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Abstract: Canada has committed to reducing greenhouse gas (GHG) emissions by increasing the
non-emitting share of electricity generation to 90% by 2030. As solar energy costs have plummeted,
agrivoltaics (co-development of solar photovoltaic (PV) systems and agriculture) provide an eco-
nomic path to these goals. This study quantifies agrivoltaic potential in Canada by province using
geographical information system analysis of agricultural areas and numerical simulations. Systems
modeled would enable conventional farming of field crops to continue (and potentially increase
yield) by using bifacial PV for single-axis tracking and vertical system configurations. Between a
quarter (vertical) to more than one third (single axis tracking) of Canada’s electrical energy needs
can be provided solely by agrivoltaics using only 1% of current agricultural lands. These results
show that agrivoltaics could be a major contributor to sustainable electricity generation and provide
the ability for Canada to render the power generation sector net zero/GHG emission free. It is clear
that the potential of agrivoltaic-based solar energy production in Canada far outstrips current elec-
tric demand and can thus be used to electrify and decarbonize transportation, heating, expand eco-
nomic opportunities by powering the burgeoning computing sector, and export green electricity to
the U.S. to help eliminate their dependence on fossil fuels.

Keywords: agriculture; agrivoltaic; climate policy; Canada; energy policy; farming; land use; pho-
tovoltaic; solar energy; renewable energy

1. Introduction

Due to perpetual decline in solar photovoltaic (PV) systems costs [1, 2], the least ex-
pensive source of electricity generation is now solar energy [3, 4]. The cost reductions have
become substantial enough that PV-generated electricity can be used to subsidize heat
pumps, which enables the profitable electrification of gas-based heating in Canada [5]. In
addition, the current operational cost of electric vehicles (EVs) warrants electrification of
transport [6], which has the potential to be a major economic engine in Canada [7-9].
Lower-cost solar electricity only further incentivizes this transition. Currently, solar based
electricity constitutes less than 1% of total electricity generation [10]; however, there is
clearly an economic demand for a massive growth in PV to offset fossil-fuel electricity
generation, heating fuel, and transportation fuel.

Residence in cities has increased worldwide [11], and Canada also has followed this
trend with its four largest urban regions (the Calgary-Edmonton corridor, Southern Van-
couver Island, Lower Mainland, and the Extended Golden Horseshoe in Ontario) cur-
rently comprising more than half (51%) of the population [12]. As the cost of PV systems
continues to decline, more land is needed for the installation of utility scale PV systems to
power densely-populated localities with sustainable electricity. Such PV systems are gen-
erally situated in rural agricultural areas [13]. This has the potential to become an issue
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with rural residents like those observed with wind power siting conflicts [14,15], and thus
a steppingstone to conflicts over large-scale PV deployment due to apprehensions of pos-
sible impedance of agricultural production [16-20]. As the world population continues to
increase (1.15%/year) [21], such land-use conflicts could intensify as the requirement of
food production increases [22]. Historic approaches to convert farmland to a source of
energy (i.e. ethanol fuel [23,24]) have proven counterproductive as it increased food costs
as well as global hunger [25]. With a population growth rate of 0.86% year [26], Canada is
already under intense pressure to convert farmland into housing [27,28]. There is a long
list of studies that indicate a solution to the energy-land use issue could be through agri-
voltaics: the dual use of land for both electricity generation via solar photovoltaic systems
and farming [29-33]. An increase in PV systems deployments in Canada is beneficial for
both local and global environments as solar energy is a sustainable energy source [34]. It
shows particular promise in Canada when applied as a dual use on agricultural land [29].
Photovoltaics is a net energy producer, which means the energy consumed during its pro-
duction is generated multiple times over its warranty lifespan of 25 to 30 years [35], with
its technical lifetime being much longer than this [36-38]. The environmental returns be-
come even more favorable as efficiency of PV systems continues its rise [39] and the en-
ergy payback period for PV is now less than a year [40].

Canada is committed to playing its role in the reduction of greenhouse gases (GHGs)
and has committed to increase its share of electricity generation through non-emitting
sources to 90% by 2030 [41]. Agrivoltaics deployment would solve the issue of land use
conflicts on agricultural lands and has the potential to substantially reduce national GHG
emissions and help Canada move to renewable energy for electricity, heating, and
transport. Previous research has quantified the agrivoltaic potential in the province of On-
tario [29] and reviewed agrivoltaic-related policy for the province of Alberta [42], how-
ever, no comprehensive investigation has been made for the sustainable power potential
of large-scale agrivoltaics deployment in Canada. To fill that knowledge gap, this paper
first reviews the benefits of agrivoltaics and previous agrivoltaic crop studies that could
be relevant to Canada. Then, it quantifies the potential of agrivoltaics in Canada. Geo-
graphic information systems (GIS) analysis of farming areas in each province of Canada
is integrated with PV simulations to achieve this. Sensitivity runs are performed for ver-
tical-mounted and single axis tracking PV systems. Energy output aggregated for each
province and territory through agrivoltaics is compared with current electricity require-
ment in Canada. Finally, methods to enable large-scale agrivoltaics are reviewed from
policy pathways identified globally.

2. Agrivoltaics Benefits

Agrivoltaics provides multiple benefits and services, which are summarized in Fig-
ure 1.
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Figure 1. Services and benefits provided by agrivoltaic applications include: a) renewable electricity generation, b) decreased
greenhouse gas emissions, c) reduced climate change, d) water conservation, e) increased crop yield, f) plant protection from excess
solar energy, g) plant protection from excess wind, f) plant protection from hail, g) prevents soil erosion, h) reverses desertification,
i) maintains agricultural employment, j) local food, k) improved health from pollution reduction, 1) increased revenue for farmers,
m) a hedge against inflation, n) energy for servers and cryptocurrency miners, o) integrated greenhouses, p) the potential to produce
nitrogen fertilizer on farm, q) on farm production of renewable fuels like anhydrous ammonia or hydrogen, r) electricity for EV
charging for on or off-farm.

The first two agrivoltaic benefits come directly from the fact that PV systems generate
renewable electricity and that when this green electricity offsets fossil-fuel-generated elec-
tricity, GHG emissions are reduced [43]. This in turn reduces global climate change and
the long list of adverse effects on the environment and the economy [44]. Agrivoltaics also
has the potential to benefit water systems by improving farm water efficiency and water
conservation [45-48]. Agrivoltaic arrays can be used to power both drip irrigation [49],
which is far more efficient than spraying, and vertical growing [50], which uses a fraction
of the water of field-based crops.

Most importantly, many studies show agrivoltaics increases crop yield for a wide
variety of crops, which include:


https://doi.org/10.20944/preprints202301.0414.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 January 2023 d0i:10.20944/preprints202301.0414.v1

e Basil [51]

e Broccoli [52]

e Celery [53]

e  Chiltepin Peppers [54]
e Corn [55]/ Maize [56-59]
o Lettuce [32,60]

e Pasture Grass [61]

e Potatoes [62]

e Salad [62]

e Spinach [51,62]

e Tomato [54]

e  Wheat [56-58]

Due to the modest or even substantial positive impacts on yield of the wide variety
of crops summarized above, the land use efficiency increases for agrivoltaics over side-
by-side farming and PV [63], and thus, the land productivity could increase by 35-73%
globally [64]. Agrivoltaic arrays create microclimates beneath the PV modules that alter
air temperature, relative humidity, wind speed and direction, and soil moisture [61]. This
microclimate is often beneficial to crops because the PV acts as a shield to protect crops
from excess solar energy. Agrivoltaic systems also acts as wind shields and protect
plants/cultivars from heavy wind loads [65]. This same PV-shield concept can protect
crops from hail, while simultaneously increasing PV performance due to lower operating
temperatures created by the crops beneath the modules [30,54,66]. Agrivoltaic microcli-
mates also can mitigate soil erosion [67] and can even be used to rehabilitate deserts to
grow plants in deserts [68] and barren land [67].

Agrivoltaics, when designed appropriately, can minimize agricultural displacement
for energy [33, 64, 69]. It maintains local agricultural employment and continues to enable
local food production that provides the environmental and health benefits of reducing the
distance food travels [70-73]. Along with the known health benefits from fresh food, agri-
voltaics decreases the many health problems associated with fossil-fuel combustion by
displacing these fuels [73]. Thus, agrivoltaics can both directly and indirectly improve hu-
man health and prevent premature deaths [74]. Agrivoltaics also helps to mitigate Scope
1, 2, and 3 emissions [75]. Scope 1 emissions reduction is due to reduced travel/commute
of products that traditionally need to be remotely produced and brought on to farms for
cultivation such as fuel, electricity, and fertilizers — agrivoltaics enables on-farm produc-
tion of these products. Scope 2 emissions reduction is achieved as farming operations can
use electric vehicles which can be charged from electricity generated on-farm via agri-
voltaic technology. The same electricity can be used for other farming operations. Scope 3
emissions reduction is possible if electric vehicles are used to transport the produce from
farm which can again be charged using on-farm generated electricity. Agrivoltaics also
increases the crop revenue for a given acre [76], which can help farmers economically. In
addition, as PV is a capital asset that generates value which increases with inflation, it can
be viewed as a financial means to hedge inflation during times of high inflation (e.g., 2021
and 2022) [77]. Agrivoltaics can be coupled to large loads from computing facilities such
as those running Al, server farms and cryptocurrency miners [78]. There is a particularly
good potential symbiosis between server waste heat, greenhouses, and agrivoltaics for
powering both systems [79]. Partially transparent PV can be integrated into greenhouse
glazing itself, providing further coupling between solar electricity generation and food
production [80-82].

Agrivoltaic-generated electricity can also be used to provide direct farm inputs such
as on-farm production of nitrogen fertilizer [83] and renewable fuels like anhydrous am-
monia [84] or hydrogen [85-87]. Agrivoltaics can be used for EV charging for on-farm use
or to sell as a commodity, particularly if a farm is located next to a major road that is
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appropriate for an EV charging park, which in turn would help to accelerate the electrifi-
cation of transport by reducing range anxiety.

Agrivoltaic systems are appropriate over a vast array of different scales. Generally,
agrivoltaics are considered for large-scale (utility-scale) applications; however, even for a
home planter, parametric open-source cold-frame agrivoltaic systems are feasible [88].
The technology can operate with a variety of shade tolerance in crops. For instance, full
array density PV modules work well with shade tolerant crops, while less dense PV sys-
tems are favorable for shade intolerant crops [89]. East/West facing vertical bifacial pho-
tovoltaics can be a preferred scheme for agrivoltaics with field crops using conventional
farm equipment [89]. By increasing the installation height of PV arrays, more irradiance
and bifacial gain is observed for bifacial modules [90]. Another advantage of elevating the
height of PV panels is the ease of operation of agricultural machinery. Increasing inter-
row spacing between modules benefits ground irradiation; however, it also reduces elec-
trical output for a given area [90]. With agrivoltaics row spacing greater than conventional
PV farms the capacity factor would be increased due to freer air flow resulting in lower
operating temperatures as well as a radically reduced row-to-row shading. A small in-
crease in the DC losses would be expected because of longer cable lengths, but overall the
agrivoltaics system would provide economic advantages be enabling more land to be used
in total. South facing systems are beneficial for farming shade tolerant crops during the
summer, whereas east-west vertical arrays are beneficial during non-summer seasons and
are hence advantageous for permanent crops (e.g., species that are harvested over many
seasons like grapes) [90].

