are directly connected to the
microinverters through their native cables that are designed to minimize the DC losses. Furthermore, the
mismatch losses are set to zero as well because using individual inverters for each module ensures that



variation in the production of a module will not affect the production of other modules [55], [56]. The
microinverter that was used in the simulation is the Enphase 1Q7 [54].

2.2.2. String inverter-based PV system

The design of the system using the string inverter (si) begins by the choice of an inverter that can support
the string voltage of the series-connected PV modules. Here, the modules are connected in a series string
in the DC part of the system and a DC cable is used to connect the string to the inverter. The inverter is
assumed to be located near the AC electrical panel. The DC voltage of the system is the product of the
total number of modules N and the maximum point voltage of a single module V,,, (V).

| Ve, = Vimpp X N | (5) |

The maximum current that can circulate in the DC part is the same as the maximum current of a single
module. The current that was considered in this study is the short-circuit current I, (A) of the modules

to ensure that fault cases are covered.

| IDCSL-=ISC | (6) |

The DC cables are also designed to have a maximum loss of 1%. The section of the DC cable is calculated
by Equation ( 7 ):

p X Le X I
SDCSi - AV x VDCsi
Where p (€2/mm?) is the resistivity of the cable adjusted to the temperature, and Lg; (m) is the combined
length of the positive pole cable and negative pole cable. In this study, the type of cable that have been
analyzed are made of copper wires, and the cable length is calculated as shown on Figure 1b. After the
section of the cable is determine, the chosen commercial cable’s ampacity is compared to the maximum

current that can flow through the system to ensure the cable will be able to sustain fault current. Then,
the actual voltage drop is determined that corresponds to the actual DC wire losses.

(mm?) (7)

The real DC losses are used as input to the SAM simulation. Also, because of the proximity of the inverter
to the AC electrical panel, the AC losses are considered to be zero. The mismatch losses are considered
here because the losses in a single PV module will be affecting the output of the other modules since the
modules are connected in series.

2.3. Common design aspects of the two systems

Apart from the choice of the inverter and the cables, the design specifications are the same for both the
microinverter-based system sand the string inverter-based system. The location chosen for the study is
the county of Baraga located in the state of Michigan in the United States. The PV module used for the
simulation is the Trina Solar TSM-230 [57]. The TSM-230 solar module has a length of 1.65m and a
width of 0.992m, and these dimensions comply with the wind load calculation performed by Sudha et al.
[42] using a module of area 2m by 1m. In this study, shading calculations were not included as it was
considered that the fences were clear from any nearby obstacles. Also, one advantage of installing solar



PV modules vertically on a fence is that there is no mutual shading form one module onto the others. The
solar PV modules are installed with an azimuth of 180°, or south facing, since the county of Baraga is in
the northern hemisphere. The tilt angle is set to 90° in SAM. The two systems are connected to the grid
through the AC electrical panel and are grid-interactive, no local loads are connected to the system.
Therefore, the electric load has been set to zero in SAM to account for the absence of local loads in the
system.

The simulation is centered around the incremental analysis of the system design and energy production
based on the fence length or number of modules that are installed along the fence. The total number of
simulations is set to 15, which is determined by the maximum number of microinverters that can be
interconnected [54]. An open source script [58]has been written in SAM lk scripting language [59] to
automate the simulation for both systems. The cost calculations have been included in the scripts. The
script handles for each inverter, the calculation of the theoretical cable section using Equation ( 1)
through Equation ( 7 ) as well as the choice of the commercial cable and the price per meter of the cable.
Then, the real line losses are calculated. After that the SAM parameters are set using the values shown
in Table 1. The script is run in a loop for different number of modules (1 to 15), and the lifetime energy
output of the system is captured and used in the calculation of the LCOE at each iteration of the loop.

Table 1. Value of the technical parameters used in the base case simulation.

