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Abstract
Climate change may cause changes in cloud cover to affect solar radiation, thereby affecting the solar PV
potential. PV potential has an influence on the public's adoption of solar PV systems as well as the
efficacy and efficiency of municipal PV subsidy schemes. The purpose of the research includes two main
parts: the first is to examine the probable climate change impact on PV potential in Alberta and British
Columbia, Canada, second is to evaluate the rooftop PV potential of a specific location with minor PV
potential change from the result of the first part. Two sets of rooftops were selected for comparison. Set
1 describes a ‘complete set’ of rooftops. Set 2 describes a subset of relatively optimal rooftops for PV
installation. The climate data of the solar radiation, temperature, and wind speed in 1995-2014 and
2031-2050 two periods from the CMIP6 were used to estimate the PV potential. The total Levelized Cost
of Energy (LCOE) was calculated to analyze the economic feasibility of rooftop PV systems. The results
show that climate change will mainly affect the future (2031-2050) PV potential by about 1%. The City of
Vancouver with a small future PV change (-0.28%) was selected for the rooftop PV potential assessment.
Area Solar Radiation tool from ArcGIS Pro was used to calculate the solar radiation of Vancouver.
Rooftop PV power generation in Vancouver from Set 2 is approximately 7% of total electricity
consumption yearly. In addition, most of the rooftops generated much more PV in July than in
December. With subsidies from the government, the LCOE value of Set 2 rooftop PV is much lower than
the BC average electricity price, and 96.2% of the Set 2 rooftop PV systems can pay for themselves
within five years, while only 41.3% of Set 1 roofs can pay the investment back in a 5-year production. In
conclusion, climate change in 2031-2050 is expected to have little effect on PV potential. Rooftop PV on
suitable roof surfaces is economically feasible and can effectively reduce power consumption in
Vancouver, especially in summer.
Keywords: PV potential, Climate change, CMIP6, rooftop PV, LCOE
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Chapter 1. Introduction
1.1 Background
Climate change is a long-term shift in weather conditions identified by changes in temperature,
precipitation, winds, cloud cover, and other indicators (Government of Canada, 2019 & IPCC, 2007).
Human activity, such as burning fossil fuels and convert land from forests to agriculture, is the main
cause of climate change, and greenhouse gas emissions, such as carbon dioxide produced by burning
fossil fuels, is the main cause of human-induced climate change (Government of Canada, 2019).
While Canada has one of the cleanest electricity systems in the world. In 2016, about 80 percent of
Canada’s electricity came from zero-emitting sources like conventional hydropower, wind, solar, and
nuclear (Ye, 2018), Canada has set a goal of reducing emissions by 40-45% from 2005 levels by 2030 and
achieving net-zero greenhouse gas emissions by 2050 (Government of Canada, 2021).

Table 1
Net Zero Economy Index 2021 - G20 performance across energy-related CO2
Country

Change in
carbon
intensity
2019-2020

Annual
average
change in
carbon
intensity
2000-2020

World

−2.5%

−1.5%

Annual
average
change in
carbon
intensity
2016-2020
post Paris
Agreement
−2.3%

G7

−5.7%

−2.4%

E7

−0.8%

China
US

Change in
energy
related
emission
2019-2020

Real GDP
growth
(PPP)
2019-2020

Carbon
intensity
(tCO2/Sm
GDP 2020)

−5.6%

−3.3%

262

−3.3%

−10.5%

−5.1%

202

−1.6%

−2.4%

−2.2%

−1.5%

337

−1.0%

−2.8%

−3.6%

1.3%

2.3%

434

−7.2%

−2.8%

−3.6%

−10.4%

−3.5%

236

2
Country

Change in
carbon
intensity
2019-2020

Annual
average
change in
carbon
intensity
2000-2020

Change in
energy
related
emission
2019-2020

Real GDP
growth
(PPP)
2019-2020

−1.5%

Annual
average
change in
carbon
intensity
2016-2020
post Paris
Agreement
−3.0%

Japan

−3.5%

Germany

Carbon
intensity
(tCO2/Sm

−8.2%

−4.8%

221

−5.7%

−2.6%

−5.0%

−10.3%

−4.9%

147

Russia

−4.0%

−2.7%

−1.9%

−6.8%

−3.0%

389

Indonesia

−10.6%

−1.5%

−1.1%

−12.5%

−2.1%

171

Brazil

−1.9%

−0.5%

−1.9%

−5.9%

−4.1%

145

France

−6.1%

−2.7%

−3.7%

−13.7%

−8.1%

95

UK

−6.5%

−3.9%

−4.9%

−15.7%

−9.8%

112

Italy

−3.8%

−1.9%

−2.3%

−12.3%

−8.9%

125

Mexico

−12.4%

−1.4%

−5.5%

−19.6%

−8.2%

154

Turkey

−5.8%

−1.6%

−3.3%

−4.1%

1.8%

162

Korea

−6.0%

−1.7%

−3.0%

−6.9%

−1.0%

341

Canada

−4.4%

−2.2%

−2.0%

−9.5%

−5.4%

321

Saudi

2.9%

1.0%

−0.6%

−1.3%

−4.1%

432

Australia

−6.9%

−2.5%

−3.0%

−7.2%

−0.3%

279

Argentian

2.8%

−0.3%

−1.4%

−7.4%

−9.9%

178

South

0.9%

−1.4%

−1.1%

−6.1%

−7.0%

574

GDP 2020)

Arabia

Africa
Table 1 (PwC, 2021) shows the carbon reduction of G20 countries. The Net Zero Economy Index tracks
the rate of decarbonisation of the G20 across energy-related CO2 emissions. Among the G20, Mexico
and Indonesia have recorded the highest rates of carbon intensity reduction relative to economic
growth, down 12.4% and 10.6%, respectively, from 2019 levels. Canada reduces carbon intensity by
4.4% in 2019-2020 period. None of the G20 member states achieved the 12.9% rate of decarbonisation
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now required to limit warming to 1.5°C (PwC., 2021). Canada still has a tough job to do on carbon
reduction targets.
British Columbia has committed to greenhouse gas (GHG) reductions of 16% by 2025, 40% by 2030, 60%
by 2040, and 80% by 2050 (Province of British Columbia, 2021), using 2007 as the baseline. In March
2021, to help meet provincial greenhouse gas targets, BC Province established new 2030 emission
reduction targets for four sectors, with 2007 as a baseline: Transportation, 27-32%; Industry, 38-43%; Oil
and gas, 33-38%; Buildings and communities, 59-64% (Province of British Columbia, 2021). This target
highlights the need to significantly reduce greenhouse gas emissions from buildings and communities.
Among all energy resources, solar energy is the most abundant (International Panel on Climate Change
et al., 2011), besides, it is the cleanest renewable energy source and has good prospects for future
sustainable development (Song et al., 2018). To mitigate climate crisis, it’s necessary to promote solar
energy production in the upcoming decades.
Direct solar energy technologies have harnessed solar radiation reaching the Earth’s surface to generate
electricity using photovoltaics (PV) and concentrating solar power (CSP), to produce thermal energy, to
meet direct lighting needs, and to produce fuels that might be used for transport and other purposes
(Chen, 2021). Although the use of PV systems as a kind of renewable energies is a way for climate
change mitigation, it is in turn dependent on weather and climate, a dependency (and vulnerability) that
could affect the feasibility of future low-carbon energy supply systems (Jerez et al.,2015). Wild et al.
(2015) claimed that the energy production of PV system depends on the available amount of solar
radiation, whereas the amount of solar energy that could be used by humans depends significantly on
local factors such as meteorological conditions (IPCC, 2011). According to Trenberth et al. (2007) and
Chen et al, (2021), there is a connection between climate change and solar radiation. For example, the
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cloud cover changes caused by climate change have great impact on the availability of solar radiation
reaching the earth surface, which will influence the solar PV power generation amount.
The climate of Canada is very diverse because of the large area of the country and significant seasonal
variations in temperature and solar radiation. According to Urban (2021), the best provinces for
producing solar energy in Canada are all located on the prairies: Alberta, Manitoba, and Saskatchewan;
the worst provinces or territories for producing solar energy in Canada Newfoundland and Labrador,
Yukon and British Columbia. Whether climate change will significantly affect the solar PV potential in
Canada needs to be simulated and projected locally, which can help us understand Canada’s future PV
potential for specific locales. In the first aspect of this research, provinces of Alberta and British
Columbia (BC) were selected as the study areas for the PV potential estimation and projection, since
these provinces are representative as the more suitable and less suitable provinces for solar energy
generation, respectively.
In addition, Sreckovic et al. (2016) claim that the distribution network (buildings) that connected small
distributed generation (DG) units to the distribution network is evolving from an once passive, powerconsuming part of an electric power system, to an active, power generating part of an electric power
system. DG electric power plants produce power on an electricity consumer's own site or at the local
distribution substation (“Distributed”, 2003). The integration of direct current (DC) loads and Renewable
Energy Sources (RESs) in these grids bring many benefits including efficient performance, more reliable
and available supply, high power efficiency, and enhanced power quality (Pourmirasghariyan et al.,
2022).
However, proliferation of distributed generation units, integrated within the distribution network
requires increased attention to their proper placements. In urban areas, buildings' rooftops are
expected to have greater involvement in the deployment of PV systems. As the building roofs provide
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large, unused areas, suitable for solar energy exploitation (Sreckovic et al., 2016), PV systems
installations on industrial, commercial, or residential buildings are being privileged as an operative way
to reduce the increasing electricity consumption (Boulahia et al., 2021).
In this research, the estimation and analysis of the future PV potential change in two provinces were
conducted first, then a municipality with small PV change were selected for rooftop PV potential
estimation. The outline of this paper is as follows: Chapter 1 is the introduction of the research,
including background, problem statement, purpose and research questions; Chapter 2 is the literature
review; Chapter 3 describes the methodologies employed; Chapter 4 presents the results and some
discussion of the research; Chapter 5 draws the conclusions of the research.

1.2 Problem Statement
Climate change may cause changes in cloud cover to affect solar radiation, thereby affecting the solar PV
potential. PV potential has influence on the public's adoption of solar photovoltaic systems as well as
the efficacy and efficiency municipal PV subsidy schemes, such as those targeting rooftop installations.

1.3 Purpose and Research Questions
The objective of the research includes two main parts: first is to examine the probable climate change
impact on PV potential in Alberta and British Columbia of Canada; second is to evaluate the rooftop PV
potential of a specific location with small PV potential change from the result of first part. The research
questions are as follows:
1. How will climate change impact PV potential in Alberta and British Columbia? What’s the magnitude
of effect of projected climate change on PV in the two regions? What’s the variability of future change
to PV potential over space within the two provinces?
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2. What’s the present rooftop PV potential of a municipality with small change in future PV potential
based on the results of the first research question? What’s the seasonal variation of the rooftop PV
power generation? What’s the economy of the rooftop PV systems?
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Chapter 2. Literature Review
2.1 General Significance of PV Potential Assessment
Solar energy is the conversion of sunlight into usable energy forms. Solar PV, solar thermal electricity
and solar heating and cooling are well established solar technologies (IEA, n.d.). Solar PV can be applied
from off-grid applications to utility-scale power generation facilities.
Global solar PV is anticipated with nearly 117 GW installed for 2021– a nearly 10% rise from 2020 (IEA,
2020). Major markets, such as the United States, China, and the European Union, will help solar PV add
an average of over 125 GW of capacity per year from 2021-2025 (IEA, 2020). Canada has developed
many provincial regulations and programs to promote the use of solar energy. For instance, the Ontario
Power Authority (OPA) has developed a Feed-In Tariff (FIT) Program for the Province of Ontario from
2009 to encourage and promote greater use of renewable energy sources (Agency, 2021). In 2007, the
boards of three economic development agencies in southern Alberta signed a memorandum of
understanding agreeing to work together for mutual purpose to promote the alternative energy assets
of the region, and 9 fully approved projects slated for construction between 2019 to 2022 are profiled
(SAAEP, 2019).
PV has great development prospect. In the future, buildings are expected to contribute significantly to
the increased deployment of PV (photovoltaic) systems (Sreckovic et al., 2016), due to large unused area
for solar energy application. PV systems can also easily be integrated with the existing building
structures, such as rooftops and facades (Li et al., 2020). Installation of solar PV systems on building
rooftops has been the most widely applied method for using solar energy resources (Song et al., 2018).
Therefore, in this research, we will focus on estimating the rooftop PV potential, which can be used as a
guidance for the decision on installing PV systems.
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2.2 Climate Change Impact on PV Potential
The energy production of PV system, first of all, depends on the available amount of solar radiation at
the Earth’s surface (Wild et al. 2015). According to IPCC (2011), the solar irradiance reaching the Earth’s
surface is divided into two primary components: beam solar irradiance on a horizontal surface, which
comes directly from the Sun’s disk, and diffuse irradiance, which comes from the whole of the sky
except the Sun’s disk. The term ‘global solar irradiance’ refers to the sum of the beam and diffuse
components. The amount of solar energy that could be put to human use depends significantly on local
factors such as land availability and meteorological conditions and demands for energy services (IPCC,
2011).
Surface solar radiation is strongly influenced by the Earth’s climate and atmosphere (Chen et al, 2021).
For example, the cloud changes have great impact on the availability of solar radiation. However,
warming of the climate system is unequivocal, as is now evident from observations of increases in global
average air and ocean temperatures, intensive melting of snow and ice, and rising global average sea
level (IPCC, 2007). Although many countries in the world actively take measures to mitigate climate
change, the global climate will undergo notable changes in the coming decades. It is necessary to
investigate the possible impacts of future climate change on solar radiation when planning PV potential
estimation.
According to Trenberth et al. (2007), widespread decrease in continental Diurnal temperature range
(DTR) since 1950s coincide with increases in clouds amounts. Radiation changes at the top of the
atmosphere from 1980s to 1990s, possibly related to the El Niño-Southern Oscillation (ENSO)
phenomenon, appear to be associated with reductions in tropical upper-level cloud cover, and are
linked to changes in the energy budget at the surface and changes in observed ocean heat content. It
indicates that there may be a connection between climate change and solar radiation. IPCC (2011)
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identified that climate change due to an increase of greenhouse gases (GHGs) in the atmosphere may
influence atmospheric water vapour content, cloud cover, rainfall, and turbidity, and this can impact the
resource potential of solar energy in different regions of the globe.
With the climate change, the factors that influence the PV potential includes not only solar irradiance,
but also surface air temperature and surface wind velocity (Jerez et al., 2015). Radziemska (2003)
studied the effect of temperature on the crystalline silicon solar cells. The experiments of the
temperature performance of a PV silicon solar module working at constant irradiance and the radiation
performance of silicon solar cell working at constant temperature were conducted. It was observed that
with the increase of temperature, a decrease of the output power (-0.65%/K), of the fill-factor (-0.2%/K)
and of the conversion efficiency (-0.08%/K) of the PV module were observed. The results show that PV
silicon solar module presents a negative relationship between the energy output and the surface
temperature. It agrees with the research by Notton et al. (2005) that show PV power output has
negative linear relationship with the temperature change.
According to the research by Jerez et al. (2015), the projections for surface wind velocity are largely
uncertain, having a negligible impact on PV potential. However, Skoplaki & Palyvos (2009) claimed that
the wind has indirect beneficial effect of lowering the operating temperature by forced convection,
which, in turn, increase the power output of PV panels. Hence, in many correlations meant for
calculating the electrical conversion efficiency of PV panel, the wind speed is considered an indirect
factor through the forced heat transfer convection. With little or no wind speed, the heat loss due to
free convective becomes more significant but with higher wind velocities forced convection plays a key
role in managing the temperature of the PV panel (Skoplaki & Palyvos, 2009).
Subramanian et al. (2020) studied the potential of wind speed for cooling a mast-mounted solar PV
panel. They placed a converging duct in the windward direction of the PV panel mounting to increase
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the wind speed by a factor of 1.5 beneath the PV panel. The results show that the operating
temperature of PV panel decreased by 2-3℃ and the PV along with the electrical output power
increased by 0.7 W.
There is strong correlation between irradiation and temperature (Wild et al., 2007). The downward
irradiation that reaches the troposphere and the earth surface is absorbed by the atmospheric particles
and the earth surface, respectively, emitting back long wave radiation (in the infrared spectrum) that
increases the ambient heat and thus the temperature (Panagea et al., 2014). There is also correlation
between downward irradiation and cloud cover. The impact of clouds on irradiation is reflected in three
aspects (Panagea et al., 2014): firstly, clouds block a fraction of the direct downward irradiation that
negatively affect the direct radiation to reach the earth surface; secondly, they diffuse the already
absorbed fraction of the irradiation to all directions, increasing the diffusive irradiation that reaches the
earth surface; thirdly, they block part of the long wave radiation that was supposed to be emitted from
earth, back to space (greenhouse effect). The third aspect of the cloud cover influence affects positively
the near surface air temperature. Climate change will impact temperature and irradiance, which will
affect PV potential.
Another significant factor for PV potential is cloud cover fraction. Clouds cover approximately 30% of the
Earth and change significantly depending on time and space (Zo et al., 2016). A significant amount of
solar energy is reduced by clouds (Rossow and Schiffer, 1999). That is, clouds have the greatest influence
on surface solar radiation, which is influenced by the temporal resolution of the geostationary
meteorological satellite that calculates cloud transmittance (Zo et al., 2016). Zo et al. (2016) used the
model that described the relationships between solar radiation and cloud. For the clear sky condition,
there is an equation (1) as follows:
𝑆𝑆𝑠𝑠 = 𝑆𝑆𝐼𝐼 + 𝑆𝑆𝑅𝑅 + 𝑆𝑆𝐴𝐴