Agrivoltaics technology is already used in Canada with projects such as the Arnprio
tri-part agrivoltaics which includes a monarch butterfly conservation subproject, a bee
and honey production subproject, and a solar grazing and natural weed cutting subproject
[91]. At present, most agrivoltaics systems employed in Canada consist of traditional solar
PV farms, which are also used for grazing sheep. Such systems are beneficial for the sheep
as they provide thermal protection [92] and improved quality grazing areas [93], as well
as for the PV systems as the sheep alleviate the cost of weed removal. Life cycle analysis
of such agrivoltaic sheep operations show that they are environmentally beneficial [94],
but fail to reach the full potential of agrivoltaics that are designed around crop production.

Unfortunately, Canada is behind Europe, Asia, and the U.S. in agrivoltaic deploy-
ments. Countries that are more aggressive in adopting agrivoltaics are expected to gain a
competitive advantage due to the benefits outlined in Figure 1. Being the fifth largest ag-
ricultural exporter globally [95], Canada’s motivation to keep up with novel agricultural
technologies is high. As PV-generated electricity is already a low-cost option (i.e., Alberta
PV is currently at CAD$47/MWh for a power purchase agreement (PPA) [96]) and agri-
voltaics has all the benefits summarized in Figure 1, future utility-scale PV installations in
Canada could favor agrivoltaics. The remainder of this article will determine the potential
for agrivoltaics in Canada if such a policy were to be pursued.

3. Materials and Methods

The study is carried out to determine agrivoltaics potential in Canada using 1% of
the existing available farmland in Canada. First, the total solar potential across Canada
was determined using a vector dataset that estimates photovoltaic potential (in
kWh/kWp) of south-facing, vertically oriented arrays across the country [97]. From this
layer, the area representing the cropland in each province (Ontario, Alberta, Saskatche-
wan, Manitoba, British Columbia, Quebec, and the Maritimes combined) was extracted
based on the 2015 Land Cover of Canada 30 m spatial resolution raster dataset [98].
ArcGIS Pro 2.9.0 with the Spatial Analyst toolbox was used to achieve this. It should be
pointed out that “pastureland” was excluded from the dataset although it could increase
the agrivoltaic potential of Canada further. This consideration is left for future work. The
total conventional PV potential-area for each province was then determined from the area
of the cropland raster cells and average PV potential of each.
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Locations in each major solar flux grouping were used to model agrivoltaic systems
in the opensource System Advisor Model 2022 (SAM) [100] using Heliene 144HC-460 bi-
facial PV modules [101]. One percent of agricultural land was calculated for each province
in Canada as the area of interest. To determine the configuration of PV systems in this
piece of land, the area was considered as a square and length of one side was calculated
by taking the square root. Two distinct agrivoltaics systems are considered for the analy-
sis: 1) vertical (south-facing, tilt 90°) and 2) single axis tracking (horizontal, Tilt 0° — which
is the default setting in SAM for single axis tracking modelling). The design of a single
array of vertical PV takes up a width of 4.8m with an installed PV capacity of 2,700 W
[102]. The design of a single array of single axis tracking system takes a width of 23 m and
depth of 4 m with an installed PV panel capacity of 15,000 W [103].

The length of one side of square land area is divided by the width of array (4.8 m for
a vertical system and 23 m for a single axis tracking system) to determine the total number
of arrays in one row. To calculate the number of rows on the piece of land, the length of
one side is divided by 20 m for both systems to ensure sufficient distance for farm equip-
ment mobility — the inter-row spacing considered for agrivoltaics system. Once the num-
ber of rows is ascertained, then using the number of vertical and single axis tracking arrays
in a single row, the total number of arrays in an area is determined. Next, the product of
total number of arrays and installed PV capacity on a single array (2,700 W for vertical
system and 15,000 W for single axis tracking system) provides the total installed PV ca-
pacity on the agricultural land. The following locations were chosen for each province
based on the energy yield potentials from GIS analysis.

¢  Ontario (London, Chatham, Gameland)

e Alberta (Edmonton, Drumheller)

e Saskatchewan (Northern Pine, Regina)

e Manitoba (Winnipeg, Brandon)

e  British Columbia (Richmond, Dawson Creek)
e Quebec (Sherbrooke)

e Maritimes (Cardigan, Glasgow)

Next, the cities inside each province that match those potentials were identified and
selected for SAM analysis. British Columbia was an exception. Richmond was selected for
energy yields of 650 kWh/kWp, 750 kWh/kWp and 850 kWh/kWp as there was no identi-
fied location close to the areas of energy yield potentials of 650 kWh/kWp and 850
kWh/kWp to use in British Colombia. Richmond has an average energy yield potential of
750 kWh/kWp, which is the average for the region.

Using these locations, SAM models (Table 1) were developed to determine annual
energy yield for one kW of PV system for both the configurations. Finally, using the total
installed capacity for an area and annual energy yield of the system, the total AV potential
of the location was determined.

d0i:10.20944/preprints202301.0414.v1
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Table 1. SAM input parameters for detailed PV model

Parameters

Vertical Single Axis

PV Module
Module Type
Bifaciality

Tracking & Orientation

Tilt Angle
Azimuth
DC Power Rating
DC to AC Ratio
Soiling Losses
DC Power Losses

AC Power Losses

PV Degradation Rate

Lifetime

Heliene 72M-405 G1 Bifacial
Mono Crystalline Silicon - Bifacial
0.7
Fixed 1 Axis
90 (tilt — latitude in SAM) 0* (tilt — latitude in SAM)
180 degrees
1.2 kWdc
1.0
5%

4.44%
1%
0.5%
25 years

*Default setting in SAM for 1 axis tracking system are based on [104]

4. Results

Using GIS analysis, the available potential for a conventional solar PV was deter-

mined as shown in Figure 2.
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Figure 2. Conventional photovoltaic potential (in kWh/kWp) of south-facing, vertically oriented arrays in the farm-

land regions across Canada [97, 98, 99].
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The energy yield at sample locations within each province was then calculated which
provided similar results (kWh/kWp) as from the GIS analysis. These results are shown in
Table 2.

Table 2. Locations in individual provinces

Conventional Ontario Alberta Saskatche- Manitoba BntlSh, Quebec Maritimes
PV Potential wan Columbia
(kWh/kWp) Locations
650 - - - - Richmond - -
750 London - - - Richmond - Cardigan
850 Chatham - - - Richmond  Sherbrooke = New Glasgow
Northern Dawson
950 Gameland Edmonton Pine Winnipeg Creek - -
1050 - Drumbheller Regina Brandon - - -

The results of the analyses are described below for individual provinces.
4.1. Ontario

Although Ontario is a large province, the vast majority of the farmland is located in the
south as shown in Figure 2. There are three solar flux regions quantified in Table 3 with
the largest being the 750 kWh/kWp region. The higest flux zones are located in the western
part of the province and are a factor of 20 smaller in area than the other two flux-farmland
zones. The potential solar energy yeild on only 1% of this land is still substantial; with
vertical arrays offering over 17,000 GWh/year and more than 30,000 GWh/year if a single
axis tracker is used. In 2019, Ontario generated 153.0 terawatt-hours (TWh) of electricity
and only 8% is carbon emitting [105]. Thus to completely eliminate all carbon emissions
from the Ontario grid, only 12 TWh would need to be produced. So, less than 2 a percent
of farmland would need to be converted to single axis trackers to make the Ontario electric
grid net zero emissions. This trivial amount of farmland moving to agrivoltaics is likely
to increase production, but there are policy hurdles that need to be overcome [29] to enable
farmers to enjoy the benefits detailed in Figure 1.

Table 3. Potential of Agrivoltaics in Ontario for 1% of Agricultural Land

Conventional PV Ontario
Potential
(kWh/kWp) . Single Axis Tracking
Vertical (GWh
ertical (GWh/year) (GWh/year)
750 8,566 15,178
850 8,075 14,460
950 487 751

Total 17,128 30,389
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Figure 3. Conventional photovoltaic potential (in kWh/kWp) of south-facing, vertically oriented arrays in the farm-
land regions across Ontario [97, 98, 99].

4.2. Alberta

The province of Alberta shares its borders with Saskatchewan and British Columbia.
Most of the agricultural land in Alberta is located in the south adjacent to Saskatchewan
as depicted in Figure 4. PV potential on this agricultural land falls under two high-solar
flux bands, 950 kWh/kWp and 1050 kWh/kWp, making it one of the locations most con-
ducive to PV deployment. Through agrivoltaic installation on only 1% of its agricultural
land, electricity output from vertical PV systems would be greater than 48,000 GWh/year.
The energy output could be greatly enhanced if single axis tracking technology is em-
ployed taking it in excess of 73,000 GWh/year. This is nearly the entire electricity produc-
tion of Alberta, which generated approximately 76 TWh of electricity in 2019 [106]. 89%
of Alberta’s electricity came from fossil fuels, yet single axis tracking agrivoltaics on 1%
of the current agricultural land would eliminate the GHG emissions from combusting
these fuels entirely. From a GHG emissions mitigation standpoint, agrivoltaics has an
enormous potential in Alberta for helping eliminate Canada’s overall emissions.
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Table 4. Potential of Agrivoltaics in Alberta for 1% of Agricultural Land

Alberta
Conventional PV Potential
kWh/kW
(Wh/kWp) Vertical (GWh/year) Single Axis Tracking
erte ye (GWh/year)
950 23,567 34,899
1050 24,669 38,165
Total 48,236 73,064
Lake
; Athabascc
sh
bia
Alberta
o Se
2,
(= PlF
o
o
\‘.< |
= ; 4
6= b gy
=’ 9 7
i ‘3‘ .
<13 o $3e
KWh/KWp' 7 0754 0007 e
950 P
1050 O 250

500

1,000
N N E— (oM eters

Figure 4. Conventional photovoltaic potential (in kWh/kWp) of south-facing,
vertically oriented arrays in the farmland regions across Alberta [97, 98, 99].
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4.3. Saskatchewan

Saskatchewan, the province with the largest agricultural land, accounts for almost
2/5t of crop field farmland in Canada in 2016 [107]. Its agricultural land is concentrated
in the south as seen in Figure 5. Saskatchewan receives high solar flux across its cropland
with a solar yield potential of approximately 1050 kWh/kWp. Using only 1% of this area
for agrivoltaics would provide 76,087 GWh/year of electricity from vertical PV racking
design and more than 116,000 GWh/year from single axis tracking installations. In 2019,
Saskatchewan produced 24.1 TWh of electricity with its majority (81%) coming from fossil
fuels [108]. The analysis shows that by using only a tiny fraction (about 0.17-0.26%) of
agricultural land for agrivoltaics, the province can completely offset fossil-fuel based elec-
tricity generation and contribute positively towards Canadian renewable energy goals.