Parameter Microinverter-based String Inverter-based
System System

Location Michigan

Inclination (°) 90

Azimuth (°) 180

Module annual degradation rate (%) 0.5 [60], [61]

AC wiring losses (%) Calculated 0

DC wiring losses (%) 0 Calculated

Mismatch losses (%) 0 2 [62]

Lifetime of the system (years) 25 [57]

Lifetime of the string inverter (years) - 15 [63], [64]

Lifetime of the microinverter (years) 25 [54], [55] -

The detailed algorithm used in the simulation script is shown on the flowchart in Figure 2.
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Figure 2. Algorithms developed for the calculation of the LCOE of the two systems using SAM scripting
language lk. (a) — Microinverter system algorithm. (b) — String inverter system algorithm.

2.4. LCOE calculation

To compare the performance of the two systems, a levelized cost of electricity method has been used. A
complete levelized cost of electricity LCOE (USD/kWh) calculation usually accounts for the cost of all
components of the energy generating systems, in this case the solar modules Cpy, (USD), the inverters
Cinvy (USD), the balance of system (including cabling and racking cost), labor costs Cup0r (USD),
installers overhead costs C,, (USD), land costs Cj;,q (USD), as well as sales taxes C;,, (USD). The
calculation of the levelized cost of electricity also factors in the energy generated throughout the lifetime
of the system [60], [65]-[67]. The complete levelized cost of electricity is calculated as follows:

CPV + Cinv + Ccables + Cbos + Clabor + Cover + Cland + Ctax

LCOE = (USD/kWh)

Y ExF (8)
0




In Equation ( 8 ), the balance of system cost has been split into C4p.s that is the cost of cables, and C},

that is the cost of the balance of system not including the cables. E (kWh) is the yearly energy produced
by the PV systems considering the annual degradation rate of the modules (0.5% per year), F (%) is the
discount factor, and i is the number of years considered for the study which is equal to the guaranteed
lifetime of the modules.

For the purposes of this study the LCOE is restricted to the cost of the modules, the cost of the inverter,
the cost of the cables, and the cost of the structural balance of systems, which in this case represent the
zip-ties that will be used to install the modules on the fence. This is because the cost of the inverter and
the cost of the cables are parameters that depends on the system design, while the rest of the parameters
remain the same for the two systems (Equation ( 9 )). Also, the discount factor is a parameter set by the
utilities [60], therefore it is not included in the calculation of the LCOE.

CPV + Cinv + Ccables + Cbos

LCOE = (USD/kWh)

l (9)
zo:E

The lifetime of the system considered in this study is i = 25 years aligning with the linear power warranty
offered by the module manufacturer [57]. Microinverters are known to have a longer operational lifetime
than string inverter. Microinverters currently have a lifetime of 25 years backed up by the product
warranty offered by the manufacturers [54], [55]. As a result, the microinverters do not need replacement
during the lifetime of the PV system. On the other hand, the average lifetime of string inverters has been
estimated in past studies to be less than 15 years [63], [64]. Hence, in the string inverter-based solar fence
PV system, the inverter is replaced once during the lifetime of the system.

The cost of the PV modules and the cost of the two types of inverters are obtained from the NREL report
on PV systems cost benchmark [41]. The modules cost per Wdc in the case of small PV installers is 0.61
USD/Wdc while the cost of the inverters for the same category of installers are 0.29 USD/Wdc and 0.14
USD/Wdc for the microinverters and the string inverters, respectively [41]. The cost of the string inverter
has been given per inverter and is doubled in this study to account for the shorter lifetime of the string
inverter. The costs of both the AC and DC cables are obtained for each type of cable gauges ranging
from 0.5 mm? to 120 mm? by averaging the pricing list cost of two major cable manufacturers [68], [69].
The simulation parameters for both systems are shown in Table 2.

Table 2. Value of the economical parameters used in the base case simulation.