(1)
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where 𝑆𝑆𝑠𝑠 is the total insolation, 𝑆𝑆𝐼𝐼 the direct irradiance, 𝑆𝑆𝑅𝑅 the diffuse irradiance due to Rayleigh

scattering and 𝑆𝑆𝐴𝐴 the diffuse irradiance due to scattering by aerosols. For the cloudy sky condition, the
equation (2) and (3) are as below:

𝑆𝑆𝑠𝑠 = (𝑆𝑆𝐼𝐼 + 𝑆𝑆𝑅𝑅 + 𝑆𝑆𝐴𝐴 ) ∙ (1 − 𝑎𝑎𝑎𝑎)
𝐴𝐴 =

𝑅𝑅
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

(2)
(3)

where 𝑎𝑎 refers to insolation attenuation coefficient by cloud; A the albedo, R the broad-band

reflectance of GMS visible band, 𝜃𝜃 solar zenith angle.

Butt et al. (2010) studied the relationship between cloud fraction and diffuse solar radiation. Cloud
Fraction (CF) is defined as the ratio of identified cloud pixels to the overall number of pixels in the
image, shown as the equation (4) below (Rashid et al., 2021),
𝐶𝐶𝐶𝐶 =

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶+𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

× 100%

(4)

Butt et al. (2010) tested three alternative models to predict diffuse radiation fraction from cloud
fraction. It showed that cloud fraction can be approximated using the relationship between observed
and calculated top of canopy radiation, and then diffuse radiation can be predicted from cloud fraction.
The satellite-based cloud fraction data can be used in the diffuse radiation model. Rashid et al. (2021)
put forward a novel approach to calculate cloud cover under any illumination conditions for short-term
irradiance forecasting. They used the locally captured sky images obtained from the ground-based
camera and the Global Horizontal Irradiance (GHI) data captured from a solar irradiance sensor. The skycloud images were classified into two categories: low-illumination and high-illumination. To obtain CF,
they used MATLAB to process the original RGB images. Minimum Classification Error (MCE) adaptive
thresholding was applied for cloud segmentation. Null pixels are classified as sky pixels and full pixels of
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value 1 for cloud pixels. The counts of cloud pixels from the histogram are then extracted to calculate
the cloud fraction (Rashid et al., 2021).
Kaldellis et al. (2014) measured the efficiency of two PV modules under real field conditions in Greece
for an entire year instead of under standard test condition (STC) in order to investigate the impacts of
cell temperature and the wind speed on the energy efficiency of the PV generators. One installation
examined is a building-integrated PV system that located on the roof of an industrial structure with
south orientation. The other installation is an open area PV farm with no shading. The hourly monitored
climatic data include wind speed, wind direction, module temperature, ambient temperature, and solar
irradiance at the plane of the PV array. The electrical parameters recorded include current and voltage.
The results show that the PV conversion process depends on the instantaneous solar radiation and the
modules’ temperature. Module temperature in turn depends on climate conditions (e.g., ambient
temperature, solar irradiance, and wind speed) and on the technical characteristics of the PV panels
(e.g., material, type, mounting and ventilation). They also found that the difference in 𝑇𝑇𝑐𝑐 − 𝑇𝑇𝛼𝛼 ( 𝑇𝑇𝑐𝑐 : cell
temperature, 𝑇𝑇𝛼𝛼 : the corresponding ambient temperature) between open rack and roof integrated

modules is about 10℃ (the open area PV long term average: 14℃, the rooftop PV long term average:
25℃), which is almost 80% increase in case of building integrated and open rack mounted modules. The
temperature coefficient is estimated to be -0.3%/℃ for the installation of the open area PV farm and
-0.44%/℃ for the rooftop PV system.

2.3 Climate Change Models
Changes in major climate variables, including cloud cover and solar irradiance at the Earth’s surface,
have been evaluated using climate models and considering anthropogenic forcing for the 21st century
(Meehl et al., 2007; Meleshkoet al., 2008). Meehl et al. (2007) developed Atmosphere-Ocean General
Circulation Models (AOGCMs), which provide credible quantitative estimates of future climate change,
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particularly at continental and larger scales. Their studies found that the pattern of variation of monthly
mean global solar irradiance does not exceed 1% over some regions of the globe, and it varies from
model to model. Uncertainty in pattern changes seems to be rather large, even for large-scale areas of
the world.
Taylor et al. (2012) introduced the fifth phase of the Climate Model Intercomparison Project (CMIP5),
which produced a new set of coordinated climate model experiments. The World Climate Research
Programme's (WCRP) Working Group on Coupled Modelling (WGCM) used input from the International
Geosphere-Biosphere Programme's (IGBP) Analysis, Integration and Modeling of the Earth System
(AIMES) project, and extensive community input (Hibbard et al., 2007) that led to a consensus proposal
to perform a suite of climate simulations that focus on major gaps in understanding of past and future
climate changes. Since 1995, CMIP has coordinated climate model experiments involving multiple
international modeling teams worldwide. It led to a better understanding of past, present and future
climate change, and variability in a multi-model framework. It defines common experiment protocols,
forcings and output. CMIP has developed in phases. More than 20 modeling groups are performing
CMIP5 simulations using more than 50 models, and various groups and interested parties are developing
additional experiments building on or argument the CMIP5 experiments. CMIP5 strategy (Hibbard et al.,
2007) includes two types of climate change modeling experiments, long-term (out to 2100 and beyond)
and near-term (out to about 2035) integrations. The experiments are both integrated using AOGCMs. In
addition, according to Taylor et al. (2012), Earth system models of intermediate complexity (EMICs;
Petoukhov et al., 2005) can also be used in the CMIP5 experiments. The AOGCMs and EMICs respond to
specified, time-varying concentrations of various atmospheric constituents (e.g., greenhouse gases) and
include an interactive representation of the atmosphere, ocean, land, and sea ice (Taylor et al., 2012). In
the near-term experiments, CMIP5 models will conduct a full prediction of climate change that is a new
attempt, while the long-term experiments directly build on the CMIP3 experiments. Due to the large
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number of simulations in the CMIP5 framework, the core simulations are expected to complete in both
long-term and near-term experiments. These experiments formed the basis for the assessment in the
5th Intergovernmental Panel on Climate Change Assessment Report (IPCC, 2013).
Wild et al. (2015) used the climate models from CMIP5 to assess the magnitude and degree
of consistency in these numerous projections of changes in climate variables of relevance for solar
power production. Within CMIP5, predefined scenarios of radiative forcing, like anthropogenic forcing,
obtained from socio-economic scenarios were used for the projections of climate change (Moss et al.,
2010). Four Representative Concentration Pathways (RCPs) were developed: RCP2.6, RCP4.5, RCP6 and
RCP8.5, with the associated numbers indicating the radiative forcing reached at the end of the 21st
century compared to the preindustrial state (Wild et al., 2015). Wild et al. (2015) only considered the
experiments in the 39 models performed with RCP8.5 for the period 2006-2049 in their study. Climate
models under the RCP 8.5 scenario project on average a global warming of 2.0 °C and 3.7 °C until the
mid and late 21st century, respectively, relative to a reference period 1985–2005 (IPCC, 2013). Eight
focal regions were defined in the study. Global annual fields of the following quantities are analysed:
surface downward solar radiation under all-sky conditions (RSDS) [W/m2], surface downward solar
radiation under clear-sky conditions (RSDSCS) [W/m2/year], near surface air temperature (TAS) [K], and
total cloud fraction (clt) [%]. They got the results that most uncertainty arises from varying model
projections for cloud cover, and therefore all-sky radiation. In contrast, surface temperature is rising
worldwide, mostly independent of region and model. Both variables, all-sky radiation, and surface
temperature, are crucial for estimating PV yields (Wild et al., 2015).
There is a new phase of CMIP – the CMIP6 – well undergoing from 2013. The simulations of the sixth
phase put in place a new and more federated structure. It consists of three major elements (CMIP Phase
6, 2020):
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1. the DECK (Diagnostic, Evaluation and Characterization of Klima) and CMIP historical simulations
(1850 – near-present),
2. common standards, coordination, infrastructure and documentation that will facilitate the
distribution of model outputs and the characterization of the model ensemble, and
3. an ensemble of CMIP-Endorsed Model Intercomparison Projects (MIPs) that build on the DECK
(Diagnostic, Evaluation and Characterization of Klima) and CMIP historical simulations to address
a large range of specific questions and fill the scientific gaps of the previous CMIP phases.
The historical simulations used CMIP6 forcings (1850-1949). The present simulations are from 19502014, and the future simulation period is from 2015-2100 plus extensions to 2300 (CMIP data search,
n.d.). The previous CMIP5 featured four Representative Concentration Pathways (RCPs) that examined
different possible future greenhouse gas emissions. These scenarios – RCP2.6, RCP4.5, RCP6.0,
and RCP8.5 – have new versions in CMIP6. These updated scenarios are called Shared socioeconomic
pathways (SSP). SSP1-2.6, SSP2-4.5, SSP4-6.0, and SSP5-8.5, each of which result in similar 2100 radiative
forcing levels as their predecessor in CMIP5 (CarbonBrief, 2021). There are hundreds of variables in
these models including Surface Downwelling Shortwave Radiation (RSDS)[W/m2], Near-Surface Air
Temperature (TAS)[K], Total Cloud Cover Percentage (CLT) [%] and Near-Surface Wind Speed
(SFCWind)[m/s], which are all significant factors related to PV potential.
In addition to large-scale climate change predictions, another experiment provides regional projections.
The Coordinated Regional Downscaling Experiment (CORDEX), after applying a variety of methods, will
produce high-resolution "downscaled" climate data based on the CMIP5 simulations (Gutowski et al.
2016). Jacob et al. (2020) also studied regional climate downscaling over Europe. Based on the climate
change experiments stated above, Bartók et al., (2017) used CMIP5 global climate models and EUROCORDEX regional climate models to project changes in surface radiation for Europe. They claimed that
the vast majority of the GCMs (38 out of the 43 models) were found to overestimate the SSR with a
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multi-model mean bias of 7.4 W/m2 over land. In addition, modeling studies argue that the transient
aerosol forcing instead of a constant one should be applied in models in order to be able to simulate
regional trends in surface solar radiation (SSR) (Dwyer et al. 2010; Wild and Schmucki, 2011).
The ensembles of the North American branch of the international Coordinated Regional Downscaling
Experiment (NA-CORDEX) are focused on the region of North America (Bukovsky et al., 2020). The NACORDEX data collection comprises output from different regional climate models (RCMs) run over
a domain covering most of North America using boundary conditions from global climate model (GCM)
simulations driven by different global climate models (GCMs) in the CMIP5 archive and by the ERAInterim historical reanalysis. These simulations run from 1950 to 2100 with a spatial resolution of
0.22°/25km or 0.44°/50km and use different representative concentration pathways (RCPs) for the
future composition of the atmosphere. Data is available for impacts-relevant variables at daily and
longer frequencies in CF-compliant netCDF format (WCRP CORDEX, n.d.). The ensembles at 25-km
resolutions with multiple RCMs were used in this research. The historical period is from 1950-2005, and
the projected period is from 2005-2100. The Experiments includes historical and RCP- based scenarios.
There is no Total Cloud Cover Percentage (CLT) variable in the dataset, although the data of Surface
Downwelling Shortwave Radiation (RSDS), Near-Surface Air Temperature (TAS) and Near-Surface Wind
Speed (SFCWind) can be obtained from these datasets.
The climate simulations used by Jerez et al. (2015) for PV power generation includes two ensembles, a
30-year-long future period 2070-2099 and the reference period 1970-1999. The authors provided an
overall picture of direct effects of climate change on solar PV production at the scale of the European
regional electric grids and consider the impact on its temporal stability. The high-resolution regional
climate model (RCM) projections: EURO-CORDEX was used in the climate simulation. The variables used
for the simulation are surface-downwelling shortwave (that is, wavelength interval 0.2-4.0 μm) radiation
(RSDS), surface air temperature (TAS) and surface wind velocity (VWS). Five RCMs were used to
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downscale five global climate models (GCMs) under two climate scenarios - Representative
Concentration Pathway (RCP) 4.5 and RCP 8.5. The three variables time series retrieved from each
ensemble member were used to estimate the corresponding PV power generation potential (PVpot).
Skoplaki & Palyvos (2009) studied the PV module electrical performance on the temperature
dependence and provided a review of efficiency/power correlations with suitable tabulations for most
of the known forms which express the temperature dependence of solar electrical efficiency and,
equivalently, solar power.
Wild et al. (2015) introduced the methodology for estimating the change of projected PV potential
compared with the reference PV presented in Crook et al. (2011). They assumed that the solar energy
only depends on the temperature and the PV cell conditions. The efficiency of the PV cell ƞ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 is given by

equation (5):