Table 5. Potential of agrivoltaics in Saskatchewan for 1% of agricultural land.

Conventional PV Saskatchewan
Potential
(kWh/kWp) . Single Axis Tracking
1 h
Vertical (GWh/year) (GWhyear)
950 1,123 1664
1050 74,964 115,011

Total 76,087 116,675
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Figure 5. Conventional photovoltaic potential (in
kWh/kWp) of south-facing, vertically oriented arrays in the
farmland regions across Saskatchewan [97, 98, 99].

4.4. Manitoba

Farmland with the highest solar flux lies to the south of the region adjacent to Sas-
katchewan. The solar energy yield for Manitoba’s agricultural land falls under two solar
flux regions, 950 kWh/kWp and 1050 kWh/kWp, which are somewhat evenly shared
across the province. Numerical simulations indicate that by using only 1% of this farm-
land, Manitoba can annually generate approximately 19,000 GWh/year of electrical energy
by adopting vertical racking designs and 29,835 GWh/year using single axis tracking sys-
tems. 2019 data shows that total electrical energy generated in the province was around
34 TWh [109]. Manitoba electricity generation is already 98% renewable with hydroelec-
tric and wind. Thus, using 1% of farmland for agrivoltaics (single axis tracking PVs) has
the potential to meet almost all electrical energy requirements of the province or to pro-
vide renewable electricity for export.

Table 6. Potential of agrivoltaics in Manitoba for 1% of agricultural land.
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Figure 6. Conventional photovoltaic potential (in kWh/kWp) of south-facing, verti-
cally orient-ed arrays in the farmland regions across Manitoba [97, 98, 99].

4.5. British Columbia

British Columbia lies in the southwest of Canada. The total farmland in British Co-
lumbia is small and is concentrated in two regions near Vancouver and Dawson Creek
with the rest distributed across various valleys. Each of these receives a different solar flux
from 650 kWh/kWp to 950kWh/kWp. These values are some of the poorest solar resources
in Canada. Despite this, using 1% of the agricultural land for agrivoltaics for vertical PV
arrays and single axis tracking system arrays would supply 2,551 GWh/year and 4,007
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GWh/year, respectively. The total energy generation in the provinces was approximately
64 TWh in 2019 [110], but 87% of its electricity is from hydroelectricity and thus is already
renewable in nature [110]. Almost 5% of electricity generated in British Columbia in 2019
came from natural gas (4%) and petroleum (0.5%). Less than 1% (approximately 2/3%) of
agricultural land requires single axis tracking agrivoltaics installation to eliminate fossil
fuel-based electricity in the province.

Table 7. Potential of agrivoltaics in British Columbia for 1% of agricultural land.

British Columbia
Conventional PV Poten-
tial (kWh/KW
fal ( /kWp) Vertical (GWh/year) Single Axis Tracking
y (GWh/year)
750 957 1,671
950 1,594 2,336

Total 2,551 4,007
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Figure 7. Conventional photovoltaic potential (in kWh/kWp) of south-facing, vertically ori-
ented arrays in the farmland regions across British Columbia [97, 98, 99].

4.6. Quebec

The province of Quebec is the largest province of Canada in terms of land area [111].
Most of its agricultural land is situated in the south with solar PV potential around 850
kWh/kWp. The conversion of 1% of the province’s agricultural land to agrivoltaics using
vertical PVs provides an annual electric generation potential of 9,456 GWh/year for the
region. The potential is increased to 14,560 GWh/year if single axis trackers are used. Most
of the electricity in Quebec is from hydro power. In 2019, Quebec generated 212.9 TWh of
electricity and only 0.3% comes from fossil fuels (natural gas and petroleum) [112]. Only
a tiny fraction (less than 0.1% regardless of type of agrivoltaics) of agricultural land would

need agrivoltaics installations in Quebec to completely eliminate emissions from fossil
fuel used for electricity generation.

Table 8. Potential of agrivoltaics in Quebec for 1% of agricultural land.

d0i:10.20944/preprints202301.0414.v1
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British Columbia
Conventional PV Poten-
tial (kWh/KW
fal ( P) Vertical (GWh/year) Single Axis Tracking
y (GWh/year)
850 9,456 14,560
Total 9,456 14,560
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Figure 8. Conventional photovoltaic potential (in kWh/kWp) of south-facing, vertically oriented
arrays in the farmland regions across Quebec [97, 98, 99].

4.7. Maritimes

New Brunswick, Nova Scotia and Prince Edward Island form the Maritimes prov-
inces of Canada [113]. The two bands of the solar flux with a PV potential of 750 kWh/kWp
and 850 kWh/kWP are scattered across the region’s agricultural lands. From SAM analy-
sis, 2,772 GWh/year of electricity generation is offered by the province if vertical PV sys-
tems are used for agrivoltaics. The power generation potential augments to 4,474
GWh/year if a single axis tracking system is used. The Maritimes are heavily fossil fuel
dependent and have relatively small agricultural areas, so to eliminate all carbon emis-
sions from the electric grid for the Maritimes, 4.1% of agricultural land is needed for ver-
tical PV and 2.5% for single axis tracker agrivoltaics.
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Table 9. Potential of agrivoltaics in Maritimes for 1% of agricultural land.

Maritimes
Conventional PV Potential
kKWh/KW
( P Vertical Single Axis Tracking (GWh/year)
(GWh/year) & 5 y
750 714 1,156
850 2,058 3,318
Total 2,772 4474
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Figure 9. Conventional photovoltaic potential (in kWh/kWp) of south-facing, vertically oriented arrays in the

farmland regions across Maritimes [97, 98, 99].

5. Discussion

From SAM models and simulations, it is estimated that potential annual energy out-
put by employing agrivoltaics to 1% of agricultural land is 175,267 GWh for vertical sys-
tems or 272,554 GWh for single axis tracking systems in Canada. Table 10 summarizes the
electricity generation potential of agrivoltaics installation on 1% of agricultural land
within the provinces of Canada.
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Table 10. Electricity potential of agrivoltaics installation on 1% of Canadian agricultural

land.
Province Vertical (GWh/year) Single Axis (GWh/year)

Ontario 17,128 30,389

Alberta 48,236 73,064
Saskatchewan 76,087 116,675

Manitoba 19,037 29,385

British Columbia 2,551 4,007

Quebec 9,456 14,560

Maritimes 2,772 4474

Canada’s total electrical energy production in 2019 was 632,200 GWh [114]. Thus,
about a 28% to 43 of Canada's electric needs can be catered from vertical bifacial or single
axis trackers agrivoltaics systems, respectively. Considering Canada’s targets for renewa-
ble energy generation and reduced GHGs, agrivoltaics technology manifest immense po-
tential. Table 11 summarizes the percentage of agricultural land on which agrivoltaics
needs to be deployed to eliminate fossil fuel-based electricity generation in Canada.

Table 11. Percentage of agricultural land by Province required to eliminate emissions
from fossil fuel-based electricity generation in Canada.

Province Vertical (%) Single Axis (%)
Ontario 0.71 0.40
Alberta 1.40 0.92

Saskatchewan 0.26 0.17

Manitoba 0.0036 0.0023

British Columbia 1.12 0.72
Quebec 0.067 0.044
Maritimes 4.5 2.5

The study provides an in-depth evaluation of agrivoltaics potential in each province
of Canada. The results could be used to formalize future policies and regulations which
will then help unlock the technology’s full potential.

5.1 Limitations

Although this investigation demonstrates capabilities of agrivoltaics technology in
Canada, there are limitations to this study. Firstly, there is a need to experiment with on-
ground agrivoltaics systems that provide experimental evidence as to both the electrical
output and the performance of crops under the system. Thus, future work is required to
translate simulations and models-based study into practical applications. Moreover, there
are several agrivoltaics configurations that need to be studied (for instance, vertical bifa-
cial, single and double axis tracking, fixed and variable tilt, stilt mounted systems or con-
ventional systems etc.) with a variety of crops.
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Currently, little research focuses on the quality of crops that will be harvested under
agrivoltaics. Hence, detailed investigation is required to determine if agricultural produce
via agrivoltaics improves or deteriorates the nutrient profile. Moreover, social acceptance
of the technology is key to its diffusion on commercial scale. Hence, studies are required
which focus on people’s perceptions (and misconceptions) about the technology and seek
feedback from the main stakeholders which will promote its adoption on mass-scale. Such
studies will serve as a foreground to come up with financial models which help farmers,
financers, and policy makers to make informed decisions.

5.2 International Competition in Agrivoltaics

Agrivoltaics projects employed in Canada thus far are relatively small in scale and
consist primarily of traditional solar PV systems, which are used for livestock grazing.
These projects have been shown to be helpful for both sheep grazing (benefits include
protection from heat [92] as well as provision of high-quality grazing land [93]) and PV
systems (advantage include alleviated maintenance costs associated with weed removal
etc.), and when combined, to the overall ecosystem/environment as well [94]. The merits
of agrivoltaics technology go far beyond these as can be seen in Figure 1 and the technol-
ogy can offer better land-use strategies. Canada needs more aggressive development and
advancement in agrivoltaics to keep up with the rest of the world especially Europe,
China, Japan and U.S. where the technology is rapidly expanding. In 2012, there was only
5 MW of agrivoltaics systems installed globally; this has expanded to a total global in-
stalled capacity reaching 14 GW in 2021 [115]. In China, the largest agrivoltaic system has
an installed capacity of 700 MW, whereas Japan has 1,800 small agrivoltaic systems [115].
This shows the scale at which agrivoltaic technology has progressed and the flexibility it
has with deployment. Moreover, approximately 2,800 MW of agrivoltaics systems have
been installed in U.S. [116]. The U.S. Department of Energy recently approved USD 8 mil-
lion to support agrivoltaics research and supplement its development [117]. Canada, be-
ing one of the largest exporters of agricultural products [95], has substantial revenue at
stake and needs to consider what appropriate actions are needed to stay competitive with
other countries that are both deploying and researching agrivoltaics aggressively.