Parameter Microinvcerter-based String Inverter-based
System System

Cost of PV modules (USD/kWdc) 0.61 [41]

Cost of string inverter (USD/kWdc) - 0.14 [41]

Cost of microinverter (USD/kWdc) 0.29 [41] -

Cost of the cables Average from price list from two cable

manufacturers [58], [68], [69]
Cost of zip-ties (USD/module) 7.8 [70]

3. Sensitivity Analysis



Some of the parameters that are used in the current study have a location-based or time-based value. To
understand the robustness of the system design algorithm and the consequent choice of the type of
inverter, a sensitivity analysis has been conducted on the following parameters: 1) the distance from the
fence to the AC electrical panel, 2) the cost of the microinverter, 3) the cost of string inverter, and 4) the
geographical location of the system. In the sensitivity analysis, the effect of the fluctuation of each of the
parameters on the results has been analyzed by varying the parameter of interest while the other
parameters are maintained at the value used in the base case. For each instance of the parameter the
sensitivity analysis is performed on, the algorithms in Figure 2 are run for each inverter.

Table 3 shows the values used during the sensitivity analysis for the distance from the fence to the AC
electrical panel, the cost of the microinverter, and the cost of the string inverter.

Table 3. Value range of the parameters used for the sensitivity analysis

Parameter Low Value High Value | Increment | Source
Distance from the closer end of the 20 160 10 This study
fence to the AC electrical panel (m)

Cost of microinverter (USD/kWdc) 0.14 0.44 +0.05 NREL [41]
Cost of string inverter (USD/kWdc) 0.04 0.29 +0.05 NREL [41]

For the geographical location sensitivity analysis, four different locations have been considered in the
southern hemisphere, seven distinct locations are analyzed in the northern hemisphere, and one location
close to the equator is investigated. These locations have been chosen to cover approximately every 10-
latitude degree where there is human population concentration and available solar irradiation as shown
in Table 4. The azimuth for the locations situated in the northern hemisphere, was set to the 180° (south-
facing) while the azimuth was set to 0° (north-facing) for the locations situated in the southern
hemisphere. Additionally, for the location closest to the equator (Libreville), an additional sensitivity
analysis is run on the azimuth to determine the orientation that yields the lowest LCOE.

Table 4. List of the locations included in the sensitivity analysis

Location Latitude (°) Country

Helsinki 59.97 Finland

Winnipeg 48.89 Manitoba - Canada
L’Anse 46.77 Michigan - United States
Madrid 40.41 Spain

Cairo 30.05 Egypt

Mexico City 19.45 Mexico

Conakry 9.53 Guinea

Libreville 0.4 Gabon

Dar es Salaam -6.83 Tanzania

Brasilia -15.79 Brazil
Johannesburg -26.19 South Africa
Melbourne -37.83 Australia

4. Results



4.1. Base case results

The results of the base case simulation are displayed in Table 5. The values of the lifetime energy (kWh),
the chosen cable section (mm?), the system cost (USD), as well as the LCOE (USD/kWh) are shown for
the microinverter-based system and the string inverter-based system. The lifetime energy production
shows that the microinverter system has a higher energy output than the string inverter-based system.
For example, for a single module, the microinverter-based system has a lifetime output of 5.1 MWh while
the string-based inverter has a lifetime output of 5 MWh. And when the number of modules is set to 15
(maximum number of microinverters that can be connected in parallel), the microinverter-based system
has a lifetime energy generation of 76.7 MWh while the string inverter-based system has a lifetime
production of 73.7 MWh. On the other hand, the cost of the microinverter system has a higher increase
rate as compared to the cost of string inverter-based system. For a single module, the microinverter-based
system has a total cost of 216 USD, and the string inverter-based system has a cost of 379 USD; while
for 15 modules the total costs are 4,884 USD and 3,415 USD for the microinverter-based system and the
string inverter-based system, respectively. As a result, the LCOE of the microinverter-based system rises
with the increases of the number of modules while the LCOE of the string inverter-based system
decreases with an increase in the number of modules as shown on Figure 3.