ƞ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
ƞ𝑟𝑟𝑟𝑟𝑟𝑟

(5)

= 1 − 𝛽𝛽�𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − 𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟 � + 𝛾𝛾 log10 𝐺𝐺𝑡𝑡𝑡𝑡𝑡𝑡

where ƞ𝑟𝑟𝑟𝑟𝑟𝑟 is the reference efficiency and 𝐺𝐺𝑡𝑡𝑡𝑡𝑡𝑡 is the all-sky solar radiation (RSDS). The coefficients 𝛽𝛽

and 𝛾𝛾 are determined by the cell material and structure. As in Crook et al. (2011), values of 𝛽𝛽 = 0.0045

and 𝛾𝛾 = 0.1 are used, representative for monocrystalline silicon cells. 𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 and 𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟 = 25 ℃ are the cell

and the reference temperatures, respectively. The cell temperature was expressed as below equation

(6):
𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑐𝑐1 + 𝑐𝑐2 𝑇𝑇 + 𝑐𝑐3 𝐺𝐺𝑡𝑡𝑡𝑡𝑡𝑡

(6)

where T is the ambient air temperature in ℃. Coefficients 𝑐𝑐1 , 𝑐𝑐2 and 𝑐𝑐3 depend also on the cell

properties. For monocrystalline silicon cells, values are 𝑐𝑐1 = -3.75 ℃, 𝑐𝑐1 = 1.14 and 𝑐𝑐1 = 0.0175

℃𝑚𝑚2 𝑊𝑊 −1. The final energy power output of a PV system is assumed to be as below equation (7):
𝑃𝑃𝑃𝑃𝑃𝑃 = 𝐺𝐺𝑡𝑡𝑡𝑡𝑡𝑡 ƞ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

(7)
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To eliminate ƞ𝑟𝑟𝑟𝑟𝑟𝑟 in the above equations, the fractional change in power output ∆𝑃𝑃�𝑃𝑃 is examined (Wild

et al., 2015).

Another method considered solar radiation, temperature and wind speed factors. According to
Mavromatakis et al. (2010), the model for the energy produced by a PV array is based on the nominal
power of the array, the temperature coefficient of the modules, the solar irradiance at the plane of the
array, the air temperature and wind speed. The function of the power production is shown as equation
(8):
𝑃𝑃𝑚𝑚 = 𝑃𝑃𝑝𝑝 ∙ ƞ𝑡𝑡 ∙

𝐺𝐺
𝐺𝐺𝑆𝑆𝑆𝑆𝑆𝑆

(8)

where 𝑃𝑃𝑝𝑝 is the nominal power of the PV module or the array, given by the manufacturer at Standard
Test Conditions (STC) conditions (Markvart, 1999)), i.e., 100 mW/cm2(=1000 W/m2) solar flux

conforming to the standard reference AM 1.5 G spectrum, and temperature 298.16 K (25℃). The use of
this flux value is very convenient, as the efficiency in percent is numerically equal to the power output in
mW/cm2, 𝐺𝐺 is the solar irradiance at the plane of the module/array, 𝐺𝐺𝑆𝑆𝑆𝑆𝑆𝑆 is the solar irradiance of 1000

W/m2, ƞ𝑡𝑡 is a coefficient that includes all factors that lead to the actual energy produced by a

module/array with respect to the energy that would be produced if it were operating at STC conditions.
Similarly, Jerez et al. (2015) expressed the formula as below equation (9):
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃(𝑡𝑡) = 𝑃𝑃𝑅𝑅 (𝑡𝑡)

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅(𝑡𝑡)
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑆𝑆𝑆𝑆𝑆𝑆

(9)

where STC refers to standard test conditions (𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑆𝑆𝑆𝑆𝑆𝑆 = 1000 𝑊𝑊/𝑚𝑚2 ), those for which the nominal

capacity of a PV device is determined as its measured power output, and 𝑃𝑃𝑅𝑅 is the so-called performance

ratio, formulated to account for changes of the PV cells efficiency due to changes in their temperature
as (Mavromatakis et al. 2010) equation (10):
𝑃𝑃𝑅𝑅 (𝑡𝑡) = 1 + 𝛾𝛾[𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (𝑡𝑡) − 𝑇𝑇𝑆𝑆𝑆𝑆𝑆𝑆 ]

(10)
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where 𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 in the PV cell temperature, 𝑇𝑇𝑆𝑆𝑆𝑆𝑆𝑆 = 25℃ and 𝛾𝛾 is taken here as -0.005℃−1 , considering the

typical response of monocrystalline silicon solar panels (Tonui & Tripanagnostopoulos, 2008). Finally,

𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 is modelled considering the effects of TAS, RSDS and VWS on it as (Jerez et al. 2015) equation (11):
𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (𝑡𝑡) = 𝑐𝑐1 + 𝑐𝑐2 𝑇𝑇𝑇𝑇𝑇𝑇(𝑡𝑡) + 𝑐𝑐3 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅(𝑡𝑡) + 𝑐𝑐4 𝑉𝑉𝑉𝑉𝑉𝑉(𝑡𝑡)

(11)

where 𝑐𝑐1 = 4.3℃ , 𝑐𝑐2 = 0.943, 𝑐𝑐3 = 0.028℃𝑚𝑚2 𝑊𝑊 −1 and 𝑐𝑐4 = −1.528 ℃ 𝑠𝑠𝑠𝑠−1 according to Chenni et
al. (2007).

Wild et al. (2015) estimated the projected solar energy based on CMIP5 climate models considering four
parameters, which are surface downward solar radiation under all-sky conditions (RSDS) [W/m2/year],
surface downward solar radiation under clear-sky conditions (RSDSCS) [W/m2/year], near surface air
temperature (TAS) [K/year], and total cloud fraction (CLT) [%/year] respectively as mentioned
previously. They used the methodology presented in Crook et al. (2011). The efficiency of the PV cell
ƞ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 is given by equation (12):

ƞ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
ƞ𝑟𝑟𝑟𝑟𝑟𝑟

= 1 − 𝛽𝛽�𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − 𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟 � + 𝛾𝛾 log10 𝐺𝐺𝑡𝑡𝑡𝑡𝑡𝑡

(12)

where ƞ𝑟𝑟𝑟𝑟𝑟𝑟 is the reference efficiency and 𝐺𝐺𝑡𝑡𝑡𝑡𝑡𝑡 is the all-sky solar radiation (RSDS). The coefficients 𝛽𝛽

and 𝛾𝛾 are determined by the cell material and structure. As in Crook et al. (2011), values of 𝛽𝛽 = 0.0045

and 𝛾𝛾 = 0.1 are used, representative for monocrystalline silicon cells. 𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 and 𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟 = 25 ℃ are the cell
and the reference temperatures, respectively. The cell temperature was expressed as equation (13):
𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑐𝑐1 + 𝑐𝑐2 𝑇𝑇 + 𝑐𝑐3 𝐺𝐺𝑡𝑡𝑡𝑡𝑡𝑡

(13)

where 𝑇𝑇 is the ambient air temperature in ℃. Coefficients 𝑐𝑐1 , 𝑐𝑐2 and 𝑐𝑐3 depend also on the cell
properties. For monocrystalline silicon cells, values are 𝑐𝑐1 = -3.75 ℃, 𝑐𝑐1 = 1.14 and 𝑐𝑐1 = 0.0175

℃𝑚𝑚2 𝑊𝑊 −1. The final energy power output of a PV system is assumed to be obtained from the following
equation (14):
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𝑃𝑃𝑃𝑃𝑃𝑃 = 𝐺𝐺𝑡𝑡𝑡𝑡𝑡𝑡 ƞ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

(14)

Zo et al. (2016) analysed the surface solar radiation considering satellite cloud fraction. Surface solar
radiation was estimated by determining the presence of clouds according to the amount of cloud mask.
After calculating the solar radiation for a clear sky (𝑆𝑆𝑐𝑐𝑐𝑐𝑐𝑐,𝑀𝑀𝑀𝑀𝑀𝑀 ) from their model (GWNU solar radiation

model), the cloud factor (CF) was estimated by using visible albedo (𝛼𝛼) and zenith angle (𝜃𝜃) as observed
from the satellite, shown as equation (15):
(15)

𝑆𝑆 = 𝑆𝑆𝑐𝑐𝑐𝑐𝑐𝑐,𝑀𝑀𝑀𝑀𝑀𝑀 × 𝐶𝐶𝐶𝐶(𝛼𝛼, 𝜃𝜃)

Where S is solar radiation including cloud effect, which means the solar radiation under all-sky
conditions, and 𝑆𝑆𝑐𝑐𝑐𝑐𝑐𝑐,𝑀𝑀𝑀𝑀𝑀𝑀 refers to solar radiation for a clear sky without clouds. Therefore, the cloud

effect can be calculated using results of solar radiation model in clear conditions (𝑆𝑆𝑐𝑐𝑐𝑐𝑐𝑐,𝑀𝑀𝑀𝑀𝑀𝑀 ) and solar

radiation observed on the ground (𝑆𝑆𝐶𝐶𝐶𝐶𝐶𝐶,𝑂𝑂𝑂𝑂𝑂𝑂 ) (Kawai & Kawamura, 2005). The equation (16) is as follows:
𝑆𝑆

𝐶𝐶𝐶𝐶(𝛼𝛼, 𝜃𝜃) = 𝑆𝑆 𝐶𝐶𝐶𝐶𝐶𝐶,𝑂𝑂𝑂𝑂𝑂𝑂

𝑐𝑐𝑐𝑐𝑐𝑐,𝑀𝑀𝑀𝑀𝑀𝑀

(16)

Where CF represents the ratio of 𝑆𝑆𝐶𝐶𝐶𝐶𝐶𝐶,𝑂𝑂𝑂𝑂𝑂𝑂 and 𝑆𝑆𝑐𝑐𝑐𝑐𝑐𝑐,𝑀𝑀𝑀𝑀𝑀𝑀 , determined based on the function of satellite
data of visible reflectance (α) and zenith angle (θ) (Zo et al., 2016).