5.3. Potential use of Agrivoltaic-generated Electricity: Computation, Transportation and Export

As the results in Table 11 clearly show, augmenting even tiny fractions of the agri-
cultural land in Canada with agrivoltaics would eliminate all carbon emissions from Can-
ada’s electricity generation. This is important as Canada’s per capita historic GHG emis-
sions are the highest in the world [118] and the existence of the new agreement on “loss
and damage fund” [119,120] can make further emissions a major liability, Canada should
be aggressively seeking to reduce carbon emissions liabilities [121-124]. It is also clear that
the agrivoltaic potential of all the provinces far exceeds what is needed to decarbonize the
electric system (Table 11). There are several applications of low-cost sustainable electricity
generation that would benefit from a large influx of agrivoltaics deployments in Canada:
i) decarbonize transportation by moving to electric vehicles [125, 126] and hydrogen fuel
(e.g. a hub and spoke collection system developed by dairy producers can be mirrored by
hub and spoke on-farm hydrogen production by agrivoltaics [127]; ii) decarbonizing heat-
ing using heat pumps that are already economic in Canada [5], iii) powering increased
computing operations [78,128,129] and iv) exporting electricity to the fossil-fuel depend-
ent U.S. [130].

6. Energy Policy Recommendations

To capitalize on the benefits of agrivoltaics (see Figure 1) in Canada, three policy ar-
eas can be addressed: i) research, ii) regulations and standards, and iii) incentives.

6.1. Support for Agrivoltaic Research in Canada
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Provincial analysis of both Ontario [29] and Alberta [42] has shown great promise
and substantial policy roadblocks for agrivoltaics. The wider potential for agrivoltaics
shown in this study for all of Canada, can be further improved by investigating the po-
tential to convert all current pasture land to conventional solar farms with sheep, rabbit,
or other grazing animals. In addition, these results can be further refined with GIS studies
investigating the connection availability of the feeders and stations in various parts of
each province, and then carefully determining the optimum deployment strategy while
minimizing grid upgrades. This will initially provide a baseline for agrivoltaic land in
using assumptions around available distribution connection capacity.

Substantial research is also needed in Canada to optimize PV systems for a wide ar-
ray of agrivoltaics options. So for all food crops currently farmed in Canada, the following
PV system design aspects can be tested and optimized including: 1) PV array geometry,
orientation, type of racking for PV arrays, spacing between rows of racks, and modules
types; 2) the type of tilting (fixed tilt — both vertical and sloped), variable tilt, single axis
tracking and dual axis tracking; 3) PV module material and type including monofacial or
bifacial, thin film module, perovskite, organic, or silicon cell-based modules, 4) PV trans-
parency (0-100%) as a function of light color, which can be adjusted by changing the cell
packing densities of crystalline silicon based cells or the thickness of thin film PV and or
light trapping/ anti-reflective coatings; and 5) energy bandgap and thus spectrum of light
converted from single or multiple bandgap materials.

There are several ways to increase the efficiency of agrivoltaics production even fur-
ther. Progress has already been made in partially-transparent and colored PV [131, 132]
and semitransparent PV modules used in greenhouses [133-136], and the technology can
increase yields [51, 137, 138]. Spectral tuning of light with films and PV have been demon-
strated to increase yields in a wide array of indoor spaces [139-145]. A large array of ex-
periments needs to be conducted on agrivoltaics specialty modules on a range of conven-
tional crops [88], aquaponics (aquavoltaics) for fish and water plants [146] and powering
indoor vertical growing to increase food production further for the world’s growing pop-
ulation.

Education and public awareness are also needed to disseminate the results of this
research. One approach to doing this is to use citizen science [147, 148] to provide infor-
mation to consumers, farmers and local communities considering deploying agrivoltaics.
Furthermore, research should be made available to the public in an openly accessible for-
mat, which demonstrates the effectiveness and benefits of agrivoltaics. It is suggested that
funding of such research projects be linked to open access requirements [149] as well as
strategic open source requirements at the national scale [150], which will ensure that in-
formation is available to innovate as rapidly as possible and make informed decisions.

6.2. Agrivoltaic Regulations and Standards in Canada

Although most Canadians are unfamiliar with the concept of agrivoltaics, agrivolta-
ics-social science in the U.S. indicates that the PV industry, farmers, and the general public
will enthusiastically support it [151-153]. To enable agrivoltaics in Canada it should be
well defined to ensure that agriculture is benefited from PV deployment. A tiered system
for categorization of agrivoltaic technology has been proposed the basis of land utiliza-
tion, as given below in Table 12 [29, 42]. The more valuable tiers could be provided with
greater incentives and provide obstacles to conventional ‘dead” solar farms. In addition,
agrivoltaics should be reserved for food crops and all incentives should be restricted for
growing tobacco and other drugs that have a detrimental impact on public health [154]
instead of food.

Table 12. Agrivoltaic systems tiers to favor greater land-use efficiency and GHG emissions reduc-
tion potential. Adapted from [29].
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Tier. Allowed Land Use T}fpe Of, Explanations
Agrivoltaic
1. Prime agriculture Crop See Section 2
2. Pasture Grazing Sheep [155, 64], and rabbits [156]
. Apiculture
3. Marginal (beekeeping) Honey [157]
4. Non-restricted Insect Habitat Pollinators such as butterflies that provide

secondary services

A detailed policy and regulatory review at both the federal and provincial level is
necessary to reduce barriers to agrivoltaics adoption. One first step would be to define a
standard for a specific methodology and best practices for design, installation (important
to preserve soil health), and testing/certification of agrivoltaic technology to ensure com-
pliance of the minimum installation, operational, and maintenance requirements.

6.3. Financial Incentives

The federal and provincial governments can incentivize rapid adoption of agrivolta-
ics technology through several mechanisms. Such incentives can be tax breaks for farmers
willing to install agrivoltaics, such as exemption from sales tax or have reduced property
taxes. Agrivoltaics could have access to Class 43.1 and 43.2 for renewable energy, which
allow for accelerated depreciation [158]. As up-front capital for installation agrivoltaics
can be a challenge, governments can provide easy and low-or-no-interest loans. Also, gov-
ernments could reimburse a certain portion of the initial capital investment to individuals
installing solar farms on their agricultural land. Governments can also help accelerate
agrivoltaics adoption with carbon credits, which can be traded and used to offset carbon
taxes. Similarly, agrivoltaics could receive zoning benefits, feed in tariffs, or grants. Future
work is needed to discern the most efficient approach. Canada can achieve sustainability
and help achieve its climate and renewable energy related goals while tackling the ever-
growing concerns of food and energy through adoption of agrivoltaics.

7. Conclusions

This study estimated the agrivoltaics potential in Canada using a combination of GIS
analysis over agricultural areas of individual provinces and SAM simulations for bifacial
PV modules for single axis tracking and vertical system configurations. Depending on the
agrivoltaics technology employed, about a quarter to over one third of Canada’s total elec-
trical energy needs can be met only by agrivoltaics using only 1% of agricultural land.
These results show that agrivoltaics could be a major contributor to electricity generation
and enable Canada to render the power generation sector GHG emission free. The fraction
of agricultural land in each province that can be used to decarbonize the grid in the prov-
ince is less than 1% for all provinces with the exception of Alberta (1.4%), British Columbia
(1.1%) and the Maritimes that need (4.1%) using vertical agrivoltaics. If single axis tracking
were used, all provinces could be carbon free with less than 1% of agricultural land dedi-
cated to agrivoltaics with the exception of the Maritimes (2.5%). All provinces other than
Alberta, British Columbia and Maritimes need less than 0.5% of their agricultural land. It
is clear that the potential of agrivoltaic-based solar energy production in Canada far out-
strips current electric demand. Apart from making farming and electricity generation net
zero in Canada, electricity generated from agrivoltaics can be used to decarbonize several
sectors. First agrivoltaics can provide electric vehicle charging and for hydrogen produc-
tion to decarbonize transportation in Canada. Second, it can be used to power heat pumps
to decarbonize building heating. Third, agrivoltiac-generated electricity can be used to
expand machine learning and Al applications, as well as cloud computing data centers,
cryptocurrency miners and servers in Canada to help accelerate economic opportunities.
Finally, Canada can export green electricity to the U.S. to help Americans eliminate their
dependence on fossil fuels. China and European countries are working aggressively to
develop the technology and secure competitive edge by leveraging agrivoltaics to
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improve agricultural economics. For Canada to remain internationally competitive and
advance agrivoltaics technology on the commercial scale, policies are needed to support
agrivoltaic research, define agrivoltaic standards, and modernize regulations. Further, by
providing financial incentives and access to capital agrivoltaics development in Canada
can be accelerated to economically decarbonize the entire country.

Author Contributions: Conceptualization, Joshua M. Pearce; Data curation, Abigail Bonnington
and Joshua M. Pearce; Formal analysis, Uzair Jamil, Abigail Bonnington and Joshua M. Pearce;
Funding acquisition, Joshua M. Pearce; Investigation, Uzair Jamil and Abigail Bonnington; Method-
ology, Uzair Jamil and Joshua M. Pearce; Resources, Uzair Jamil and Joshua M. Pearce; Software,
Uzair Jamil and Abigail Bonnington; Supervision, Joshua M. Pearce; Validation, Uzair Jamil and
Abigail Bonnington; Visualization, Uzair Jamil and Abigail Bonnington; Writing — original draft,
Uzair Jamil and Joshua M. Pearce; Writing — review & editing, Uzair Jamil, Abigail Bonnington and
Joshua M. Pearce.

Funding: This research was supported by the Thompson Endowment and the Natural Sciences and
Engineering Research Council of Canada.

Data Availability Statement: Data is available upon request.
Acknowledgments: This article benefited from helpful comments from C. Mindorff.

Conflicts of Interest: The author declares no conflict of interest.

References

1. Feldman, D.; Barbose, G.; Margolis, R.; Wiser, R.; Darghouth, N.; Goodrich, A. Photovoltaic (PV) Pricing Trends:
Historical, Recent, and Near-Term Projections; National Renewable Energy Laboratory: Golden, CO, USA, 2012.

2. Barbose, G.L.; Darghouth, N.R.; Millstein, D.; LaCommare, K.H.; DiSanti, N.; Widiss, R. Tracking the Sun X: The
Installed Price of Residential and Non-Residential Photovoltaic Systems in the United States; Lawrence Berkley National
Laboratory: Berkeley, CA, USA, 2017.

3. IRENA. Renewable Power Generation Costs in 2017; IRENA: Abu Dhabi, United Arab Emirates, 2018.

4. Dudley, D. Renewable Energy Will Be Consistently Cheaper than Fossil Fuels By 2020, Report Claims. Forbes 2018.
Available online: https://www.forbes.com/sites/dominicdudley/2018/01/13/renewable-energy-cost-effective-fossil-
fuels-2020/ (accessed on 7 April 2020).

5. Pearce, ].M.; Sommerfeldt, N. Economics of Grid-Tied Solar Photovoltaic Systems Coupled to Heat Pumps: The
Case of Northern Climates of the U.S. and Canada. Energies 2021, 14, 834. https://doi.org/10.3390/en14040834.