Table 5. Results of the base case simulation for the microinverter-based system and the string inverter-
based system

Microinverter String Inverter
Fence | Modules | Lifetime Cable System | LCOE Lifetime | Cable System LCOE
Length = Quantity | Energy | Section | Cost (USD/kWh) | Energy Section Cost (USD/kWh)
(m) (kWh) (mm?) (USD) (kWh) (mm?) (USD)
5 1 5,115 0.5 216 0.042 5,000 35 379 0.076
10 2 10,210 1.0 446 0.044 9,635 25 576 0.060
15 3 15,357 2.5 687 0.045 14,687 25 758 0.052
20 4 20,480 4.0 935 0.046 19,608 16 985 0.050
25 5 25,525 4.0 1,160 0.045 23,531 16 1,217 0.052
30 6 30,660 6.0 1,426 0.047 29,514 10 1,389 0.047
35 7 35,840 10.0 1,763 0.049 34,459 10 1,614 0.047
40 8 40,888 10.0 2,004 0.049 37,469 10 1,839 0.049
45 9 46,091 16.0 2,448 0.053 44,655 10 2,064 0.046
50 10 51,144 16.0 2,706 0.053 46,905 10 2,289 0.049
55 11 56,176 16.0 2,963 0.053 54,735 10 2,514 0.046
60 12 61,428 25.0 3,579 0.058 59,670 10 2,740 0.046
65 13 66,475 25.0 3,861 0.058 64,884 10 2,965 0.046
70 14 71,504 25.0 4,143 0.058 69,811 10 3,190 0.046
75 15 76,747 35.0 4,884 0.064 73,712 10 3,415 0.046

On, Figure 3, the LCOE (USD/kWh); that includes for each system the cost of the modules, the cost of
the inverter, and the cost of the cables; is studied for different values of the fence length. Here, the fence
length has a direct equivalence with the number of modules in the system. A single module is installed
in the space between two posts of the fence, therefore there is one module for each 5m of fence.
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Figure 3. Comparative LCOE cost of the system (modules, inverter, and cables) depending on the length
of the fence for the microinverter-based systems and the string inverter-based system.

The minimum value of the LCOE for the microinverter case is 0.04 USD/kWh for a single module or a
fence length of 5m, and the maximum value for the same type of inverter is 0.06 USD/kWh for 15
modules or a fence length of 75m. From Figure 3, the curve of the LCOE for the microinverter increases
with the number of modules installed in the system. On the other hand, the value of the LCOE for the
string inverter- based system varies from 0.07 USD/kWh for a fence length of 5m or a single module to
0.04 USD/kWh for a fence length of 75m or 15 modules (the limit on the number of parallel connections
possible with the microinverter) [54]. The LCOE for the string inverter-based system decreases when the
number of modules increases. The plot of the LCOE for each of the two types of system crosses at a
fence length of 30m or 6 modules, showing that the LCOE for the string inverter-based system is higher
than the LCOE of the micro-inverter-based system when the length of the fence is lower than 30m. When
the number of modules is greater than 6 modules, then the LCOE for the string inverter is lower than that
of the microinverter. The trend of the LCOE of the two types of systems observed in Figure 3 is linked
to the choice of the cables that are used respectively in the two systems as shown on Figure 4.
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Figure 4. Comparison of the sections chosen for the cable at each simulation step (number of modules
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4.2. Sensitivity results

The sensitivity results are obtained by plotting the cross-over fence length or the fence length at which
the LCOE of the two systems cross each other. The cross-over fence length is recorded for different
values of the sensitivity parameter.

4.2.1 Distance from the fence to the AC electrical panel

In the case of the distance from the fence to the AC electrical panel, the cross-over fence length varies
between 30m (6 PV modules) and 25m (5 PV modules) as can be seen in Figure 5. For a distance from
the fence to the AC electrical panel between 20m and 60 m, as well as for a distance between 100 and
110m, the cross-over fence length is 30m. On the other hand, this distance is reduced to 25m when the
distance from the fence to the AC electrical panel is between 70 and 90 or for distances above 110m. As
can be seen from Figure 5, the distance to the fence has only a minor impact on the optimal design.
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Figure 5. Sensitivity results of the cross-over fence length for different values of the distance from the
fence to the AC electrical panel.