Urban (2021) gives the current solar energy maps of Canada, includes analysis of every province and
territory. The best three provinces Saskatchewan, Alberta, and Manitoba have solar power potential of
1330 kWh/kW/year, 1276 kWh/kW/year, and 1272 kWh/kW/year respectively, whereas the worst three
provinces or territories Newfoundland & Labrador, Yukon Territory, and British Columbia have solar
energy potential of 949 kWh/kW/year, 965 kWh/kW/year, and 1004 kWh/kW/year respectively. For
Alberta, the most productive months of solar energy are from April to August, and the highest is in July.
For British Columbia, the most productive months of solar energy are from May to September, and the
highest is also in July.
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2.4 Methods for Rooftop PV Potential Estimation
For estimating rooftop PV potential, it is essential to understand the amount and characteristics of
rooftop space that is suitable for PV installation. There are three major rooftop-area estimation
methods (Melius et al., 2013):
(1) Constant-value methods: Many of the constant-value methods of rooftop-area estimation
consider typical rooftop configurations and estimate a multiplier that can be applied to an entire region.
This method is quick and rooftop area is easy to compute. Nevertheless, the generalized results do not
consider localized rooftop characteristics and the results are difficult to validate.
(2) Manual selection: Manually selecting rooftops from sources such as aerial photography
represents a much more refined method of identifying suitable rooftop space than constant-value
methods. These methods are detail-specific and enable assumptions based on specific knowledge of
regions and buildings. However, manual selection methods are time-intensive and not easily replicable
across multiple regions.
(3) GIS-based methods: GIS-based methods use primarily 3D models to determine solar resource
or shadow effects on buildings. The 3D models are most often generated from orthophotography or
light detection and ranging (LiDAR) data, and they are combined with slope, orientation, and building
structure data to estimate total solar energy generation potential. These methods are detail-specific and
replicable across multiple regions and can be automated for less hands-on computing. The limitation is
that GIS-based methods are time-intensive and computer-resource intensive.
In addition to the three widely used rooftop-area estimation methods stated above, there are also some
novel methods for PV potential assessment that have emerged in recent years. Mainzer et al. (2017)
described a method for rooftop PV potential assessment in urban areas using image recognition and
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machine learning techniques applied on aerial images without having to rely on 3D city models. The
authors claimed that 3D models are not always available, so they used publicly available geographical
building data and aerial images and employed sophisticated algorithms for irradiance simulation and
electricity generation. This method was applied to the city of Freiburg, which was validated with a 3D
city model. The roof azimuth can be determined with an accuracy of 70% and existing solar installation
can be detected with an accuracy of about 90%. The results show that this method can be used for
detailed PV potential assessments in urban area when only public geographical building data is available
instead of 3D city model data.
Song et al. (2018) thinks the method of 3D models generated from orthophotography or LiDAR data is
difficult, complicated, and not suitable for large regions, so they developed an approach based on
rooftop retrieval from remote sensing images to simulate the monthly and annual solar radiation on
rooftops at an hourly time step to estimate the solar PV potential. The rooftop features included 2D
rooftop outlines and 3D rooftop parameters retrieved from high-resolution remote sensing image data
(obtained from Google Maps) and digital surface model (DSM, generated from the Pleiades satellite),
respectively. They developed the building features calculation method for five rooftop types: flat
rooftops, shed rooftops, hipped rooftops, gable rooftops and mansard rooftops. The parameters of the
PV modules derived from the building features were then combined with solar radiation data to
evaluate solar photovoltaic potential. The validation of the method is not reflected in their research,
which can be improved in future study.
There is a simple way to predict rooftop suitability for hosting solar photovoltaic panels with utilization
factors developed by Thai & Brouwer (2021). They claimed that this method mixed all the three
categories: constant-value, manual selection, and GIS-based methodologies (Melius et al., 2013). They
first manually selected samples with GIS-based images as inputs to output constant-values. Then, the
model is tuned with the Google Project Sunroof database of existing results and tested by extrapolating
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to another dataset within the Google PS database. The final step is using the developed model to
extrapolate to a control volume of interest which is not well-defined within the database. This model is
applied to the University of California campuses. They not only studied the rooftop PV potential, but
also the parking lot PV potential. Though not the most accurate method, it is computationally
inexpensive. The developed model is tuned with a set of reference zip codes and applied to an adjacent
set of zip codes, resulting in an error range from as small as 1% to as great as 30%. The rooftop
utilization significantly varies from zip code to zip code as well as from building to building—spanning
from 0.28 to 0.89.
There are some attempts for PV potential assessment based on 3D-models. Romero et al. (2017)
assessed of the PV potential partly based on 3D-models. It also considered the roof area reduction
factors to determine the reduction coefficients for every building. The authors hold the view that the
higher the level of detail of the geometry data contained in the 3D models, the more accurate the PV
estimations. This method was applied to the Ludwigsburg County in south-west Germany. They used the
Open Geospatial Consortium (OGC) Standard CityGML (CityGML, 2012) to model the 3D buildings. An
urban simulation platform Simstadt was used to calculate the PV potential. Both technical and economic
potential are investigated, as well as two different PV efficiency scenarios. The authors claimed that the
reduction coefficients for assessing construction restrictions in roofs, or the influence of shading can be
replaced by the information contained in the high-level 3D models in the future.
Margolis et al. (2017) identified that GIS-based methods produce more accurate suitable rooftop area
for PV installation. They estimated solar technical potential on rooftops of the 128 US cities covering
23% of US buildings. Three sizes of buildings are defined as Small, Medium, and Large. Lidar and building
footprint data were used for shading simulation, the tilt and azimuth determination, then to get the
suitable rooftop area. SAM (version 2015.1.30) model was applied to simulate the PV productivity. This
model used hourly meteorological data, a PV performance model, and user-defined assumptions to
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simulate the performance of a PV installation. Gagnon et al. (2017;2018;) from the same group of
Margolis et al. (2017) described the method for estimating rooftop PV potential across the US in detail.
For the small buildings not covered by lidar data, they built a regression model to predict the quantity
and characteristics of the rooftops. For the estimation of roof plane area, they used observations from
the LiDAR data to characterize trends in the number and size of planes. For the roof plane orientation,
they categorized each roof into one of 21 orientation bins and used the probability trends to estimate
the characteristics of roof planes without LiDAR coverage. As for the annual electricity generation
estimation, the authors assumed the PV capacity and used the PV performance in SAM model, as well as
the TMY3 solar resource and meteorological profiles to obtain the results. They concluded that small
buildings are not more suitable than medium and large buildings for PV installation. The rooftop PV’s
electricity production can meet 16% of demand to 88% of demand in different cities.
Another GIS-based method using Solar analyst from ArcGIS software to make a relatively precise solar
resource evaluation was applied by Mansouri et al. (2019). As they stated, Solar analyst uses defined
default values for the diffuse proportion of global radiation (kD) and the ratio of the insolation received
at the Earth’s surface as direct radiation along the shortest atmospheric path at sea level to the
insolation at the upper border of the atmosphere (τsl, transmittivity), which should be adjusted for local
atmospheric conditions. LiDAR data were processed to extract building footprints. They also did rooftop
slope analysis, rooftop azimuth analysis, shading analysis and using criteria to select suitable rooftop
surface. Finally, rooftop PV electricity production simulation were conducted. Most rooftop analyses use
GIS-based methods for estimating the suitable space for rooftop PV (Melius et al., 2013).
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2.5 The Economic Feasibility of Rooftop PV
While rooftop PV power plays a role in reducing greenhouse gas emissions as a clean energy source, the
economy of rooftop PV systems also play an important role in residents' and governments' decisions
about its widespread adoption.
There are various methods to estimate the economy feasibility of PV systems, such as net present value
(NPV), total life-cycle cost, levelized cost of energy (LCOE), unadjusted/modified internal rate of return,
and simple/discounted payback period etc. (Yuan et al., 2014).
The levelized cost of energy (LCOE) methodology is the most frequently used to compare electricity
generation technologies (Yuan et al., 2014). LCOE is an abstraction from reality and is used as a
benchmarking or ranking tool to assess the cost-effectiveness of different energy generation
technologies (Branker et al., 2011). Specifically, it measures the average net present cost of electricity
generation for a generating plant over its lifetime. Improvements to the LCOE for solar PV can be made
once realistic assumptions and justifications are given, real financing variability is considered, and
consideration is made for technological and geographical variability (Branker et al., 2011). For instance,
the LCOE for rooftop PV depends on costs (i.e., the initial capital investment, maintenance, and
operational costs), local condition (load profile), and financial condition (i.e., the discount rate) (Minh
Khuong et al., 2020).
The LCOE calculation equation used by Minh Khuong et al., 2020 is shown as equation (17):

𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 = 𝑓𝑓(𝐼𝐼0 , 𝐴𝐴𝑡𝑡 , 𝑀𝑀𝑒𝑒𝑒𝑒 ) =

𝐴𝐴𝑡𝑡
(1+𝑖𝑖)𝑡𝑡
𝑛𝑛𝑠𝑠 𝑀𝑀𝑒𝑒𝑒𝑒
∑𝑡𝑡=1
(1+𝑖𝑖)𝑡𝑡
𝑛𝑛

𝑠𝑠
𝐼𝐼0 +∑𝑡𝑡=1

(17)

where 𝐼𝐼0 (Euro) stands for the total initial investment, which is the product of module size (in kW) and

specific investment 𝑖𝑖0 as the investment cost per installed kW (€/kW); 𝐴𝐴𝑡𝑡 (Euro) is the yearly operating
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cost; 𝑖𝑖 (%) is the discount rate; 𝑛𝑛𝑠𝑠 (year) is the life span; and 𝑀𝑀𝑒𝑒𝑒𝑒 (kWh) is the annual electricity

production.

Yuan et al., (2014) used a little different equation for LCOE calculation, it depends on the local subsidy
policies and different PV cost calculation. In their study, the LCOE is the average electricity price needed
for an NPV of zero when performing a discounted cash flow (DCF) analysis, so that an investor would
break even and receive a return proportional to the discount rate of the investment. The sum of the
present values of the 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑛𝑛 multiplied by the energy generated annually (𝐸𝐸𝑛𝑛 ), should be equal to the
sum of the present values of the costs of the project.
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Chapter 3. Methodology
3.1 Research Design
Since 1995, CMIP has coordinated climate model experiments involving multiple international modeling
teams worldwide. It led to a better understanding of past, present and future climate change, and
variability in a multi-model framework. It defines common experiment protocols, forcings and output.
CMIP has developed and simulated global climate models (GCMs) in phases. The simulations of the sixth
phase are the newest and have filled some gaps of the previous phases. The data from simulations of
CMIP6 will be used in this research for PV power potential estimation and projection in BC and Alberta.
The variables used for the PV potential projections are daily Surface Downwelling Shortwave Radiation
(RSDS), Near-Surface Air Temperature (TAS), and Near-Surface Wind Speed (SFCWind). According to
Wild et al. (2015), RSDS is the surface downward solar radiation under all-sky conditions, and RSDSCS is
surface downward solar radiation under clear-sky conditions. Zo et al. (2016) claimed that the solar
radiation under all-sky conditions (RSDS) can be obtained from the equation (18) below,
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 × 𝐶𝐶𝐶𝐶(𝛼𝛼, 𝜃𝜃)

(18)

Where CF represents the cloud effect, determined based on the function of satellite data of visible
reflectance (α) and zenith angle (θ) (Zo et al., 2016). This explained that the variable RSDS has already
considered the effect of cloud. The variable Total Cloud Cover Percentage (CLT) is unnecessary for the
calculation of the PV potential.

3.2 Methods Overview
This research was carried out by two main parts:
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In the first part, the present and future PV potential were studied, as well as the change of PV potential,
in Alberta and British Columbia, Canada. Alberta (AB) and British Columbia (BC) were selected as the
study areas for the PV potential estimation and projection since they are representative as the more
suitable and less suitable provinces for solar energy generation, respectively (Urban, 2021).
The present and projected climate data were obtained from the experiments of CMIP6. CMIP6 refers to
the 6th phase of Coupled Model Intercomparison Project, which is overseed by the World Climate
Research (WCRP) Working Group on Coupled Modelling (WGCM). The CMIP6 climate data used in this
research includes three variables, Surface Downwelling Shortwave Radiation (RSDS), Near-Surface Air
Temperature (TAS), and Near-Surface Wind Speed (SFCWind). I processed these daily data to get the
mean RSDS, TAS, and SFCWind in two periods 1995-2014 and 2031-2050 respectively, which are
considered as the present and future periods. After that, I used these 20-year mean climate data to
calculate and display the present and projected future mean PV potential maps according to equations
describing the relevant three variables. In addition, the change in PV potential between the periods was
also obtained. With these PV potential maps, the spatial variation of the change in PV potential was
analysed.
Secondly, a specific location with a small PV potential change from the result of the first part was
selected to estimate the present rooftop PV potential. Two sets of rooftops were selected for
comparison. Set 1 describes a ‘complete set’ of rooftops that may host installed PV generating capacity,
but which may or may not be ideal for this purpose. Set 1 includes all possible rooftops, having either
northerly or southerly aspects, slopes of up to 90°, and at least 4m2 surface area that can host at least
one PV panel.
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In contrast, Set 2 describes a subset of relatively optimal rooftops for PV installation. It includes rooftops
with southerly aspects, up to 45° slope, no less than 30m2 surface area, and receiving at least 800
kWh/m2 per year in solar radiation.
Comparing the PV potential difference between these two sets of roofs will reveal the average
difference in electrical energy production per rooftop and per unit area of rooftop between hypothetical
PV installation/subsidy programs targeting any available rooftop vs. relatively suitable roofs. In addition,
the economic feasibility of PV systems on two sets of roofs was also analysed, which includes rooftop PV
panel cost calculation, LCOE calculation of rooftop PVs, and payback period calculation of rooftop PV. It
will provide information for the authorities and the public on the marginal gains in PV generation, given
the additional expense of including an additional sub-optimal rooftop in a hypothetical PV
installation/subsidy scheme.

3.3 Data and Methods
For the first part of this study (i.e., provincial-scale PV potential estimation), the datasets were derived
from some experiments of CMIP6, the 6th phase of Coupled Model Intercomparison Project. The
experiments selected are called “forced atmosphere experiment for 1950-2014” (highresSST-present)
and “forced atmosphere experiment for 2015-2050” (highresSST-future) from Research Center for
Environmental Changes (AS-RCEC) HiRAM-SIT-HR model. The highresSST-present experiments are
Historical atmosphere-only simulations of the near past (1950-2014), using HadISST2.2 sea surface
temperature and sea ice concentrations at daily 1/4-degree resolution (Kennedy et al. 2017, in prep).
HighresSST-future simulations were conducted under high forcing (ScenarioMIP SSP5-85) future
scenario (2015-2050) atmosphere, at high and standard resolution, with an option to continue to 2100.
Future SST and SIC are determined from a blend of warming rates derived from an ensemble mean of
CMIP5 RCP8.5 simulations and interannual variability derived from the historic 1960-2014 period
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(“CMIP6 Tier”, n.d.). The datasets of three climate variables from these experiments were used for the
PV potential estimation study. The three variables are daily Surface Downwelling Shortwave Radiation
(RSDS) [W/m2], Near-Surface Air Temperature (TAS) [K], and Near-Surface Wind Speed (SFCWind) [m/s]
respectively. The data of period 1995 to 2014 was processed for the present PV potential estimation;
the corresponding projected data from year 2031 to 2050 were used for the future PV potential
projection.
The raw climate data was in the form of NetCDF (network Common Data Form) files. NetCDF is a file
format for storing multidimensional scientific data (variables) such as temperature, humidity, pressure,
wind speed, and direction. Each of these variables can be displayed through a dimension (such as time)
in ArcGIS by making a layer from the NetCDF file (“What is”, n.d.).
In the second part of the study (i.e., rooftop PV potential assessment), the LiDAR data of a specific
location (“Canadian Lidar”, 2022) with a small future PV change were used according to the first part of
this study on the rooftop PV potential. LiDAR, which stands for Light Detection and Ranging, is a remote
sensing method that uses light in the form of a pulsed laser to measure ranges (variable distances) to
the Earth (American Geosciences Institute, 2020). These light pulses—combined with other data
recorded by the airborne system—generate precise, three-dimensional information about the shape of
the Earth and its surface characteristics (American Geosciences Institute, 2020). Next, the economic
feasibility of rooftop PV systems were studied from the aspects of life cycle net cost, levelized cost of
energy, and payback period.