6. Clutch Pros and Cons of Buying a Used Electric Car in Canada | Clutch Blog Available online:
https://blog.clutch.ca/posts/pros-and-cons-of-buying-a-used-electric-car-in-canada (accessed on 14 December
2022).

7.  Pittis, D. ANALYSIS | U.S. Tax Breaks Open the Door to Multibillion Dollar Canadian EV Industry and Investment
| CBC News Available online: https://www.cbc.ca/news/business/north-america-ev-tax-break-column-don-pittis-
1.6580997 (accessed on 14 December 2022).

8.  Sharpe, B., Lutsey, N., Smith, C. and Kim, C., 2020. Power Play: Canada's Role in the Electric Vehicle Transition.
International Council on Clean Transportation.

9. Clean Energy Canada Canada’s New Economic Engine - Modelling Canada’s EV Battery Supply Chain Potential -
and How to Seize It; Morris J. Wosk Centre for Dialogue at Simon Fraser University, 2022; p. 28;.

10. Baldus-Jeursen, C. National Survey Report of PV Power Applications in Canada. 34. Available online: https://iea-
pvps.org/wp-content/uploads/2021/03/NSR_Canada 2019.pdf (accessed on 21 October 2022).

11. Engelke, P. Foreign Policy for an Urban World: Global Governance and the Rise of Cities; Atlantic Council (Washington
DC, USA): 2013.

12. What  Percentage of  Canadians  Live in  Cities and Towns? Available online:
http://www.canadafaq.ca/what+percentage+canadians+live+in+tcities/ (accessed on 18 December 2021).

13. Denholm, P.; Margolis, R.M. Land-use requirements and the per-capita solar footprint for photovoltaic generation
in the United States. Energy Policy 2008, 36, 3531-3543. https://doi.org/10.1016/j.enpol.2008.05.035.

14. Wiistenhagen, R.; Wolsink, M.; Biirer, M.]. Social acceptance of renewable energy innovation: An introduction to
the concept. Energy Policy 2007, 35, 2683-2691, doi:10.1016/j.enpol.2006.12.001.



https://doi.org/10.3390/en14040834
about:blank
about:blank
https://doi.org/10.20944/preprints202301.0414.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 January 2023 d0i:10.20944/preprints202301.0414.v1

15. Batel, S.; Devine-Wright, P.; Tangeland, T. Social acceptance of low carbon energy and associated infrastructures:
A critical discussion. Energy Policy 2013, 58, 1-5. https://doi.org/10.1016/j.enpol.2013.03.018.

16. Calvert, K.; Mabee, W. More solar farms or more bioenergy crops? Mapping and assessing potential land-use
conflicts among renewable energy technologies in eastern Ontario, Canada. Appl. Geogr. 2015, 56, 209-221,
doi:10.1016/j.apgeog.2014.11.028.

17. Calvert, K.; Pearce, ].M.; Mabee, W.E. Toward renewable energy geo-information infrastructures: Applications of
GIScience and remote sensing that build institutional capacity. Renew. Sustain. Energy Rev. 2013, 18, 416429 ,
doi:10.1016/j.rser.2012.10.024.

18. Sovacool, B. Exploring and Contextualizing Public Opposition to Renewable Electricity in the United States.
Sustainability 2009, 1, 702-721, d0i:10.3390/su1030702.

19. Sovacool, B.K.; Ratan, P.L. Conceptualizing the acceptance of wind and solar electricity. Renew. Sustain. Energy
Rev. 2012, 16, 5268-5279. https://doi.org/10.1016/j.rser.2012.04.048.

20. Dias, L.; Gouveia, J.P.; Lourengo, P.; Seixas, J. Interplay between the Potential of Photovoltaic Systems and
Agricultural Land Use. Land Use Policy 2019, 81, 725-735, doi:10.1016/j.landusepol.2018.11.036.

21. UN Department of Economic and Social Affairs. Concise Report on the World Population Situation in 2014; UN,
NewYork, US: 2014.

22. FAO. How to Feed the World 2050. Available online:
http://www .fao.org/fileadmin/templates/wsfs/docs/Issues_papers/HLEF2050_Global_Agriculture.pdf (accessed
on 25 October 2021).

23. Tomei, J.; Helliwell, R. Food versus Fuel? Going beyond Biofuels. Land Use Policy 2016, 56, 320-326,
doi:10.1016/j.landusepol.2015.11.015.

24. Runge, C.F.; Senauer, B. How Biofuels Could Starve the Poor. Foreign Aff. 2007, 86, 41.

25. Tenenbaum, D.J. Food vs. Fuel: Diversion of Crops Could Cause More Hunger. Environ. Health Perspect. 2008, 116,
A254-A257, doi:10.1289/ehp.116-a254.

26. Canada Population Growth Rate 1950-2021 Available online:
https://www.macrotrends.net/countries/CAN/canada/population-growth-rate (accessed on 19 December 2021).

27. Arsenault, C. Rising Demand for Housing Putting the Squeeze on Farmland in Canada - The Globe and Mail
Available online: https://www.theglobeandmail.com/business/article-rising-demand-for-housing-putting-the-
squeeze-on-farmland-in-canada/ (accessed on 14 December 2022).

28. Arsenault, C. Sizzling House Prices Put the Squeeze on Farmland in Canada Available online:
https://www.ctvnews.ca/canada/sizzling-house-prices-put-the-squeeze-on-farmland-in-canada-1.5498364
(accessed on 14 December 2022).

29. Pearce, J.M. Agrivoltaics in Ontario Canada: Promise and Policy. Sustainability 2022, 14, 3037,
doi:10.3390/su14053037.

30. Dupraz, C.; Marrou, H.; Talbot, G.; Dufour, L.; Nogier, A.; Ferard, Y. Combining solar photovoltaic panels and
food crops for optimising land use: Towards new agrivoltaic schemes. Renew. Energy 2011, 36, 2725-2732.
doi:10.1016/j.renene.2011.03.005.

31. Guerin, T.F. Impacts and opportunities from large-scale solar photovoltaic (PV) electricity generation on
agricultural production. Environ. Qual. Manag. 2019, 28, 7-14, doi:10.1002/tqem.21629.

32. Valle, B,; Simonneau, T.; Sourd, F.; Pechier, P.; Hamard, P.; Frisson, T.; Ryckewaert, M.; Christophe, A. Increasing
the Total Productivity of a Land by Combining Mobile Photovoltaic Panels and Food Crops. Applied Energy 2017,
206, 1495-1507, doi:10.1016/j.apenergy.2017.09.113.

33. Mavani, D.D.; Chauhan, P.M.; Joshi, V. Beauty of Agrivoltaic System regarding double utilization of same piece of
land for Generation of Electricity & Food Production. Int. J. Sci. Eng. Res. 2019, 10, 118-148.

34. Pearce, ].M. Photovoltaics--a Path to Sustainable Futures. Futures 2002, 34, 663—674. https://doi.org/10.1016/S0016-
3287(02)00008-3.

35. Pearce, J.; Lau, A. Net Energy Analysis for Sustainable Energy Production from Silicon Based Solar Cells. In
Proceedings of the American Society of Mechanical Engineers Solar 2002: Sunrise on the Reliable Energy Economy,
Reno, NV, USA, 15-20 June 2002.

36. Poulek, V., Strebkov, D.S., Persic, 1.S. and Libra, M., 2012. Towards 50 years lifetime of PV panels laminated with
silicone gel technology. Solar Energy, 86(10), pp.3103-3108. https://doi.org/10.1016/j.solener.2012.07.013.

37. Ndiaye, A., Charki, A., Kobi, A., Kébé, C.M., Ndiaye, P.A. and Sambou, V., 2013. Degradations of silicon
photovoltaic modules: A literature review. Solar Energy, 96, pp.140-151. https://10.1016/j.solener.2013.07.005

38. Walker, E. How Long Do Solar Panels Last? Solar Panel Lifespan 101 | EnergySage Available online:
https://news.energysage.com/how-long-do-solar-panels-last/ (accessed on 15 January 2023).



about:blank
https://doi.org/10.20944/preprints202301.0414.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 January 2023 d0i:10.20944/preprints202301.0414.v1

39. NREL. Best Research-Cell Efficiency Chart. Available online: https://www.nrel.gov/pv/cell-efficiency.html
(accessed on 12 January 2021).

40. Bhandari, K.P.; Collier, ].M.; Ellingson, R.].; Apul, D.S. Energy payback time (EPBT) and energy return on energy
invested (EROI) of solar photovoltaic systems: A systematic review and meta-analysis. Renew. Sustain. Energy Rev.
2015, 47, 133-141. https://doi.org/10.1016/j.rser.2015.02.057.

41. Canada, E. and C.C. Powering Our Future with Clean Electricity Available online:
https://www.canada.ca/en/services/environment/weather/climatechange/climate-action/powering-future-clean-
energy.html (accessed on 3 December 2022).

42. Jamil, U.; Pearce, ].M. Energy DPolicy for Agrivoltaics in Alberta Canada. Energies 2023, 16, 53,
doi:10.3390/en16010053.

43. Fthenakis, V.M.; Kim, H.C.; Alsema, E. Emissions from Photovoltaic Life Cycles. Environ. Sci. Technol. 2008, 42,
2168-2174, doi: 10.1021/es071763q.

44. Wade, K. The Impact of Climate Change on the Global Economy. 12.
https://prod.schroders.com/en/sysglobalassets/digital/us/pdfs/the-impact-of-climate-change.pdf (accessed on 02
October 2022)

45. Elamri, Y.; Cheviron, B.; Lopez, ]J.-M.; Dejean, C.; Belaud, G. Water Budget and Crop Modelling for Agrivoltaic
Systems: Application to Irrigated Lettuces. Agricultural Water Management 2018, 208, 440-453,
doi:10.1016/j.agwat.2018.07.001.

46. Al-Saidi, M.; Lahham, N. Solar energy farming as a development innovation for vulnerable water basins. Dev.
Pract. 2019, 29, 619-634. https://doi.org/10.1080/09614524.2019.1600659.

47. Giudice, B.D; Stillinger, C.; Chapman, E.; Martin, M.; Rithimaki, B. Residential Agrivoltaics: Energy Efficiency and
Water Conservation in the Urban Landscape. In Proceedings of the 2021 IEEE Green Technologies Conference
(GreenTech); April 2021; pp. 237-244. https://doi.org/10.1109/GreenTech48523.2021.00046.

48. Miao, R.; Khanna, M. Harnessing Advances in Agricultural Technologies to Optimize Resource Utilization in the
Food-Energy-Water Nexus. Annu. Rev. Resour. Econ 2019, 12, 65-85. https://doi.org/10.1146/annurev-resource-
110319-115428.