4.2.2 Inverter costs

Figure 6 shows the results of the sensitivity analysis when there is a change in the cost of the inverters.
The results on Figure 6a clearly show that when the cost of the microinverter goes down while the cost
of the string inverter remains unchanged, then the cross-over fence length is increased Similarly, Figure
6b shows that when the cost of the microinverter is maintained at a constant value while the cost of the
string inverter is changed, the cross-over fence length decreases with the decrease of the string inverter
cost and when the cost of the string inverter is increased, the fence length increases accordingly.
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Figure 6. Sensitivity results of the cross-over fence length for a variation of the inverter’s cost. (a)
Case of the microinverter-based system. (b) Case of string inverter-based system.

4.2.3 Location



Running the simulation for different locations across the world does not impact the cross-over fence
length, which remains the same as in the base case (30m or 6 PV modules). Nevertheless, comparing the
LCOE at the cross-over fence length for the location results show that the LCOE depends on the location
as shown in Figure 7. The highest LCOE for the locations considered in this study is registered for
Libreville (0.09 USD/kWh), while the lowest LCOE is obtained for Johannesburg, Winnipeg, Madrid,
and Cairo (0.04 USD/kWh). It can be noticed that the LCOE is the highest for the location nearest to the
equator. Therefore, an additional sensitivity is run for the case of Libreville, which investigates the
orientation of the fence.
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Figure 7. Sensitivity results of the cross-over fence length and the corresponding LCOE for different
geographical locations.

Figure 8 shows the results for the specific case of Libreville (near the equator) where several azimuths
are analyzed to determine which orientation of the fence yields the lowest LCOE. According to the results,
an azimuth of 0° and 180° or north and south orientation yields the highest LCOE (0.09 USD/kWh). On
the other hand, and azimuth of 270° or a west-facing orientation yields the lowest LCOE (0.06

USD/kWh).
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Figure 8. Results of the sensitivity analysis on the orientation (azimuth) of the fence for the case of a
location near the equator.

5. Discussion

The base case simulation performed in this study has shown that the LCOE of a solar PV system installed
on an existing vertical fence depends on the type of inverter used to convert the DC power into AC
power. For the microinverter-based systems, the value of LCOE decreases with an increase in the number
of PV modules. Moreover, for the string inverter-based system, the opposite tendency is observed. This
observation shows that microinverters are better suited for small-scale vertical solar PV systems installed
on fences when the number of modules is less than or equal to 6 with a corresponding LCOE of 0.05
USD/kWh (the LCOE includes all non-labor components of the retrofit: PV, inverter, cables and zip ties).
When the number of modules is higher than six or the fence length exceeds 30m, string inverters yield a
lower LCOE, as displayed in Figure 4. Figure 4 shows how the cable section varies with the increase in
the number of modules, or the fence length, in each case. For the microinverter-based systems, the total
current transported in the AC part increases with the number of modules while the voltage remains
constant. Therefore, the size of the cables needs to increase to keep the wire losses below 1%. On the
other hand, the string inverter-based system uses cables with decreasing sections while the number of
modules increases. This information agrees with the increase in voltage in the string inverters as the
number of modules increases while the current remains constant in the module string.

According to the sensitivity analysis results, the maximum number of modules under which the
microinverter-based system has a lower LCOE than the string inverter-based system (cross-over number
of modules) decreases from 6 to 5 when the distance between the fence and the electrical panel is above
60m. This decrease is the result of the increase of the wiring losses in the microinverter-based system.
The choice of a higher cable cross-section, which translates into a higher system cost or LCOE,
compensates for the increasing wiring losses. For a fence length between 100m and 110m, the cross-over
number of modules goes up to six. The increase of the cross-over number of modules results from the
difference between the LCOE being in a tenth of cents for these two distances, suggesting that using a
string inverter or a microinverter for these specific fence lengths will cause no significant differences in