3.3.1 Methods on PV Potential Projection under Climate Change for Part 1 of Study
3.3.1.1 Extracting Climate Data at Provincial Scale
After obtaining the 40 annual files of daily data of three variables RSDS, TAS, and SFCWind within the
year 1995-2014 and 2031-2050 from the CMIP6 Search Interface (“CMIP6 data”, 2022), the 40 NetCDF
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format files were processed in ArcGIS Pro to get the mean values of the three variables of the two
periods respectively.
The geoprocessing tool Aggregate Multidimentional Raster tool, Raster to NetCDF tool, Make NetCDF
Raster Layer tool, and Raster Calculation tool were used to get the 20-year mean values of the three
variables for two periods 1995-2014 and 2031-2050 each.
3.3.1.2 Calculating PV power Generation Potential Provincially
All these raster layers obtained above contain regions of the entire world. Since this research only
studies the Alberta and BC provinces, these data was clipped to only include the area of the two
provinces. After obtaining the Canada boundaries data from Statistics Canada (Government of Canada,
S. C., 2019), the Clip Raster tool was used to extract the area of Alberta and BC from all these climate
raster layers.
PV power generation potential (𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃) is defined as a dimensionless magnitude accounting for the
performance of the PV cells (Jerez et al., 2015). 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 can be calculated by the PV power production
divided by the nominal installed watts of PV power capacity (Jerez et al., 2015).
Equations (1) – (3) (Jerez et al., 2015) describe the relevant variables:
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃(𝑡𝑡) = 𝑃𝑃𝑅𝑅 (𝑡𝑡)

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅(𝑡𝑡)
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑆𝑆𝑆𝑆𝑆𝑆

(19)

𝑃𝑃𝑅𝑅 (𝑡𝑡) = 1 + 𝛾𝛾[𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (𝑡𝑡) − 𝑇𝑇𝑆𝑆𝑆𝑆𝑆𝑆 ]

(20)

𝑇𝑇𝑐𝑐𝑒𝑒𝑙𝑙𝑙𝑙 (𝑡𝑡) = 𝑐𝑐1 + 𝑐𝑐2 𝑇𝑇𝑇𝑇𝑇𝑇(𝑡𝑡) + 𝑐𝑐3 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅(𝑡𝑡) + 𝑐𝑐4 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆(𝑡𝑡)

(21)

where STC refers to standard test conditions (𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑆𝑆𝑆𝑆𝑆𝑆 = 1,000 𝑊𝑊/𝑚𝑚2 ), those for which the nominal
capacity of a PV device is determined as its measured power output, and 𝑃𝑃𝑅𝑅 is the so-called

performance ratio, formulated to account for changes of the PV cells efficiency due to changes in their
temperature. 𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 in the PV cell temperature, 𝑇𝑇𝑆𝑆𝑆𝑆𝑆𝑆 = 25℃ and 𝛾𝛾 is taken here as -0.005℃−1 ,
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considering the typical response of monocrystalline silicon solar panels (Tonui & Tripanagnostopoulos,
2008). Finally, 𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 is modelled considering the effects of TAS, RSDS and 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 on it with 𝑐𝑐1 =

4.3℃ , 𝑐𝑐2 = 0.943, 𝑐𝑐3 = 0.028℃𝑚𝑚2 𝑊𝑊 −1 and 𝑐𝑐4 = −1.528 ℃ 𝑠𝑠𝑠𝑠−1 according to Chenni et al. (2007).

By grouping equations (19) – (21), the expression of 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 can be rewritten as (Jerez et al., 2015):
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = 𝛼𝛼1 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 + 𝛼𝛼2 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 2 + 𝛼𝛼3 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 ∙ 𝑇𝑇𝑇𝑇𝑇𝑇 + 𝛼𝛼4 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 ∙ 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

(22)

where 𝛼𝛼1 = 1.1035 × 10−3 , 𝛼𝛼2 = −1.4 × 10−7, 𝛼𝛼3 = −4.715 × 10−6 , 𝛼𝛼4 = 7.64 × 10−6 in the

corresponding units (𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 should be dimensionless). It can be seen from equation (4) that when the
solar radiation becomes stronger, the PV potential will increase. The PV potential, on the other hand,
decreases as the temperature increases, because high temperatures affect the performance of the solar
panel. On the contrary, when the wind speed increases, it will reduce the temperature of the PV panels,
which is beneficial to the efficiency of PV power generation.
Raster Calculation geoprocessing tool in ArcGIS is used to get the present and future 20-year average
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 layers by equations (4) with the 20-year average solar radiation raster (RSDS) layers, the 20-year

average surface wind (SFCWind) raster layers, and the 20-year average air temperature (TAS) raster
layers of two periods (1995-2014, 2031-2050) respectively.

With the present and future 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 map in Alberta and BC, it can be analysed to what extent the PV cell

will perform in the local climate. The value of the 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 will be between 0 to 1, which represent no PV

potential and 100% PV potential performance, respectively.

The equation (23) can be used to calculate the ∆𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃. The output is the ∆𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 map showing how

much 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 will change in the future relative to the current 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃.
∆𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 − 𝑃𝑃𝑉𝑉𝑝𝑝𝑜𝑜𝑜𝑜𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

(23)
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∆𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 map can be used to analyse the spatial variation of the change in PV potential in the projected
future. A municipality in Alberta or British Columbia with a small ∆𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 and available LiDAR data will
be selected as the location to study the rooftop PV potential in the second part. Cities with smaller

∆𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 indicate that their future PV potential will not change much, so it still makes sense for future
rooftop PV potential assessments when I estimate current rooftop PV.

3.3.2 Methods on Rooftop PV Potential Assessment for Part 2 of Study
According to the research results of provincially PV potential evaluation of first part, Vancouver with
small PV change is selected for the rooftop PV potential assessment. The reasons for selecting
Vancouver as the rooftop PV potential assessment are as follows:
1. A small PVpot change means it won't change much in the future, so the evaluation of the current
rooftop PV potential also makes sense in the future.
2. The regions with small PVpot change should have the LiDAR data with building classification from
open access. Some LiDAR data for cities in Alberta have no building classification, while the data of
Vancouver meets all the requirements.
3. As the most populous city in the province, the 2021 census recorded 662,248 people in the city, up
from 631,486 in 2016. Vancouver uses over 59.3 million GJ of energy in 2014 (“City of Vancouver”, n.d.),
while only 19 million GJ are from renewable energy source, and 40.3 million GJ were from fossil fuels.
The goal of the Renewable City Strategy (“City of Vancouver”, n.d.) is that Vancouver will become a city
that uses only renewable sources of energy while respecting the principles of sustainability. The Strategy
will target two major energy consumers: buildings and transportation. Electrical needs can be met by
both large and small hydro projects, solar panels, and wind (“City of Vancouver”, n.d.). Therefore,
assessing Vancouver's rooftop PV potential is significant to achieving their goals.
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The steps in this section 3.3.2 includes building footprints extraction, Digital Surface Models (DSMs)
creation, solar radiation map within building areas creation, sets of suitable and all eligible rooftops
identification, and rooftop PV power per roof calculation of two sets of roofs.
3.3.2.1 Municipality Topographical Mapping
The building footprints layer in Vancouver was generated since the goal is to study rooftop PV potential,
and the suitable roof surface area is within building footprints. 3D Basemaps solutions was used to
extract building footprints for the municipality. 3D Basemaps is an ArcGIS Pro project used by GIS
analysts and mapping technicians to create and maintain a 3D basemap (“Introduction to”, n.d.). It
provides a series of workflows that streamline the creation and maintenance of a 3D basemap that
supports diverse information needs (“Introduction to”, n.d.). In this step, 3D Basemaps processed
existing LiDAR data to generate building footprints.
Next, Digital Surface Models (DSMs) for every LiDAR tile of the selected municipality were created
because the DSMs were the input of using Area Solar radiation tool in ArcGIS Pro in the next step.
LAStools software and the LiDAR data of the municipality were used for this step. LAStools software
package includes LiDAR processing tools developed by Rapidlasso GmbH (“Rapidlasso”, n.d. ). It is a
collection of highly efficient, batch-scriptable, multicore command line tools for batch-scripted multicore LiDAR processing and can turn billions of LiDAR points into useful products at blazing speeds and
with low memory requirements (“Rapidlasso”, n.d.). Since the involved LiDAR data was in format of LAS
1.1 - 1.4 specification, the predefined classification schemes defined by the American Society for
Photogrammetry and Remote Sensing (ASPRS) for the desired data category (“Lidar point”, n.d.) were
applied. The LiDAR data classifications of 1,2,3,5,6,7, are used for generating DSMs, shown as Table 2
(“Lidar point”, n.d.).
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Table 2
Selected LiDAR data classification value for DSM generation
Classification
value

Meaning

1

Unassigned

2

Ground

3

Low Vegetation

5

High Vegetation

6

Building

7

Low Point

Third, solar radiation maps for every DSM raster should be produced. Since the cell size of the RSDS
raster layers obtained from CMIP6 is 25 km, the RSDS layers can’t be used for the rooftop PV study.
Therefore, the Area Solar Radiation geoprocessing tool and the DSMs were used to create the solar
radiation layers with the mask of the building footprints layer in order to get the solar radiation map
only within the building area. The solar radiation analysis tools allow me to map and analyze the effects
of the sun over a geographic area for specific time periods. The Area Solar Radiation tool is used to
calculate the insolation of the sun across an entire landscape. The calculations are repeated for each
location in the input topographic surface, producing insolation maps for an entire geographic area for
specific time periods (“An overview”, n.d.)
3.3.2.2 Selecting Sets of Suitable and All Eligible Rooftops for PV Generation
In the next step, two sets of rooftops were identified, in which one set is suitable rooftops with strict
conditions (the optimal Set 2) and the other set is rooftops with a wide range of conditions as long as it
can be installed with at least one solar panel (the inclusive Set 1). The conditions for Set 1 of rooftops
are all the roofs with more than 4 m2 roof surface area that allows at least one PV panel to be installed.
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As to the conditions for Set 2 of rooftops, Melius et al. (2013) mentioned four studies of roof suitability
in their review, as shown below. In a rooftop PV potential analysis in Fribourg, Switzerland (Compagnon,
2004), the researchers selected a minimum of 1000 kWh/m2 on the model to determine suitable rooftop
areas. While in a study for Cambridge, Massachusetts, Jakubiec & Reinhart (2013) considered a suitable
rooftop with a slope no more than 60 degrees and a solar radiation value of at least 609kWh/m2. An
analysis in Lisbon, Portugal (Santos et al., 2011) used the conditions that suitable rooftops have at least
10 contiguous square meters, have more than 1680 kWh/m2 of solar radiation, and have a slope of less
than 45 degrees. In an analysis of Lujazui, Shanghai, China, Huang et al. (2012) determined rooftops that
have rooftop planes larger than 5 square meters and have a slope of less than 35 degrees; a south-,
southwest-, or southeast-facing aspect; and at least 500kWh/m2 of solar radiation per year as suitable
rooftops. Considering the above selection conditions, the medium condition was chosen that Set 2 are
having no less than 30 m2 suitable roof surface, slopes lower than 45 degrees, face no north except
slope lower than 10 degrees, and solar radiation more than 800 kWh/m2.
Areas that have a slope steeper than 45 degrees and receive less than 800 kWh/m2 were removed from
the solar radiation raster layer. Since all the raster layers use the same cell raster pixel array, I can
compare the values in the solar radiation and slope layers. Geoprocessing tool Con tool checks whether
each slope value or each solar radiation value is for compliance.
In the northern hemisphere, surfaces facing north are likely to receive less solar radiation than surfaces
facing other directions (Khanna, n.d.), so the third criterion for suitable rooftops is that roof surfaces
should not face north. In the aspect raster layer, slopes that face north have a value of less than 22.5
degrees or more than 337.5 degrees, however, rooftops with slopes that are almost flat are suitable for
solar panels, regardless of the aspect (Khanna, n.d.). Therefore, the roof surface area facing north with
slopes less than 10 degrees was kept, otherwise was removed from the radiation map by Con tool. After
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that, all areas that are unsuitable for solar panels were removed, and the suitable surface raster for the
optimal set of rooftops were obtained.
Next, the PV power per building should be calculated. First, for every building, the area covered by its
suitable cells (in m2) and their average solar radiation (in kWh/m2) were calculated. ArcGIS Zonal
Statistics as Table tool was used for this step to calculate the mean value of solar radiation per square
meter for each building. The tool looks within each building footprint polygon and aggregate the
suitable solar cells it contains. Then I joined the fields of interest, AREA and MEAN, from obtained
standalone table, to the building footprints layer.
Finally, after the steps processed above, we know the area of the suitable roof surface for PV installation
in every building. I applied one last criterion to determine solar panel suitability. If a building has no less
than 30 square meters of suitable roof surface, it is considered suitable for solar panel installation for
Set 2 rooftops. The Select Layer By Attributes tool was used for selecting buildings with enough suitable
roof surface. Figure 1 shows the workflow of the identification of suitable rooftop solar radiation area of
Set 2.
3.3.2.3 Calculating PV power per Rooftop etc.
Finally, a field in the attribute table of suitable buildings layer was created. This field contains the total
amount of solar radiation received per year by each building's usable area (Khanna, n.d.). This field was
calculated by multiplying each building's suitable area by its average solar radiation per square meter.
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Figure 1
The workflow of suitable rooftop solar radiation area identification of Set 2 roofs
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Next, the usable solar radiation values to electric power production potential were converted. The
electric power that produced by solar panels depends on the solar panel’s efficiency and installation’s
performance ratio, in addition to solar radiation (Khanna, n.d.). According to Empire Renewable Energy
(“Is solar”, n.d.), a residential and commercial SunPower dealer, most solar panels provide an energy
efficiency rating between 11 and 15 percent, which is the percentage of solar energy that is being
converted into useable electricity. As to the performance ratio, according to SMA Solar Technology AG
(“About”, n.d.), a leading global specialist in photovoltaic system technology, high-performance PV
plants can reach a performance ratio of up to 80 % (“Quality”, n.d.). In this research, a solar panel
efficiency of 15 percent and a performance ratio of 80 percent were used for the calculation. These
values mean that the solar panels can convert 15 percent of incoming solar energy into electricity, and
then 80 percent of that electricity is preserved as it goes through the installation (Khanna, n.d.). The
solar power (MWh) per building was calculated and converted into usable power by multiplying the
selected panel efficiency 0.80 and performance ratio 0.15, so the units of Usable PV power is
MWh/year, shown as equation (24):
𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 𝑃𝑃𝑃𝑃 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 × 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 × 0.80 × 0.15

(24)

In the next step, due to the significant seasonal variation in temperature, precipitation, and cloud cover
rate between winter and summer in Vancouver, a comparison of the rooftop PV potential of July vs.
December in a part of Vancouver was conducted.
Next, Since the solar radiation map generated from the climate data from CMIP6 has a resolution of 25
km per grid, it’s not clear enough to do rooftop PV studies. Thus, the solar radiation layer calculated
from Area Solar Radiation tool from ArcGIS Pro was used for rooftop PV potential assessment. The Area
Solar Radiation tool would account for the latitude for Vancouver, but not its specific climatic patterns,
which, as well all know cloud cover rate. The question is, how well does this ‘climatically non-specific’
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output of the Area Solar Radiation tool capture Vancouver’s specific climatic reality, in terms of solar
radiation, given the reality of cloud cover? The data validation should be done by comparing the
radiation data from the two methods. The validation formula was as shown below.
Difference in Solar Radiation = (Radiation According to the Area Solar Radiation Tool (Part 2) – Radiation
According to Part 1 of the Study Accounting for Cloud Cover) / Average Radiation According to Area
Solar Radiation Tool × 100%

(25)

Next, Vancouver has an oceanic climate with significant seasonal variation, cool and humid, with
relatively mild, rainy winters and cool, fairly sunny summers (“Climate and”, n.d.). Vancouver's driest
months are July and August with an average precipitation of 41mm. November and December in
Vancouver are the wettest months with an average of just 182mm of precipitation (“Weather”, n.d.).
The hottest month of the year in Vancouver is July, with an average high of 22 °C and a low of 14 °C. The
coldest month of the year in Vancouver is December, with an average low of 2 °C and a high of 6 °C. In
addition, the average percentage of the sky covered by clouds experiences obvious seasonal differences.
The clearer part of the year in Vancouver begins around June 11 and lasts for 3.6 months, ending around
September 30. The cloudier part of the year begins around September 30 and lasts for 8.4 months,
ending around June 11 (“Climate”, n.d.).
After taking these seasonal climatic differences into account, a comparison of the rooftop PV potential
in a part of Vancouver was conducted between the months of July and December. The area of nine
LiDAR tiles was selected as the study area for the seasonal rooftop PV power estimation.