49. DURSUN, M.; OZDEN, S. Control of Soil Moisture with Radio Frequency in a Photovoltaic-Powered Drip
Irrigation System. Turkish Journal of Electrical Engineering and Computer Sciences 2015, 23, 447-458,
doi:10.3906/elk-1302-22.

50. Solankey, S.S.; Akhtar, S.; Maldonado, A.LL.; Rodriguez-Fuentes, H.; Contreras, J.A.V.; Reyes, ] M.M. Urban
Horticulture: Necessity of the Future; BoD, 2020; ISBN 978-1-83880-512-8.

51. Thompson, E.P.; Bombelli, E.L.; Shubham, S.; Watson, H.; Everard, A.; D’Ardes, V.; Schievano, A.; Bocchi, S.; Zand,
N.; Howe, C.J.; et al. Tinted Semi-Transparent Solar Panels Allow Concurrent Production of Crops and Electricity
on the Same Cropland. https://doi.org/10.1002/aenm.202001189.

52. Hudelson, T.; Lieth, ].H. Crop Production in Partial Shade of Solar Photovoltaic Panels on Trackers. AIP Conference
Proceedings 2021, 2361, 080001, doi:10.1063/5.0055174.

53. Weselek, A.; Bauerle, A.; Zikeli, S.; Lewandowski, I.; Hogy, P. Effects on Crop Development, Yields and Chemical
Composition of Celeriac (Apium Graveolens L. Var. Rapaceum) Cultivated Underneath an Agrivoltaic System.
Agronomy 2021, 11, 733. https://doi.org/10.3390/agronomy11040733.

54. Barron-Gafford, G.A.; Pavao-Zuckerman, M.A.; Minor, R.L.; Sutter, L.F.; Barnett-Moreno, I.; Blackett, D.T;
Thompson, M.; Dimond, K.; Gerlak, A.K.; Nabhan, G.P.; et al. Agrivoltaics Provide Mutual Benefits across the
Food-Energy-Water Nexus in Drylands. Nat. Sustain. 2019, 2, 848-855. https://doi.org/10.1038/s41893-019-0364-5.

55. Sekiyama, T.; Nagashima, A. Solar Sharing for Both Food and Clean Energy Production: Performance of Agri-
voltaic Systems for Corn, A Typical Shade-Intolerant Crop. Environments 2019, 6, 65,
doi:10.3390/environments6060065.

56. REM TEC REM Tec - Castelvetro Agrovoltaico Plant Piacenza - Italy Available online:
https://remtec.energy/en/agrovoltaico/installations/31-castelvetro (accessed on 14 December 2022).

57. REM TEC REM Tec - Monticelli D’Ongina Agrovoltaico Plant Piacenza - Italy Available online:
https://remtec.energy/en/agrovoltaico/installations/30-monticelli-dongina (accessed on 14 December 2022).

58. REM TEC REM Tec - Borgo Virgilio Agrovoltaico Plant Montava - Italy Available online:
https://remtec.energy/en/agrovoltaico/installations/29-borgo-virgilio (accessed on 14 December 2022).

59. Amaducdi, S.; Yin, X.; Colauzzi, M. Agrivoltaic systems to optimize land use for electric energy production. Appl.
Energy 2018, 220, 545-561. https://doi.org/10.1016/j.apenergy.2018.03.081.

60. Marrou, H.; Wery, J.; Dufour, L.; Dupraz, C. Productivity and radiation use efficiency of lettuces grown in the
partial shade of photovoltaic panels. Eur. J. Agron. 2013, 44, 54—66. doi:10.1016/j.eja.2012.08.003.



https://www.nrel.gov/pv/cell-efficiency.html
about:blank
about:blank
https://doi.org/10.20944/preprints202301.0414.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 January 2023 d0i:10.20944/preprints202301.0414.v1

61. Adeh, E.H.; Selker, ].S.; Higgins, C.W. Remarkable Agrivoltaic Influence on Soil Moisture, Micrometeorology and
Water-Use Efficiency. PLOS ONE 2018, 13, 0203256, doi:10.1371/journal.pone.0203256.

62. Beck, M. & Bopp, G. & Goetzberger, A. & Obergfell, Tabea & Reise, Christian & Schindele, Sigrid. (2012).
Combining PV and Food Crops to Agrophotovoltaic ? Optimization of Orientation and Harvest.
10.4229/27thEUPVSEC2012-5AV.

63. Trommsdorff, M.; Kang, J.; Reise, C.; Schindele, S.; Bopp, G.; Ehmann, A.; Weselek, A.; Hogy, P.; Obergfell, T.
Combining Food and Energy Production: Design of an Agrivoltaic System Applied in Arable and Vegetable
Farming in Germany. Renewable and Sustainable Energy Reviews 2021, 140, 110694, doi:10.1016/j.rser.2020.110694.

64. Mow, B. Solar Sheep and Voltaic Veggies: Uniting Solar Power and AgriculturelState, Local, and Tribal
GovernmentsINREL [WWW  Document], 2018. Available online: https://www.nrel.gov/state-local-
tribal/blog/posts/solar-sheep-and-voltaic-veggies-uniting-solar-power-and-agriculture.html (accessed on 2 July
2020).

65. Willockx, B.; Kladas, A.; Lavaert, C.; Uytterhaegen, B.; Cappelle, ]. HOW AGRIVOLTAICS CAN BE USED AS A
CROP PROTECTION SYSTEM. In Proceedings of the EUROSIS; 2022.

66. Schindele, S.; Trommsdorff, M.; Schlaak, A.; Obergfell, T.; Bopp, G.; Reise, C.; Braun, C.; Weselek, A.; Bauerle, A.;
Hogy, P.; et al. Implementation of Agrophotovoltaics: Techno-Economic Analysis of the Price-Performance Ratio
and Its Policy Implications. Applied Energy 2020, 265, 114737, doi:10.1016/j.apenergy.2020.114737.

67. Xiao, Y.; Zhang, H.; Pan, S.; Wang, Q.; He, J.; Jia, X. An Agrivoltaic Park Enhancing Ecological, Economic and Social
Benefits on Degraded Land in Jiangshan, China.; Freiburg, Germany, 2022; p. 020002.
https://doi.org/10.1063/5.0106454.

68. Williams, J. How China Uses Renewable Energy to Restore the Desert. The Earthbound Report 2022.

69. Adeh, E.H.; Good, S.P.; Calaf, M. Solar PV Power Potential is Greatest Over Croplands. Sci. Rep. 2019, 9, 11442.
https://doi.org/10.1038/s41598-019-47803-3.

70. Brain, R. The Local Food Movement: Definitions, Benefits, and Resources. USU Extension Publication 2012, 1-4.

71. Martinez, S. Local Food Systems; Concepts, Impacts, and Issues; DIANE Publishing, 2010; ISBN 978-1-4379-3362-8.

72. Feenstra, G.W. Local Food Systems and Sustainable Communities. American Journal of Alternative Agriculture 1997,
12, 28-36, d0i:10.1017/S0889189300007165.

73. Fuller, R; Landrigan, P.J.; Balakrishnan, K.; Bathan, G.; Bose-O'Reilly, S.; Brauer, M.; Caravanos, J.; Chiles, T.;
Cohen, A.; Corra, L.; et al. Pollution and Health: A Progress Update. The Lancet Planetary Health 2022, 6, e535-
€547, doi:10.1016/52542-5196(22)00090-0

74. Prehoda, E\W.; Pearce, ].M. Potential Lives Saved by Replacing Coal with Solar Photovoltaic Electricity
Production in the U.S. Renewable and Sustainable Energy Reviews 2017, 80, 710-715, d0i:10.1016/j.rser.2017.05.119.

75. Secretariat, T.B. of C. Government of Canada’s Greenhouse Gas Emissions Inventory Available online:
https://www.canada.ca/en/treasury-board-secretariat/services/innovation/greening-government/government-
canada-greenhouse-gas-emissions-inventory.html (accessed on 16 December 2022).

76. Dinesh, H.; Pearce, ].M. The potential of agrivoltaic systems. Renew. Sustain. Energy Rev. 2016, 54, 299-308.
doi:10.1016/j.rser.2015.10.024.

77. Nelson Sommerfeldt and Joshua M. Pearce Can Grid-Tied Solar Photovoltaics Lead to Residential Heating
Electrification? A techno-economic case study in the Midwestern U.S.

78. McDonald, M.T.; Hayibo, K.S.; Hafting, F.; Pearce, ].M. Economics of Open-Source Solar Photovoltaic Powered
Cryptocurrency Mining. Available online: https://papers.ssrn.com/sol3/papers.cfm?abstract_id=4205879. (accessed
on 19 December 2022).

79. Nima Asgari, Matthew T. McDonald, and Joshua M. Pearce. Energy Modeling and Techno-economic Feasibility
Analysis of Greenhouses for Tomato Cultivation Utilizing the Waste Heat of Cryptocurrency Miners (to be
published).

80. Ravishankar, E.; Charles, M.; Xiong, Y.; Henry, R.; Swift, J.; Rech, J.; Calero, J.; Cho, S.; Booth, R.E.; Kim, T; et al.
Balancing Crop Production and Energy Harvesting in Organic Solar-Powered Greenhouses. CR-PHYS-SC 2021, 2,
doi:10.1016/j.xcrp.2021.100381.

81. Allardyce, C.S., Fankhauser, C., Zakeeruddin, S.M., Grétzel, M. and Dyson, P.J., 2017. The influence of greenhouse-
integrated photovoltaics on crop production. Solar Energy, 155, pp.517-522.
https://doi.org/10.1016/j.solener.2017.06.044.

82. La Notte, L., Giordano, L., Calabro, E., Bedini, R., Colla, G., Puglisi, G. and Reale, A., 2020. Hybrid and organic
photovoltaics for greenhouse applications. Applied Energy, 278, p-115582.
https://doi.org/10.1016/j.apenergy.2020.115582.



about:blank
about:blank
about:blank
https://doi.org/10.1016/j.xcrp.2021.100381
https://doi.org/10.20944/preprints202301.0414.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 January 2023 d0i:10.20944/preprints202301.0414.v1

83. Du, Z.; Denkenberger, D.; Pearce, ]. M. Solar Photovoltaic Powered On-Site Ammonia Production for Nitrogen
Fertilization. Solar Energy 2015, 122, 562-568, doi: 10.1016/j.solener.2015.09.035.

84. Fasihi, M.; Weiss, R.; Savolainen, J.; Breyer, C. Global Potential of Green Ammonia Based on Hybrid PV-Wind
Power Plants. Applied Energy 2021, 294, 116170, doi: 10.1016/j.apenergy.2020.116170.

85. Tributsch, H. Photovoltaic Hydrogen Generation. International Journal of Hydrogen Energy 2008, 33, 5911-5930, doi:
10.1016/j.ijhydene.2008.08.017.