the LCOE. Additionally, the sensitivity analysis highlights the impact of a change in the inverters' costs
on the base case results. If the string inverter cost remains unchanged while the microinverter cost
decreases by 52%, the cross-over number of modules will increase from the base case value (6 modules)
to 11 modules. On the other hand, if the microinverter cost remains fixed while the string inverter cost
decreases by 86%, then the cross-over number of modules will decrease to 2 modules. As a result, the
costs of the inverters are clearly the most critical parameter to consider when choosing a type of inverter
during the designing of a vertical solar agrivoltaic fence system. Furthermore, the sensitivity results
emphasize that the location does not affect the cross-over number of modules. Nevertheless, one crucial
observation during the location sensitivity analysis is that the cross-over LCOE varies from one location
to another even though the number of modules or the DC power rating of the system is the same across
locations. This result reveals that if the value of solar PV equipment is the same across locations, the
economic value of solar agrivoltaic fencing depends on the installation site. Installations sites located at
higher latitudes in both the northern and southern hemispheres generally have the best LCOE because
the tilt of the solar modules (90°) is closer to the latitudes of the locations [71], [72]. When the location
is at high latitudes with freezing weather, however, then the LCOE is reduced because the global solar
irradiation becomes lower. Further analysis into the location nearest to the equator has shown that an
azimuth of 270° (west-facing orientation) will minimize the LCOE. For a location on the equator, an
azimuth of 90° (east-facing) or 270° (west-facing) will theoretically yield the maximum energy
production or lowest LCOE. In this simulation, the azimuth of 270° has a lower LCOE because SAM
algorithm uses the reduced form of solar angle of incidence equation [62], [73]. In the reduced equation
of the angle of incidence the difference between the solar azimuth and the surface azimuth is used instead
of just the surface azimuth. This introduces a shift in the angle of incidence value that impacts the
subsequent variables that are calculated using the angle of incidence. As a result, the incident beam
irradiation value is affected as well as the lifetime energy production and the LCOE and can be
investigated in more detail in future work.

This study is the first to cover the detailed electrical design of vertical agrivoltaic solar fencing used as
an energy generation device; past studies focused primarily on using solar power to energize electrical
fences [74]-[77]. The design process developed in the study is aimed at small farmers across the world
to bring added value to the existing farming activities and existing fencing infrastructure. The algorithm;
and the SAM script for the choice of the inverter and the appropriate cable section are open source [58].
As a result, any small-scale farmer who has access to the open-source SAM software can design and
install a solar PV system on an existing farm fence structure. Small-scale farms or farms with a total
exploitable area smaller than 20,000 m?2 are 570 million worldwide, representing 12% of the world’s total
agricultural land [78], [79]. Most of these small farmland sites are in rural areas where energy costs are
extremely high due to the distance and losses of the transmission and distribution lines, and some do not
have access to grid electricity. Therefore, solar agrivoltaic fencing applications appear as an attractive
alternative to reduce the cost of electricity for small-scale farmers. The reduction of the balance of system
cost emphasizes the importance of considering vertical fencing solar agrivoltaic. In the vertical solar
agrivoltaic system layout design proposed by Sudha et al. [42], the balance of system cost is reduced to
the cost of zip-ties because there is no need for a foundation as in most ground-mounted solar PV systems.
Here, existing fence structures replace the foundations. Even though the overall energy production of the
vertical fence solar agrivoltaic system is smaller than the energy produced by the optimized ground-
mounted solar PV systems, the vertical fence agrivoltaic systems has the potential to compete with land-
based systems in terms of LCOE. According to the NREL, the LCOE of conventional residential PV
ranges between 0.10 USD/kWh and 0.14 USD/kWh [41]. The different values of LCOE in this study
ranged from 0.04 USD/kWh to 0.08 USD/kWh, not including administrative costs, sales costs,
installation costs, or taxes. Because the system proposed in this study is a do-it-yourself (DIY) PV system
[80], most of the costs listed above do not intervene in calculating the final LCOE cost. Therefore, it is