3.3.3 Estimating the Economics of Rooftop PV Systems
Now that the annual rooftop PV power generation per building in Vancouver was obtained, I studied the
economic feasibility of rooftop PV systems for every building in Vancouver, such as System cost,
Levelized Cost of Energy (LCOE), and Payback period.

41
3.3.3.1 Rooftop PV Panel Cost Calculation
First, PV panel cost was estimated for every building. According to Donaldson (2021), the estimated cost
in USD for the expected PV panels coverage area is shown in the first two columns in Table 3. Based on
USD and CAD exchange rates of 1.26 as of March 21, 2022, the solar panel cost in CAD per square meter
was converted. The approximate average panel cost of 75 CAD /m2 was used for the next calculation of
PV system cost.

Table 3
Expected PV panel cost per square meter
Expected Coverage Area
Size (Square Meter)

PV panel cost
Estimated Cost in USD

Estimated Cost in CAD

(CAD per square
meter)

92.903

$ 4500 to $ 5500

$ 5670 to $6930

$ 61 to $ 75

185.8061

$ 9500 to $ 12000

$ 11970 to $ 15120

$ 64 to $ 81

278.7091

$ 14000 to $ 18000

$ 17640 to $ 22680

$ 63 to $ 81

371.6122

$ 21000 to $ 24000

$ 26460 to $ 30240

$ 71 to $ 81

464.5152

$ 26000 to $ 30000

$ 32760 to $ 37800

$ 71 to $ 81

For Set 2 buildings in Vancouver, the suitable surface areas per building are known in the attributes
table of the layer, so the PV panel cost per building can be calculated by equation (26):
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 (𝑚𝑚2 ) × 75 𝐶𝐶𝐶𝐶𝐶𝐶/𝑚𝑚2

where 75 𝐶𝐶𝐶𝐶𝐶𝐶/𝑚𝑚2 is the approximate average unit price of PV panels.

(26)

42
3.3.3.2 LCOE Calculation of Rooftop PV Systems
Second, the LCOE was calculated for the roofs. Levelized Cost of Energy (LCOE) is also referred to as
Levelized Energy Cost (LEC) (Donaldson, 2021). It measures the lifetime costs of a solar system divided
by the total energy produced.
The steps of the LCOE calculation are as follows:
Step 1: Calculate the life-cycle net cost of the rooftop PV system
In addition to PV panels cost, there are other factors influencing the life-cycle net cost of PV systems,
such as tax deduction, subsidies from the government, and maintenance, cost etc.
There are at least 17 clean energy incentive programs available in British Columbia which offer well over
100 individual energy efficiency, renewable energy, clean transportation, and low-income incentives and
rebates. Some of these can be applied on rooftop PVs.
British Columbia is the only province with a provincial tax exemption for clean energy equipment,
namely the provincial sales tax (PST) 7% exemption, retaining the 5% goods and services tax (GST).
The Alternative Energy Sources PST Exemption also covers solar thermal, as well as any necessary
equipment needed for installation including wiring, controllers, inverters, pumps, and tubing (Urban,
2021).
In addition, the Canada Greener Homes Grant Initiative announced by Canadian Federal government
(Government of Canada, 2022) is also a widely applicable clean energy grant program. This program
provides funds for home evaluations and for retrofits, to a total of $5,600. Homeowners are eligible for
up to $600 total for the cost of pre- and post-retrofit EnerGuide evaluations and for up to $5,000 total
($1,000 per kW up to 5kW) for the implementation of eligible retrofits such as home insulation,
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windows, doors, air sealing, and Photovoltaic done after December 1, 2020. Thus, the building that
installed rooftop PV can get $5000 retrofit for the energy saved.
However, there is maintenance cost of the PV systems during their lifetime. For optimum performance,
the system requires cleaning of modules and basic preventive and corrective maintenance (“What”,
2016). In addition, for off-grid systems where batteries are used, the maintenance costs are higher on
account of battery replacement every 3-5 years. To ensure high generation and low maintenance cost,
regular monitoring through data loggers is highly recommended. Typically, the maintenance costs for
smaller Solar PV systems are about 2% of the initial system cost, and for larger systems are about 1% of
the initial cost (“What”, 2016). In this LCOE calculation, 2% of the initial system cost as the annual
maintenance cost was selected since the rooftop PV systems are often small Solar PV systems. Since the
industry standard for solar panel production life is 25-30 years (Richardson, 2021), 25 years as the life
expectancy for a rooftop PV system was used for this step. The maintenance cost of the full lifetime of
the PV systems will be 2% multiplies 25 of the initial PV panel cost. In addition, 5% is the tax rate of GST
in BC.
In short, the net life-cycle cost of the PV panels can be calculated shown as equation (27)
𝑁𝑁𝑁𝑁𝑁𝑁 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 × (1 + 5% + 2% × 25) − 5000𝐶𝐶𝐶𝐶𝐶𝐶

(27)

where 5% is GST rate, 2% is annual maintenance cost rate of the initial system cost, 25 is the full lifetime
of PV systems, and 5000 CAD is the retrofit for greener home energy application.
Step 2: Calculate the energy produced over the lifetime of the PV systems
The expected lifetime of the rooftop PV systems is 25 years, so the energy produced over the lifetime of
the PV systems is expected as the equation below:
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𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 𝑃𝑃𝑃𝑃 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 × 25

(28)

Step 3: Calculate The LCOE
Divide the net cost by the cost of energy produced.
𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 = 𝑁𝑁𝑁𝑁𝑁𝑁 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑒𝑒𝑚𝑚 / 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

(29)

3.3.3.3 Payback Period Calculation of Rooftop PV Systems
Third, the payback period of the investment of rooftop PV systems can be calculated by the following
equation (30). If the annual PV power produced is paid by the average unit price 0.126 CAD/kWh of BC’s
electricity bill, we can get the annual cost of the electricity. Now that the usable power is produced by
solar PV systems, the electricity bills are saved, while the annual maintenance cost – 2% of the system
cost – should be subtracted from the electricity bills savings every year. To get the payback period, I
divided the PV cost with tax and subsidies by the annual electricity bills savings, shown as in equation
(30),
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = [𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 × (1 + 5%) − 5000𝐶𝐶𝐶𝐶𝐶𝐶]/[𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 𝑃𝑃𝑃𝑃 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 (𝐾𝐾𝐾𝐾ℎ) ×

0.126𝐶𝐶𝐶𝐶𝐶𝐶/𝑘𝑘𝑘𝑘ℎ − 2% × 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶]

where 0.126 CAD /kWh is the average unit price of BC’s electricity bill.

(30)
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Chapter 4. Results and Discussion
4.1 Provincial PV Potential Projection under Climate Change
4.1.1 Average Present RSDS, SFCWind, TAS and their Projection
After processing Surface Downwelling Shortwave Radiation (RSDS) [Wm-2], daily Near-Surface Wind
Speed (SFCWind) [ms-1], and daily Near-Surface Air Temperature (TAS) [℃], from year 1995 to 2014 and
year 2031 to 2050, we got the 20-year average values of the three variables in the two periods,
respectively. In addition, the changes of the three variables between these two periods in British
Columbia and Alberta are also calculated. All the maps are shown in Figure 2 and Figure 5. The changes
of the variables are defined as proportions as follows:
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = (𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 − 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅) ÷
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅

(31)

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = (𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 − 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆) ÷
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

(32)

𝑇𝑇𝑇𝑇𝑇𝑇 𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 − 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

(33)

where the units of the 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 and 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 are %, and the unit of 𝑇𝑇𝑇𝑇𝑇𝑇 𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 is ℃.
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Figure 2
Climate data (RSDS, SFCWind, TAS) and PVpot Change between 1995-2014 and 2031-2050
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The ranges of average RSDS values in BC and Alberta in two periods are about 80 to 180 W/m2 as shown
in Figure 2. The RSDS change map show that the solar radiation in the future is predicted to decrease in
both Alberta and BC. Overall, Alberta saw a smaller reduction, while BC saw a significant decrease of
solar radiation. In the southwest and northeast of BC, the solar radiation is going to decrease about 1%,
while the largest decrease in BC is about 11% in the western coast area. In the south of BC, the solar
radiation is expected to decrease from 2.5% to 6.5%. While in the centre of BC, it is going to reduce
about 6% solar radiation in future. The least decrease in Alberta is about 1% located in parts of southern
Alberta. In a small part of northeastern Alberta and southwestern Alberta, which borders British
Columbia, the solar radiation will decrease by about 5%. In other parts of Alberta, solar radiation will
steadily decrease slightly. Overall, the solar radiation reduction in Alberta is relatively uniform. I used
Zonal Statistics as Table tool to get the mean RSDS change -2.5% in Alberta during 2031-2050 period
compared with the 1995-2014 period, as shown in Figure 3.
From Figure 2, annual average SFCWind values are in range 1.8m/s to 8m/s in both periods. From the
Figure 8, the changes of wind speed are small, between -3.9% to 1.8%. In southwestern coast area of
BC, the wind speed is expected to increase, while in the middle and north of BC, the SFCWind is
projected to decrease. The wind speed in Alberta is predicted to change a little in future, from
decreasing 2.7% in western Alberta to decreasing 0.2% in northeastern Alberta.
The average temperature of BC and Alberta in 1995-2015 ranged from -6.8 °C to 10.9°C, and the average
temperature in 2031-2050 ranged from -5.6 °C to 12°C. Figure 2 also shows the average annual
temperatures are expected to rise in both regions in 2031-2050 period. In the southeast of Alberta, the
temperature is going to rise the most, about 1.6°C increase compared with the present temperature. In
the north and west of Alberta, the temperature is going to rise about 1.3% and 1.1°C respectively. In BC,
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the mean annual temperatures are going to rise the least about 0.8°C in western coast of BC and
Vancouver Island, and to rise the most about 1.5°C in southeastern BC.

Figure 3
The average RSDS change in Alberta in 2031-2050 with 1995-2014 as baseline

southeast of Alberta, the temperature is going to rise the most, about 1.6°C increase compared with the
present temperature. In the north and west of Alberta, the temperature is going to rise about 1.3% and
1.1°C respectively. In BC, the mean annual temperatures are going to rise the least about 0.8°C in
western coast of BC and Vancouver Island, and to rise the most about 1.5°C in southeastern BC. While in
the most other area in BC, such as the center and north, the temperature is expected to rise less, about
1°C increase.
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4.1.2 PVpot Calculation and PVpot Changes
According to equations (4) in Methods chapter, the present average PVpot and future PVpot projections
can be calculated.
The present and future PVpot maps and the PVpot change map are obtained from using raster
calculator tool with the RSDS, SFCWind and TAS layers in ArcGIS Pro. See following Figure 4, 5 and 6.

Figure 4
Present average PVpot (1995-2014) in BC and Alberta
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Figure 5
Future average PVpot projections (2031-2050) in BC and Alberta

From Figure 4 and 5, the south of Alberta and southeast of BC have relatively larger PV potential, while
the western coast area of BC has relatively less PV potential.
The PVpot change map in Figure 6 shows that PV potential in BC and Alberta won’t change significantly
in period 2031-2050 under the climate change condition. Within Alberta and BC, the largest change is
projected to take place in Coast Mountains in BC with 1.3% lower PV potential compared with the
present condition. The relatively smaller changes are expected to locate in most Alberta, small parts of
northeast BC and southwest BC. The smallest change is about a 0.2% decrease.
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As shown in Figure 7, I used Zonal Statistics as Table tool to get the average PVpot change -0.47% in
Alberta during 2031-2050 period with 1995-2015 as the baseline, because the PVpot variation across
Alberta is small and relatively uniform, as shown in Figure 6.

Figure 6
PVpot change in 2031-2050 projections in BC and Alberta
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Figure 7
The average change of PVpot in Alberta between 2031-2050 and 1995-2014

4.2 Rooftop PV Power Estimation in Vancouver
The specific location Vancouver City with relatively small PVpot change (-0.28%) were selected as the
present rooftop PV potential study area.
After obtained the LiDAR data of Vancouver from open access, the Digital Surface Models (DSMs) of the
181 LiDAR tiles were produced by LAStools, and the DSMs were mosaiced shown as Figure 8. The cell
size of the RSDS raster layers from CMIP6 is 25 km, which is too large for the rooftop PV potential study,
so the radiation maps calculated by Area Solar Radiation tool from Esri were used. The solar radiation
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raster map of the whole year of 2022 in Vancouver within building area are calculated using the DSM,
shown as Figure 8, and the mask of building footprints layer. The annual solar radiation within building
area in Vancouver is ranged from 0 kWh/m2 to 2666.35 kWh/m2. The east and south have more solar
radiation than the west, and the west has more solar radiation than the north and center.