86. Fereidooni, M.; Mostafaeipour, A.; Kalantar, V.; Goudarzi, H. A Comprehensive Evaluation of Hydrogen
Production from Photovoltaic Power Station. Renewable and Sustainable Energy Reviews 2018, 82, 415-423,
doi:10.1016/j.rser.2017.09.060.

87. Pal, P.; Mukherjee, V. Off-Grid Solar Photovoltaic/Hydrogen Fuel Cell System for Renewable Energy Generation:
An Investigation Based on Techno-Economic Feasibility Assessment for the Application of End-User Load Demand
in North-East India. Renewable and Sustainable Energy Reviews 2021, 149, 111421, doi:10.1016/j.rser.2021.111421.

88. Pearce, J.M. Parametric Open Source Cold-Frame Agrivoltaic Systems. Inventions 2021, 6, 71.
https://doi.org/10.3390/inventions6040071

89. Riaz, M.H.; Imran, H.; Alam, H.; Alam, M.A.; Butt, N.Z. Crop-Specific Optimization of Bifacial PV Arrays for
Agrivoltaic Food-Energy Production: The Light-Productivity-Factor Approach. IEEE |. Photovoltaics 2022, 12, 572—
580, doi:10.1109/JPHOTOV.2021.3136158.

90. Katsikogiannis, O.A.; Ziar, H.; Isabella, O. Integration of Bifacial Photovoltaics in Agrivoltaic Systems: A
Synergistic Design Approach. Applied Energy 2022, 309, 118475, doi:10.1016/j.apenergy.2021.118475.

91. Belo, M. Agrivoltaics: Integrating Solar and Agriculture Is a Win-Win Available online:
https://blog.compassenergyconsulting.ca/agrivoltaics-integrating-solar-and-agriculture-is-a-win-win (accessed on
22 December 2021).

92. Maia, A.S.C.; de Andrade Culhari, E.; de Franca Carvalho Fonséca, V.; Milan, H.F.M.; Gebremedhin, K.G.
Photovoltaic Panels as Shading Resources for Livestock. ]. Clean. Prod. 2020, 258, 120551.
https://doi.org/10.1016/j.jclepro.2020.120551.

93. Andrew, A.C.; Higgins, CW.; Smallman, M.A.; Graham, M.; Ates, S. Herbage Yield, Lamb Growth and Foraging
Behavior in Agrivoltaic Production System. Front. Sustain. Food Syst. 2021, 0, d0i:10.3389/fsufs.2021.659175.

94. Handler, R.; Pearce, ].M. Greener Sheep: Life Cycle Analysis of Integrated Sheep Agrivoltatic Systems. 2021,
doi:10.5281/zenod0.5706110.

95. MacLean, R. Canadian Food DYK: Canada Ranks as the Fifth Largest Agricultural Exporter in the World | Eat
North Available online: https://eatnorth.com/robyn-maclean/canadian-food-dyk-canada-ranks-fifth-largest-
agricultural-exporter-world (accessed on 29 September 2022).

96. Business Renewables Centre Canada Deal Tracker | Business Renewables Canada Available online:
https://businessrenewables.ca/deal-tracker (accessed on 21 October 2022).

97. Canada, N.R. Photovoltaic Potential and Solar Resource Maps of Canada Available online:
https://www.nrcan.gc.ca/our-natural-resources/energy-sources-distribution/renewable-energy/solar-
photovoltaic-energy/tools-solar-photovoltaic-energy/photovoltaic-potential-and-solar-resource-maps-
canada/18366 (accessed on 15 December 2022).

98. Secretariat, T.B. of C.; Secretariat, T.B. of C. 2015 Land Cover of Canada - Open Government Portal Available online:
https://open.canada.ca/data/en/dataset/4e615eae-b90c-420b-adee-2ca35896caf6 (accessed on 15 December 2022).

99. Secretariat, T.B. of C.; Secretariat, T.B. of C. Photovoltaic Potential and Solar Resource Maps of Canada - Open
Government Portal Available online: https://open.canada.ca/data/en/dataset/8b434ac7-aedb-4698-90df-
ba77424a551f (accessed on 10 January 2023).

100. National Renewable Energy Laboratory SAM Open Source - System Advisor Model - SAM. Available online:
https://sam.nrel.gov/about-sam/sam-open-source.html (accessed on 15 December 2022).

101. Heliene 144HC M6 Bifacial Module 144 Half-Cut Monocrystalline 440W — 460W (HSPE-144HC-M6-Bifacial-
Rev.05.Pdf) 2022. Available online: https://heliene.com/wp-
content/uploads/documents/SpecSheets/HSPE 144HC M6 Bifacial Rev.05.pdf (accessed on 15 January 2023)

102. Hayibo, K.S.; Vandewetering, N.; Pearce, ].M. Vertical Wood Agrivoltaic Racking [to be published].

103. Cambridge Energy Cambridge Energy _ Nomad Savannah | SAVANNAH B TRACKER 2X20 Moveable Solar
Trackers (Data Sheet) 2022.

104. Marion, W.; Dobos, A. (2013). Rotation Angle for the Optimum Tracking of One-Axis Trackers. National Renewable
Energy Laboratory. 10 pp.; NREL/TP-6A20-58891. (PDF 388 KB)



https://doi.org/10.1016/j.solener.2015.09.035
https://doi.org/10.1016/j.apenergy.2020.116170
https://doi.org/10.1016/j.ijhydene.2008.08.017
about:blank
about:blank
about:blank
about:blank
https://heliene.com/wp-content/uploads/documents/SpecSheets/HSPE_144HC_M6_Bifacial_Rev.05.pdf
https://heliene.com/wp-content/uploads/documents/SpecSheets/HSPE_144HC_M6_Bifacial_Rev.05.pdf
https://doi.org/10.20944/preprints202301.0414.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 January 2023 d0i:10.20944/preprints202301.0414.v1

105. Government of Canada, C.E.R. CER — Provincial and Territorial Energy Profiles — Ontario Available online:
https://www.cer-rec.gc.ca/en/data-analysis/energy-markets/provincial-territorial-energy-profiles/provincial-
territorial-energy-profiles-ontario.html (accessed on 20 December 2022).

106. Government of Canada, C.E.R. CER - Provincial and Territorial Energy Profiles — Alberta Available online:
https://www.cer-rec.gc.ca/en/data-analysis/energy-markets/provincial-territorial-energy-profiles/provincial-
territorial-energy-profiles-alberta.html (accessed on 20 December 2022).

107. Government of Canada, S.C. Saskatchewan Remains the Breadbasket of Canada Available online:
https://www150.statcan.gc.ca/nl/pub/95-640-x/2016001/article/14807-eng.htm (accessed on 20 December 2022).

108. Government of Canada, C.E.R. CER - Provincial and Territorial Energy Profiles — Saskatchewan Available online:
https://www.cer-rec.gc.ca/en/data-analysis/energy-markets/provincial-territorial-energy-profiles/provincial-
territorial-energy-profiles-saskatchewan.html (accessed on 20 December 2022).

109. Government of Canada, C.E.R. CER - Provincial and Territorial Energy Profiles — Manitoba Available online:
https://www.cer-rec.gc.ca/en/data-analysis/energy-markets/provincial-territorial-energy-profiles/provincial-
territorial-energy-profiles-manitoba.html (accessed on 20 December 2022).

110. Government of Canada, C.E.R. CER - Provincial and Territorial Energy Profiles — British Columbia Available
online: https://www.cer-rec.gc.ca/en/data-analysis/energy-markets/provincial-territorial-energy-
profiles/provincial-territorial-energy-profiles-british-columbia.html (accessed on 20 December 2022).

111. Government of Canada Table 15.7 Land and Freshwater Area, by Province and Territory Available online:
https://www150.statcan.gc.ca/nl/pub/11-402-x/2010000/chap/geo/tbl/tbl07-eng.htm (accessed on 20 December
2022).

112. Government of Canada, C.E.R. CER - Provincial and Territorial Energy Profiles — Quebec Available online:
https://www.cer-rec.gc.ca/en/data-analysis/energy-markets/provincial-territorial-energy-profiles/provincial-
territorial-energy-profiles-quebec.html (accessed on 3 January 2023).

113. Canada, N.R. Introduction - Atlantic Canada Available online:
https://www.nrcan.gc.ca/environment/resources/publications/impacts-
adaptation/reports/assessments/2008/ch4/10339 (accessed on 20 December 2022).

114. Government of Canada, C.E.R. CER - Provincial and Territorial Energy Profiles — Canada Available online:
https://www.cer-rec.gc.ca/en/data-analysis/energy-markets/provincial-territorial-energy-profiles/provincial-
territorial-energy-profiles-canada.html (accessed on 4 December 2022).

115. Suuronen, J. Possible Implementations of Agrivoltaics in Sweden - With Focus on Solar Irradiation and Electricity
Production. 2022.

116. Open Energy Information InSPIRE/Agrivoltaics Map | Open Energy Information Available online:
https://openei.org/wiki/InSPIRE/Agrivoltaics_Map (accessed on 11 January 2023).

117. ENERGY.GOV DOE Announces $8 Million to Integrate Solar Energy Production with Farming Available online:
https://www.energy.gov/articles/doe-announces-8-million-integrate-solar-energy-production-farming  (accessed
on 11 January 2023).

118. News -, ].B.- C. Canadians Are among the World’s Worst Carbon Emitters. Here’'s What We Can Do about It | CBC News
Available online: https://www.cbc.ca/news/science/how-canadians-can-cut-carbon-footprints-1.6202194 (accessed on 13
January 2023).

119. United Nations What You Need to Know about the COP27 Loss and Damage Fund Available online:
http://www.unep.org/news-and-stories/story/what-you-need-know-about-cop27-loss-and-damage-fund  (accessed on 13
January 2023).

120. Wyns, A. COP27 Establishes Loss and Damage Fund to Respond to Human Cost of Climate Change. The Lancet Planetary
Health 2023, 7, e21-e22, doi:10.1016/52542-5196(22)00331-X.

121. Heidari, N.; Pearce, ]. M. A Review of Greenhouse Gas Emission Liabilities as the Value of Renewable Energy for Mitigating
Lawsuits for Climate Change Related Damages | Elsevier Enhanced Reader. 2016, 55, 899-908,
doi:https://doi.org/10.1016/j.rser.2015.11.025.

122. Pascaris, A.S.; Pearce, ].M. U.S. Greenhouse Gas Emission Bottlenecks: Prioritization of Targets for Climate Liability. Energies
2020, 13, 3932, d0i:10.3390/en13153932.

123. Faure, M.; Peeters, M. Climate Change Liability; Edward Elgar Publishing, 2011; ISBN 978-1-84980-602-2.

124. Allen, M. Liability for Climate Change. Nature 2003, 421, 891-892, doi:10.1038/421891a.

125. Ghosh, A. Possibilities and Challenges for the Inclusion of the Electric Vehicle (EV) to Reduce the Carbon Footprint in the
Transport Sector: A Review. Energies 2020, 13, 2602, doi:10.3390/en13102602.