clear that vertical fencing solar agrivoltaic systems not only have lower capital costs than conventional
ground mounted systems, but can also be expected to have a competitive LCOE compared to optimized
ground-mounted systems. For example, the LCOE of a microinverter-based fence agrivoltaic system
using 6 modules is 0.06 USD/kWh, while the LCOE of an optimized tilted ground-mounted PV system
is 0.05 USD. The calculation of these two LCOE is performed in SAM (not including financing and taxes)
using the output of the base case simulation and considering the same system parameters for the fence-
based system and the optimized ground-mounted system. The substantially lower capital cost giving a
similar LCOE is especially compelling for the niche market of small-scale farmers often lacking in capital
if the inverter choice and the cable section are optimized. It should also be pointed out that these LCOE
values did not include any ancillary benefits that the PV additions to fencing might provide the farmer.
It is well established that windbreaks, would be expected to reduce soil erosion [81], [82], may also
increase crop quality and crop yield [83]-[85] and may improve water-use efficiency [44] and rebuild
soil carbon [86]. These benefits might also occur with the addition of a solar fence acting as a windbreak.
Future work is needed to quantify these benefits with modeling and experimental studies.

The results of this study have shown that vertical solar agrivoltaic fences represent a promising niche
market research field to lower the solar PV system cost for small-scale farmers. In conventional solar PV
systems, the environmental impact of the racking represents 8 to 23% of the total emissions of the system
[87], [88]. In the proposed system design, the zip-ties and the existing fences constitute the racking;
therefore, although it can be hypothesized that such systems will have an even lower environmental
impact than conventional systems, future works is needed to analyze the emissions reductions and overall
ecological footprint of the fencing PV system compared to conventional solar PV systems. A complete
life cycle analysis needs to be performed on vertical solar agrivoltaic systems to evaluate how much they
can contribute to the global climate change mitigation effort. The current study has focused on grid-
connected systems. There is, however, no electrical grid access in some locations where small farms are
situated [89]. Therefore, future work is needed to analyze a stand-alone vertical fence agrivoltaic system
with a backup solution. Future studies can focus on analyzing the battery bank capacity or a combined
solar PV-biodiesel generator renewable solution needed in different remote locations to allow an
autonomous operation of the vertical agrivoltaic fence system. As this study has focused on small-scale
farmers, the logical next topic to investigate is the design of vertical solar fencing for large-scale farms.
The complexity of using the proposed system design in large-scale farms increases with the longer
distances and the different orientations of each side of the fence. Future studies need to analyze the impact
of the distances and the difference in orientation to determine the best layout that will reduce the cost of
the system in the case of large-scale agrivoltaic fencing systems. In addition, future work is necessary to
investigate using PV modules in place of the fencing itself as well as the potential for having 2, 3, or
more modules arranged in vertical rack fencing.

6. Conclusions

This study has performed optimization analysis on the electrical design of a solar agrivoltaic fencing
retrofit systems for small-scale farms. The design optimization focused on the electrical components: the
inverter selection and the cable cross-section. The analysis compared the energy performance and the
levelized cost of electricity of two different systems operating with a microinverter and a string inverter
based on the length of the farm fence. The microinverter had better performance when the cross-over
fence length was under 30 m or when the system was designed with less than 7 solar PV modules. Above
30 m, or when the installed PV system contains 7 modules or more, using string inverter yields a lower
LCOE. An open-source code was developed and made available for farmers to design and build the
system with little assistance. The cross-over number of modules depends significantly on the cost of the



inverters, which is a parameter that influences the system's design. The capital cost of the PV rack for
retrofitted fences is far lower than all conventional techniques. In addition, the LCOE of the vertical
fencing solar agrivoltaic system can be competitive with conventional ground-mounted solar PV for the
niche of small-farmers, but further studies are needed for an in-depth cost comparison analysis of the two
systems for agrivoltaics and vertical PV fencing systems for large scale applications.
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