Figure 8
Digital Surface Model (DSM) of Vancouver
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Figure 9
Vancouver annual solar radiation of year 2022 within building area

Figure 9 shows the yearly solar radiation per square meter for buildings in Vancouver in 2022. After
identifying the two sets of rooftops in Vancouver, the solar power (MWh) per building were calculated
and converted into usable power by multiplying the solar power statistics with selected panel efficiency
0.80 and performance ratio 0.15, shown as equation (24) in Chapter 3.

55

Figure 10
Usable PV power per building of Set 1 rooftops in Vancouver

The usable PV power per building of Set 1 and Set 2 are shown as Figure 10 & 11, Table 4 & 5. The
usable PV power of Set 1 rooftops ranges from 0.15 MWh to 4727.63 per year per building, while 97.2%
of the buildings are predicted to produce less than 71.09 MWh per year, shown as in Table 4. From the
attributes table of the Set 1 PV power layer, there are totally 118,013 buildings included in Set 1, and the
minimum and maximum suitable area of the roof surface are 18.3m2 and 55135.8 m2 respectively. The
usable PV power of the suitable rooftops of Set 2 ranges from 2.99 MWh to 4155.70 MWh. 79,571
suitable buildings are included in Set 2. The minimum roof surface of Set 2 is 30 m2, and the largest is
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37,800.1 m2. In addition, 97.3% of the buildings are expected to generate less than 71.09 MWh per year,
shown as in Table 4.

Figure 11
Usable PV power per building of Set 2 rooftops in Vancouver
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Table 4
Proportion of the roofs with different usable PV power of two sets of roofs
Usable PV power

Number of the

Proportion in all

Number of the

Proportion in all

(MWh)

roofs in Set 1

Set 1 roofs

roofs in Set 2

Set 2 roofs

0.15-71.09

114696

97.2%

77402

97.3%

71.09-211.31

2360

2.0%

1630

2.0%

211.31-4155.70

956

0.8%

539

0.7%

>=4155.70

1

0.0%

0

0.0%

Table 5
PV installation area, PV generation per year and yearly PV power generation per unit area data
PV installation area of Set 1 (km2)
PV generation per year of Set 1 (GWh/year)

28.04
2,062.85

PV generation per year per square meter (kWh/year/m2)

73.56

PV installation area of Set 2 (km2)

10.32

PV generation per year of Set 2 (GWh)
PV generation per year per square meter (kWh/year/m2)

1,141.47
110.56

58

Figure 12
The PV generation per unit time and unit area of two sets of roofs
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From Table 5, the total roof surface area of Set 1 is 28.04 km2, where is expected to generate 2,062.85
GWh power per year. From these statistics, we can get the average PV power generated by Set 1
rooftops is about 73.56 kWh/ year/m2, shown as in Figure 12. By contrast, the suitable roof surface area
for PV installation of Set 2 is 10.32 km2, and it will produce 1,141.47 GWh of power per year. The
average PV power generated from more suitable rooftops in Set 2 is 110.56 kWh/m2/year.
Vancouver uses over 59 million gigajoules (GJ) of energy a year (“City of Vancouver”, 2015). Rooftop PV
power generation in Vancouver from suitable roof surfaces (Set 2 roofs) is expected to be approximately
7% of the total electricity consumption yearly. It can be concluded if PV systems are generally installed
on the rooftop, it can effectively reduce the pressure on Vancouver's electricity use.

4.3 Validation of the Solar Radiation Data Calculated in Part 2
Since the solar radiation map generated from the climate data from CMIP6 has a resolution of 25 km per
grid, it’s not clear enough to do rooftop PV studies. Thus, the solar radiation layer calculated from Area
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Solar Radiation tool from ArcGIS Pro was used for rooftop PV potential assessment. The data validation
should be done by comparing the radiation data from the two methods.
The averag mean RSDS in the city of Vancouver within the present periods (1995-2014) from CMIP 6 in
part 1 is about 146.4 W/m2/s, while the unit of solar radiation power in the city of Vancouver in the year
2022 calculated in Part 2 is MWh/year. Since the yearly sunlight time in Vancouver is about 1938 hours
(“Sunshine”, n.d.), the mean RSDS to the solar radiation amount per year can be calculated
approximately as below.
146.4𝑊𝑊/𝑚𝑚2 /𝑠𝑠 × 3600 𝑠𝑠/ℎ × 1938ℎ/𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 ÷ 106 = 1021.4 𝑀𝑀𝑀𝑀ℎ/𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦

The range of the average solar radiation power per square meter within Set 2 buildings in City of
Vancouver in the year 2022 from Part 2 is from 814.7 to 1096.6 MWh/year, and the mean value is 925.8
MWh/year. Thus, the following formula is calculated.
Difference in Solar Radiation = (Average Radiation According to the Area Solar Radiation Tool (Part 2) –
Radiation According to Part 1 of the Study Accounting for Cloud Cover) / Average Radiation According to
Area Solar Radiation Tool × 100%
= (925.8 𝑀𝑀𝑀𝑀ℎ/𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 − 1021.4 𝑀𝑀𝑀𝑀ℎ/𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦) / 925.8 𝑀𝑀𝑀𝑀ℎ/𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 × 100% = −10.3%

The results show that the radiation calculated from Area Solar Radiation Tool in Part 2 is 10.3% lower
than the radiation data obtained from CMIP6, which is considered a reasonable and reliable result.
As to the solar radiation comparison in summer, since the RSDS data from CMIP6 in part 1 was yearly
files with daily data. The yearly mean value of the RSDS can be obtained by using the Aggregate
georeferencing tool, but the seasonal mean data can not be produced by this tool. Thus, the seasonal
solar radiation data were not compared between the two methods.
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4.4 Seasonal Comparison of the Rooftop PV Power Estimation
In Vancouver, summer is from June 21 to September 21, and winter is from December 21 to March 21.
The result shows that Vancouver can generate significant solar energy in the summer and almost
negligible PV power in winter. The months of summer, from June to September, are expected to be
more suitable to apply PV systems. The research steps and evidence are as follows.

Figure 13
Study area for seasonal comparison of rooftop PV in part of Vancouver
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The seasonal comparison of the PV power estimation was conducted by assessing the rooftop PV power
in July and December, which are representing summer and winter months of Vancouver. Since the large
LiDAR data of 181 tiles in Vancouver can not be processed in one go and processing these LiDAR tiles
one by one twice (July and December) is time-consuming, I selected nine out of 181 lidar tiles as the
study area for evaluating the rooftop PV potential for seasonal comparison, as shown in Figure 13.

Figure 14
Possible rooftop PV power of July in Part of Vancouver
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igure 15
Possible rooftop PV power of December in Part of Vancouver
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Figure 16
The ratio of rooftop PV power generation in July vs. December

The usable rooftop PV power in July in the study area ranged from 0.3 MWh to 243.67 MWh per
building, while 99.3% of the buildings are expected to produce less than 12.92 MWh PV power in July,
shown as in Figure 14. The PV power generated in December is expected to be 0 to 9.29 MWh, and
99.4% of the buildings will produce less than 0.51 MWh usable power, shown as in Figure 17. After
dividing the energy each building produces in July by the energy produced in December, the ratios are
shown in Figure 16. Rooftop PV produces 16 to 59 times more energy in July than in December. 73.5% of
the roofs produce 14-29 times more PV power in July than in December, and 26.5% of the rooftop PV is
expected to produce 29-59 times more power in July compared to December, shown as in Figure 17. The
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results indicate that Vancouver can generate significant solar energy of the year in summer, and almost
negligible PV power in winter. Thus, the months of summer, from June to September, are expected to
be more suitable to apply PV systems.

Figure 17
The Proportion of roofs with different ratios of July rooftop PV vs. December
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4.5 The Economic Feasibility of Rooftop PV Systems
Generally, the net life cycle cost of PV systems in Set 2 optimal roofs are less than the Set 1 inclusive
roofs. The number of the roofs with low net cost in Set 2 are much more than that in Set 1, as shown in
Figure 18, 19 & 20.
Figure 20 shows the proportion of the number of roofs with different net life cycle costs in two roof sets.
0.5% of the Set 1 roofs has less than zero net cost over 25-year life cycle of PV systems, which means the
tax deduction on PV panels and $5000 subsidies from the government can fully cover PV investment.
78.5% of the rooftop PVs cost no more than 20,000 CAD, and totally 10.4% of the buildings are predicted
to invest between 20,000 CAD to 30,000 CAD during the PV life circle, while 5.7% of the buildings are
expected to spend more than 50,000 CAD to install the PV systems.
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In contrast, there are 21.3% of the Set 2 rooftop PV with the investment of less than zero dollars. Totally
69.7% of the rooftop PV systems cost less than 5000 CAD during their life circle, and 92.9% of the roofs
are expected to invest no more than 20,000 CAD on PV systems. Set 2 rooftops are expected to spend
less on PV systems because of the suitable roof surface area identification compared with Set 1
rooftops.

Figure 18
Net life cycle cost for Set 1 rooftop PV systems in Vancouver
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Figure 19
Net life cycle cost for Set 2 rooftop PV systems in Vancouver

Figure 20
Proportion of the number of the roofs with different net life cycle costs in Set 1 and 2
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Figure 21
LCOE of rooftop PV of Set 1 buildings

LCOE measures the lifetime costs of a solar system divided by the total energy produced, which can be
considered as the average price of the electricity produced by the PV systems during their lifetime. After
the calculation, the LCOE of every rooftop PV in Set 1 and Set 2 buildings is shown in Figure 21 & 22. The
values of Set 1 LCOE range from -0.24 to 12.78 CAD/kWh, while the LCOE values in Set 2 buildings ranges
from -0.020 CAD/kWh to 0.046 CAD/kWh. From Figure 23, 0.5% of Set 1 buildings have LCOE below 0,
which indicates the net cost of the rooftop systems is below 0 because of the government subsidies. In
contrast, 21% of Set 2 roofs has LCOE below 0.
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The LCOE below or equal to 0.126 means the average price of the PV power during their lifetime is less
than or equal to 0.126 CAD /kWh, the average electricity price of BC. Overall, 98.42% of the Set 1 roofs
has LCOE less than 0.126 CAD /kWh, which means most of the roofs can payback the PV investment
during their 25-year lifetime. In contrast, 100% of the Set 2 roofs has LCOE less than 0.126 CAD /kWh,
even no more than 0.046 CAD /kWh. Therefore, the average electricity price of rooftop PV over the 25year life cycle in Set 2 is lower than that in Set 1, and all are lower than the conventional electricity price.

Figure 22
LCOE of rooftop PV of Set 2 buildings
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Figure 23
The proportion of the number of the roofs with different LCOE

Roof number proportion with different LCOE
45.8%

proportion in all roofs (%)

50.0%
40.0%
30.0%
20.0%
10.0%
0.0%

33.5%

30.9%

26.9%

21.3%

10.5%
0.5%

6.8%

3.8%

<=0

0-0.013

11.9%

6.5%
0.0%

0.013-0.026

0.026-0.035

0.035-0.046

0.046-0.126

1.6% 0.0%
>0.0126

LCOE (CAD/kWh)
Set 1 roofs

Set 2 roofs

Figures 24, 25 and 26 show the specific payback periods of Set 1 and Set 2 rooftop PV. 41.3% of the Set 1
roofs can pay the investment back in 5 years of production, and 54.5% of the Set 1 rooftops can cover
the cost in 6 to 10 years. Overall, 98.2% of the Set 1 roofs can cover their PV investment in 15 years.
Although most of the Set 1 rooftop PVs can cover their costs over their life cycle, not all rooftops in Set 1
are suitable for rooftop PV systems, based on some unreasonable long payback years.
In contrast, the payback years of Set 2 rooftop PVs range from 0 to 7 years, which means all the rooftop
PVs in Set 2 can pay the investment back within their life cycle. If the LCOE is below zero, the payback
period is regarded as 0 years. From Figure 26, 88.3% of the Set 2 rooftop PV systems pay for themselves
within three years of commissioning. Overall, 96.2% of the Set 2 rooftop PV systems can pay for
themselves within five years.
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In short, investing in a rooftop PV system on a suitable roof surface (Set 2 Roof) will help reduce
residents' electricity bills, shorten the payback period of investment costs. Meanwhile, harnessing solar
energy will help reduce greenhouse gas emissions.

Figure 24
The payback period of rooftop PV systems investment of Set 1 roofs
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Figure 25
The payback years of rooftop PV systems investment of Set 2 roofs

Besides, there are some other clean energy subsidies that apply to different houses and regions, which
means in some regions the Net life cycle cost of rooftop PV may be lower than we expect above. For
instance, a regional solar incentive is available for Nanaimo and Lantzville in BC. The rebate is $250-$400
for solar PV, solar thermal, geothermal, or wind system for Nanaimo and Lantzville residents. When
looking for energy efficiency or renewable energy rebates in British Columbia, the Clean BC Rebate
Search Tool (“Energy”, 2021) is highly recommended.
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Figure 26
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4.6 Policy Recommendations on Subsidies Targeting Rooftop PV Systems
From the government's point of view, how they distribute subsidies for different types of households
can be further analyzed. Three types of households were sorted as follows.
(a) ‘Set 1’ households generally (all possible buildings), or
(b) ‘Set 2’ households (Suitable buildings for rooftop PV), or
(c) ‘Set 1’ households excluding ‘Set 2’ households.
If the subsidies only target the single type of the households with $5,000 per household, the cost of the
subsidies are as shown in Table 6.
In contemplating which household type to subsidise, there are some hypothetical scenarios as context.
1. In contemplating whether to subsides set (b) or set (c) above, there is a presume that
homeowners in Set 2 will largely self-finance their own PV installation privately, so that any
additional PV generation due to a PV subsidy favouring ‘set 2’ households would be additional.
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2. Conversely, in contemplating whether to subsidise set (a) versus set (b) households as above,
there is an assume that ‘Set 2’ homeowners would not independent and autonomously finance
their own PV installation privately.