126. Plotz, P. Hydrogen Technology Is Unlikely to Play a Major Role in Sustainable Road Transport. Nat. Electron. 2022, 5, 8-10.
https://doi.org/10.1038/s41928-021-00706-6.

127. Litun, R.O. Towards Hydrogen, A Hydrogen HUB Feasibility Study for South-East Alberta; Transition Accelerator Reports:
Calgary, AB, Canada, 2022; Volume 4, pp. 1-213.



https://doi.org/10.1038/s41928-021-00706-6
https://doi.org/10.20944/preprints202301.0414.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 January 2023 d0i:10.20944/preprints202301.0414.v1

128. Eid, B.; Islam, M.R,; Shah, R.; Nahid, A.A.; Kouzani, A.Z.; Mahmud, M.P. Enhanced Profitability of Photovoltaic Plants By
Utilizing Cryptocurrency-Based Mining Load. IEEE Trans. Appl. Supercond. 2021, 31, 1-5.
https://doi.org/10.1109/TASC.2021.3096503.

129. Zhang, J.; Wang, T.; Chang, Y.; Liu, B. A sustainable development pattern integrating data centers and pasture-based agrivoltaic
systems for ecologically fragile areas. Resour. Conserv. Recycl. 2023, 188, 106684. https://doi.org/10.1016/j.resconrec.2022.106684.

130. Ayres, R.U. and Ayres, E.H., 2009. Crossing the energy divide: moving from fossil fuel dependence to a clean-energy future.
Pearson Prentice Hall

131. Martin-Chivelet, N.; Guillén, C.; Trigo, ].F.; Herrero, J.; Pérez, ].J.; Chenlo, F. Comparative Performance of Semi-Transparent PV
Modules and Electrochromic Windows for Improving Energy Efficiency in Buildings. Energies 2018, 11, 1526.
https://doi.org/10.3390/en11061526.

132. Yeop Myong, S.; Won Jeon, S. Design of Esthetic Color for Thin-Film Silicon Semi-Transparent Photovoltaic Modules. Sol.
Energy Mater. Sol. Cells 2015, 143, 442—449. https://doi.org/10.1016/j.solmat.2015.07.042.

133. Zhao, Y.; Zhu, Y.; Cheng, H.-W.; Zheng, R.; Meng, D.; Yang, Y. A Review on Semitransparent Solar Cells for Agricultural
Application. Mater. Today Energy 2021, 22, 100852. https://doi.org/10.1016/j.mtener.2021.100852.

134. Li, Z.; Yano, A.; Cossu, M.; Yoshioka, H.; Kita, I.; Ibaraki, Y. Electrical Energy Producing Greenhouse Shading System with a
Semi-Transparent Photovoltaic Blind Based on Micro-Spherical Solar Cells. Energies 2018, 11, 1681.
https://doi.org/10.3390/en11071681.

135. Li, Z.; Yano, A.; Cossu, M.; Yoshioka, H.; Kita, I.; Ibaraki, Y. Shading and Electric Performance of a Prototype Greenhouse Blind
System Based on Semi-Transparent Photovoltaic Technology. J. Agric. Meteorol. 2018, 74, 114-122.
https://doi.org/10.2480/agrmet.D-17-00047.

136. Li, Z; Yano, A.; Yoshioka, H. Feasibility Study of a Blind-Type Photovoltaic Roof-Shade System Designed for Simultaneous
Production of Crops and  Electricity in a  Greenhouse. Appl. Energy 2020, 279, 115853.
https://doi.org/10.1016/j.apenergy.2020.115853.

137. Shen, L.; Lou, R.; Park, Y.; Guo, Y.; Stallknecht, E.J.; Xiao, Y.; Rieder, D.; Yang, R.; Runkle, E.S.; Yin, X. Increasing Greenhouse
Production by Spectral-Shifting and Unidirectional Light-Extracting Photonics. Nat. Food 2021, 2, 434-441.
https://doi.org/10.1038/s43016-021-00307-8.

138. Shen, L.; Yin, X. Increase Greenhouse Production with Spectral-Shifting and Unidirectional Light-Extracting Photonics. In
Proceedings of the New Concepts in Solar and Thermal Radiation Conversion IV, SPIE, San Diego, CA, USA, 1-5 August 2021;
Volume 11824, p. 1182402. https://doi.org/10.1117/12.2593235.

139. Growing Trial for Greenhouse Solar Panels —Research & Innovation|Niagara College. Research & Innovation 2019. Available
online: https://www.ncinnovation.ca/blog/research-innovation/growing-trial-for-greenhouse-solar-panels (accessed on 25
October 2021).

140. Chiu, G. Dual Use for Solar Modules. Greenhouse Canada 2019. Available online:
https://www.greenhousecanada.com/technology-issues-dual-use-for-solar-modules-32902/ (accessed on 25 October 2021).

141. El-Bashir, S.M.; Al-Harbi, F.F.; Elburaih, H.; Al-Faifi, F.; Yahia, 1.S. Red Photoluminescent PMMA Nanohybrid Films for
Modifying the Spectral Distribution of Solar Radiation inside Greenhouses. Renew. Energy 2016, 85, 928-938.
https://doi.org/10.1016/j.renene.2015.07.031.

142. Parrish, C.H.; Hebert, D.; Jackson, A.; Ramasamy, K.; McDaniel, H.; Giacomelli, G.A.; Bergren, M.R. Optimizing Spectral Quality
with Quantum Dots to Enhance Crop Yield in Controlled Environments. Commun. Biol. 2021, 4, 124.
https://doi.org/10.1038/s42003-020-01646-1.

143. UbiGro A Layer of Light. Available online: https://ubigro.com/case-studies (accessed on 22 September 2021).

144. Timmermans, G.H.; Hemming, S.; Baeza, E.; van Thoor, E.A]J.; Schenning, A.P.H.].; Debije, M.G. Advanced Optical Materials
for Sunlight Control in Greenhouses. Adv. Opt. Mater. 2020, 8, 2000738. https://doi.org/10.1002/adom.202000738.

145. Agricultural Adaptation Council. “Waste” Light Can Lower Greenhouse Production Costs; Greenhouse Canada: Simcoe, ON,
Canada, 2019.

146. Pringle, A.M.; Handler, R.M.; Pearce, ].M. Aquavoltaics: Synergies for dual use of water area for solar photovoltaic electricity
generation and aquaculture. Renew. Sustain. Energy Rev. 2017, 80, 572-584. https://doi.org/10.1016/j.rser.2017.05.191

147. Bowden, S.; Jordan, M.; Killam, A.; Ankrum, J.; Anderson, R.; Hernandez, D.; McBeth, A.; McCall, E.; Piend], B.; Ramos-Molina,
M.; et al. Agrivoltaics Citizen Science: A Model for Collaboration between Engineers and K-12 Schools. In Proceedings of the
2021 IEEE 48th Photovoltaic Specialists Conference (PVSC); June 2021; pp. 2146-2148.

148. Bowden, S.; Cordon, J.; Dykes, M.; Hernandez, M.; Jordan, M.; Killam, A.; Castillo, ].M.; Park, A.; Pita, A.; Robledo, M.; et al.
AgriPV Citizen Science Lab: A Collaborative Model for Engineers, Youth Scholars and Communities. In Proceedings of the 2022
IEEE 49th Photovoltaics Specialists Conference (PVSC); June 2022; pp. 0904—-0906.

149. Heise, C.; Pearce, ].M. From Open Access to Open Science: The Path From Scientific Reality to Open Scientific Communication.
SAGE Open 2020, 10, 2158244020915900, doi:10.1177/2158244020915900.

150. Heikkinen, I.T.S.; Savin, H.; Partanen, J.; Seppala, J.; Pearce, ]. M. Towards National Policy for Open Source Hardware Research_
The Case of Finland | Elsevier Enhanced Reader. 2020, 155, https://doi.org/10.1016/j.techfore.2020.119986.

151. Pascaris, A.S.; Schelly, C.; Burnham, L.; Pearce, ].M. Integrating Solar Energy with Agriculture: Industry Perspectives on the
Market, Community, and Socio-Political Dimensions of Agrivoltaics. Energy Res. Soc. Sci. 2021, 75, 102023.
https://doi.org/10.1016/j.erss.2021.102023.



https://doi.org/10.1016/j.apenergy.2020.115853
https://doi.org/10.1117/12.2593235
https://doi.org/10.1002/adom.202000738
https://doi.org/10.1016/j.techfore.2020.119986
https://doi.org/10.20944/preprints202301.0414.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 January 2023 d0i:10.20944/preprints202301.0414.v1

152. Pascaris, A.S.; Schelly, C.; Pearce, ]. M. A First Investigation of Agriculture Sector Perspectives on the Opportunities and Barriers
for Agrivoltaics. Agronomy 2020, 10, 1885. https://doi.org/10.3390/agronomy10121885.

153. Pascaris, A.S.; Schelly, C.; Rouleau, M.; Pearce, ].M. Do agrivoltaics improve public support for solar? A survey on perceptions,
preferences, and priorities. Green Technol. Resil. Sustain. 2022, 2, 8. https://doi.org/10.1007/s44173-022-00007-x.

154. World Health Organization. WHO Report on the Global Tobacco Epidemic, 2021: Addressing New and Emerging Products;
World Health Organization: Geneva, Switzerland, 2021.

155. Norman, P.; News, Climate Solutions Reporting Doubting Farmers, Here Is Proof Solar Panels and Sheep Get along Just Fine
Available online: https://www.nationalobserver.com/2022/12/29/news/doubting-farmers-proof-solar-panels-and-sheep-get-
along-just-fine (accessed on 13 January 2023).

156. Lytle, W.; Meyer, T.K,; Tanikella, N.G.; Burnham, L.; Engel, J.; Schelly, C.; Pearce, ].M. Conceptual Design and Rationale for a
New Agrivoltaics Concept: Pasture-Raised Rabbits and Solar Farming. J. Clean. Prod. 2021, 282, 124476.
https://doi.org/10.1016/j.jclepro.2020.124476.

157. Amelinckx, A. Solar Power and Honey Bees Make a Sweet Combo in Minnesota. Smithsonian Magazine. Available online:
https://www.smithsonianmag.com/innovation/sol-power-and-honey-bees-180964743/ (accessed on 22 December 2021).

158. Greg, P. Shannon Canadian Renewable and Conservation Expense: Clean Energy Tax Incentives. Available online:
https://gowlingwlg.com/en/insights-resources/articles/2018/canadian-renewable-and-conservation-expense/ (accessed on 25
October 2022).


https://doi.org/10.20944/preprints202301.0414.v1