Table 6
The subsidies cost, PV generation, net cost, and number of the three types of households
(a)
Number of households
Usable PV generation (GWh)
Net life-cycle PV Cost
(Million Dollar)
Mean payback years (year)
Subsidies cost (Million Dollar)

Set 1
118013
2062.9
2669.9
22.3
590.1

(b)

Set 2
79571
1141.5
802.4
2.9
397.9

(c)

Set 1 excluding Set 2
38442
228.9
293.7
49.2
192.2

From Table 6, comparing (b) and (c), government subsidies for Set 2 households would be 397.9 million
dollars, and the PV power generation from Set 2 would be 1141.5 GWh/year. The advantage is that this
can predict relatively certain outcomes, such as how much subsidy is given and how much energy output
will be obtained. In addition, the amount of PV power generation is also large and the mean payback
years are quite short to be 2.9 years. However, the cons are that the subsidy amount is huge, other
types of households have no chance to get the subsidy to help install PV, and it seems unfair that Set 2
households only need to pay a little after the subsidy.
Otherwise, if the subsidies target Set 1 excluding Set 2, the cost would be 192.2 million dollars, and the
PV power obtained will be 228.9 GWh. In this case, the presume is that homeowners in Set 2 will largely
self-finance their own PV installation privately. The pros are the subsidy amount is relatively small, and
some households in Set 2 probably self-finance their PV installation, so there will be extra PV power
generation without subsidies. The cons are that the PV power generated by Set 1 excludes Set 2 is quite
small, so the benefits of the subsidy are not obvious, besides, the payback years are quite long to be
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49.2 years. In addition, it is uncertain whether the Set 2 buildings will self-finance their PV, so the PV
generation amount is unpredictable.
Comparing (a) and (b), government subsidies for Set 1 households would be 590.1 million dollars, and
the PV power generation from Set 1 would be 2062.9 GWh/year. From the government’s perspective, it
costs 0.29 million dollars to get one GWh PV power from Subsiding Set 1. While for (b) Set 2 only, the
government should cost 0.35 million dollars to get One GWH PV power. Thus, the pros are that
subsiding Set 1 is cost-effective, and the amount of PV power obtained is the largest among these three
types of households. However, comparing the net life-cycle cost of PV systems between Set 1 and Set 2,
Set 1 households should pay 2669.9 million dollars for PV installation, while Set 2 only needs to invest
802.4 million dollars. Thus, the disadvantage of subsiding Set 1 is that some households in Set 1 will not
adopt PV systems even with government subsidies due to the high investment, and the total subsidy
cost is the largest.
Since the actual quantity of any such subsidy is unspecified, for different situations, there will be
different recommendations for subsidy targets. The advantages and disadvantages of each type of
subsidy are listed above, and it is suggested that the government can refer to these data when
formulating policy to make the most beneficial decision.
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Chapter 5. Conclusion
5.1 Results Related to Research Objectives
This research quantified the probable climate change impact on PV potential in Alberta and British
Columbia, Canada, including the magnitude of the effect of projected climate change on PV and the
variability of future PV potential over space. Second, this research evaluated the rooftop PV potential for
the City of Vancouver, where PV potential change is projected to be relatively small as per the first part
of this study. In addition to the year-round rooftop PV potential assessment for Vancouver, seasonal
variations in rooftop PV generation and the economic rationale of a selectively targeted rooftop PV
promotion were also studied.

5.1.1 Conclusions of PV Potential Estimation under Climate Change
Using a PV potential estimation model with climate variables RSDS, SFCWind, and TAS, the PV potential
in BC and Alberta is expected to vary between -0.2% and -1.3% on average over the period 2031–2050,
with the 1995–2014 average as a baseline. A specific location in the City of Vancouver with relatively
small PV potential variation (-0.28%) was selected as the Rooftop PV Potential Study Area.
The major climatic factors that will influence the PV power generation are solar radiation with cloud
cover, temperature, and surface wind speed. PV potential increases when the solar radiation becomes
stronger; and wind speed increases, as solar radiation is fuel for PV power and wind reduces the surface
temperature of the PV panel, which in turn is beneficial to PV power generation efficiency. PV potential,
on the other hand, decreases as the temperature increases, because high temperatures effect the
performance of solar panels.
PV generation capacity in the future will be slightly less than currently. Solar radiation in future period
2031–2050 is predicted to decrease in both Alberta and BC. The largest decrease is about 11% in the
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western coast area in BC. The least decrease is about 1% located in parts of southern Alberta and a small
area in southwestern British Columbia. In contrast, the projected temperature is expected to rise in both
regions from in 2031–2050 period. The southeast of Alberta will experience the greatest increase, at
about +1.6°C relative to present conditions, while increases will be less in the west of BC, such as
Vancouver Island and the coast west area, as well as some central region of BC, at about 1℃. Further,
surface wind speeds are expected to vary by region, from decrease of 3.9% in the middle and north of
BC, 2.7% in western Alberta, and 0.2% in northeastern Alberta. Increases to wind speed of 1.8% are
expected in southwestern coast area of BC, however.

5.1.2 Conclusions of Rooftop PV Potential Estimation
Vancouver uses over 59 million GJ of energy a year (“City of Vancouver”, 2015). According to our
evaluation, rooftop PV power produced on relatively suitable roof surfaces (Set 2 roofs) in Vancouver
account for approximately 7.0% of total annual electricity consumption, including electricity
consumption by all the residents and industries. The suitable roof surface area for PV installation of Set
2 is 10.32 km2 and is expected to produce 1,141.47 GWh power per year, or 110.6 GWh per year per
km2. In contrast, PV power generated from all possible roof surfaces (Set 1 roofs) accounts for 12.6% of
total yearly electricity consumption in Vancouver. The total roof surface area of Set 1 is 28.04 km2 and is
expected to generate 2,062.85 GWh power per year, or 73.6 GWh per year per km2. Thus, whereas the
set of all possible rooftops is 270% of the area of the set of suitable rooftops, the set of all rooftops
produced only 180% of the power of the suitable set.
According to the solar radiation data validation analysis, the solar radiation calculated by the Area Solar
Radiation tool in Part 2 is 12.9% lower than the radiation data from CMIP6 in Part 1. This indicates the
solar radiation data obtained from Part 2 is an acceptable and reliable result.
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Judging from the seasonal comparison of rooftop photovoltaic power generation, the power generation
in July is expected to be much higher than that in December. 73.5% of the roofs are expected to produce
14–29 times more PV power in July than in December in the study area of a part of Vancouver, and
26.5% of the rooftop PV is expected to increase the production by 29–59 times in July compared to
December. These power generation rates between July and December indicate that Vancouver can
generate significant solar energy of the year in summer, and almost negligible PV power in winter. It is
expected that June to September in Vancouver's summer is more suitable for the application of
photovoltaic systems.

5.1.3 Conclusions of the Economy Feasibility of Rooftop PV
Rooftop PV on all suitable roof surfaces in Vancouver (Set 2) is more cost-effective and practical than all
possible roof surfaces (Set 1) from an economic standpoint for Vancouver residents who are paying for
their own rooftop PV system installation. First, the payback period shows the length of time after which
the net cost of PV system investment is covered by the benefit of the PV power produced. 88.3% of the
Set 2 rooftop PV systems pay for themselves within three years of commissioning. Overall, 96.2% of the
Set 2 rooftop PV systems can pay for themselves within five years, and only 3.8% of PV systems will pay
back the investment in 6-7 years. However, for Set 1 rooftop PV, only 41.3% of the roofs can pay the
investment back in 5 years of production, and 54.5% of the rooftops can cover the cost in 6 to 10 years.
Overall, 98.2% of Set 1 roofs can cover their PV investment in reasonable 15 years, while 0.6% of the
rooftop PV systems will not cover the cost within their 25-year life circle. Since the ‘payback period’ is
likely a critical factor for homeowners contemplating PV installation, including that partially subsidized
by limited public funds, these results strongly suggest that any subsidized PV installation program should
target, if not be restricted to, relatively suitable (Set 2) rooftops to ensure program efficiency and
economy.
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Second, after considering the tax deduction policy on clean energy equipment, the subsidies from the
government on Greener Homes, the PV systems cost, and the maintenance cost, it is estimated that
86.1% of the Set 2 rooftop PV will require a net cost of less than $10,000 over their lifetime (25 years),
while only 37.9% of the roofs in Set 1 are predicted to spend less than 10,000 CAD on PV systems. In
total, 92.9% of Set 2 rooftop PV's investment cost is less than $20,000, accounting for all
aforementioned subsidies and cost, in contrast to 78.5% of Set1 roofs that will cost the same amount on
PV systems. Such findings indicates that a higher percentage of homes in Set 2 can afford PV systems
compared to Set 1. In turn, presuming limited public funds for the incentivization of PV installation (i.e.,
subsidies), it seems that incentivization programs would be wise to target, or even restricted to, highly
suitable rooftops, in order to increase rooftop PV installation rate at minimal cost.
Third, the LCOE that measures the lifetime costs of a solar system divided by the total energy produced
can be considered as the average electricity price during the PV life circle. The smaller the value, the
better the economy. The LCOE of Set 2 rooftop PV shows every building has no more than 0.046
CAD/kWh average PV power price. Compared with 0.126 CAD/kWh of the average BC electricity price,
the rooftop PV systems can certainly reduce the electricity bills for Vancouver residents. In contrast,
52.6% of the Set 1 rooftop PV systems have less than or equal to 0.046 LCOE, and 45.8% of the PV have
LCOE between 0.046 and 0.126. A total of 98.4% of Set 1 buildings can have an LCOE lower than the
average unit price of electricity in BC with rooftop PV systems installed. In summary, from LCOE values,
Set 2 buildings can fully achieve electricity bill savings and the savings are greater than Set 1 buildings.

5.2 Reflection on Work within Context of the Field
While reviewing the literature on PV potential under climate change, there is a finding that some
previous studies provided good approaches, especially the research of Jerez et al. (2015) and Wild et al.
(2015). Jerez et al. (2015) examined the influence of climate change on PV power generation in Europe.
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The climate data used by Jerez et al. (2015) was from EURO-CORDEX ensemble of climate projections.
Apparently, these climate data were at the scale of the European regional electric grids that can not be
used in my research, while the climate variables and their equations for PV potential calculation were
effectively adopted in my research.
Wild et al. (2015) examined how climate models from CMIP5 changed in surface solar radiation over the
coming decades, and how this may affect, in combination with the expected greenhouse warming, solar
power output from PV systems. The projections were analyzed globally and for selected key regions with
major solar power production capacity. In my point of view, the climate data from CMIP5 is reliable and
widely adopted in climate projection studies, so I decided to use CMIP data for my research. Since the
CMIP has reached its sixth phase, I used the climate data from CMIP6 for my study, which is up-to-date
data.
As to the rooftop PV power potential evaluation, Khanna (2021) provided a method using ArcGIS Pro
software to estimate how much electric power each rooftop (and the neighborhood as a whole) could
generate in the whole year or specific days if every suitable building was equipped with solar panels.
This method is feasible when the building footprints layer, the DSMs of the study area, and the
parameters of the solar panels are available. In my research, their standard for selecting suitable rooftop
surfaces was adopted, although other papers’ standards were also referenced. The difference between
his method for rooftop PV assessment and mine is that I designed two sets of rooftops, not only
premium rooftops but also all possible rooftops, the comparison of the PV power generation of the two
sets of roofs can decide the better set for PV installation.
There is another finding that the LCOE method is usually used in some studies related to the economic
feasibility of electricity generation technologies, particularly the research of Yuan et al. (2014) and
Donaldson (2021). Yuan et al. (2014) employed the analytical framework of LCOE to estimate the
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generation cost of Distributed PV (DPV) in China. Although the calculation of LCOE may be different in
other countries due to different solar support and subsidy policies, its approach is worth considering in
my research. Donaldson (2021) discussed the calculation of the cost of solar panels per square meter
and the LCOE of PV panels in the US. Part of Donaldson’s method was used for LCOE calculation in my
paper, since the tax deduction policy is different between the US and BC, Canada, the conditions of BC,
Canada was customized, including consideration of maintenance fee, subsidies from BC government,
and the tax deduction.

5.3 Significance of Research
The first part of the research shows how climate change will make PV generation less efficient. The solar
radiation is expected to decrease slightly in BC and Alberta in the period 2031–2050. As the fuel for PV
power generation, the reduction of solar radiation will reduce the amount of photovoltaic power
generation. In addition, the temperature is projected to increase in the future. Higher temperature will
decrease the PV panels’ efficient, so as to decrease the future PV generation. However, changes in
surface wind speeds are expected to be different in the two regions, with different rises or falls in
different regions. Wind is supposed to lower the surface temperature of PV panels, which will enhance
the PV panel efficiency. Therefore, PV power generation is supposed to increase with the acceleration of
wind speed. With the influence of the three climate change factors, the PV potential is projected to
decrease slightly both in BC and Alberta in year 2031–2050. In sum, the first part of the study shows
how climate change could affect future photovoltaic potential.
The second part of the research created a rooftop PV potential (PV power generation) map of
Vancouver that can be used as a reference when considering installing rooftop PV systems for
households in Vancouver. The study of the economic feasibility of rooftop PV systems can guide any
governmental PV promotion/installation scheme, given limited public funds for subsidies and limited

81
and economic resources by homeowners. First, the optimum roofs (Set 2) have a much smaller payback
period (0 – 7 years), which is an important factor for attracting interest in any government PV promotion
scheme amongst homeowners; second, Set 2 roofs have a much higher percentage (86.1%) for which
total PV installation costs are <$10,000, whose homeowners are potential rooftop PV customers.
Considering these interests, or self-interest, and economic efficiency factors, the government PV
promotion/installation scheme can further target these potential customers.

5.4 The potential applications of the findings and future expansion of research
The rooftop PV potential map for each building in Vancouver is available for residents or the
government to check if a home is suitable for PV installation in Vancouver. If they install the PV on
suitable roof surfaces, they can know the annual PV power generation from the rooftop PV, the net lifecycle cost of PV investment, and the payback period. In addition, the method of making a rooftop PV
potential map can be used in other cities or regions, providing a good example for a wide range of
applications.
In future research, some aspects can be further expanded. Firstly, the method for rooftop PV potential
prediction can be more refined, such as using actual real-time solar radiation data, and a more rigorous
selection of suitable installation areas. The economic feasibility calculations can also be more
comprehensive, including the probability of PV replacement parts expenditures and common
maintenance expenditures. Secondly, a web application can even be developed that can provide rooftop
PV potential data after entering a home address. This will greatly facilitate the inquiries of Vancouver
residents. Similar apps can also be developed and applied to other Canadian cities and regions.
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