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Abstract 

This half thesis describes a proposed research project to explore how geographic information systems (GIS) 

can be used to find possible correlations between the physical requirements for rooftop solar photovoltaic 

(RSPV) technology and socio-economic data, to enhance a city-wide strategy for renewable energy 

implementation. The advantage of RSPV is the ability to be decentralized and distributed on existing 

infrastructure within the built environment, especially in circumstances where landuse policies may prohibit 

additional land development. While the cost of RSPV has been decreasing over the past two decades, there 

are still logistical, financial, and social challenges to city-wide implementation. Recent studies have found that 

both the physical requirements for RSPV and the socio-economic potential of a city are strongly influenced 

by the nature of the local building stock. Therefore, this proposed research will take a case study approach for 

Kingston, Canada to determine the potential for RSPV implementation and explore the constraints that socio-

economic indicators such as income or acceptance behaviour might have on deployment within this context.  

The purpose of this study is to understand potential correlations between physical feasibility and socio-

economic factors to: 1) determine which type of GIS methods accurately quantify RSPV potential for Kingston 

depending on the quality of data available; 2) apply the most appropriate GIS methods from the results of 

objective one to the municipal region of Kingston, to determine the amount, location, and distribution of 

rooftops that are physically and geographically feasible for RSPV deployment; and 3) determine and highlight 

the locations within the study area where socio-economic data is favourable for RSPV deployment, and where 

these areas overlap with physical feasibility for RSPV deployment. Delivery of this proposed research project 

would further explore the use of GIS in understanding the connection of renewable energy implementation to 

the people living in the community, alongside the physical, geographic, technical, economic, and 

environmental feasibility. This type of comprehensive analysis can create a more complete picture for 

informed decision-making.  
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Chapter 1 

Introduction 

1.1 Research problem 

This half thesis proposes a research project to explore how geographic information systems (GIS) 

can be used to find possible correlations between the physical requirements for rooftop solar 

photovoltaic (RSPV) technology and socio-economic data, to enhance a city-wide implementation 

strategy. Recent studies found that both the physical requirements for RSPV and the socio-

economic potential of a city are strongly influenced by the nature of the local building stock 

(Gooding, 2013). Therefore, this proposed research will take a case study approach for Kingston, 

Canada to determine the potential for RSPV implementation and explore the constraints that socio-

economic indicators such as income or acceptance behaviour might have on deployment within 

this context.   

The Intergovernmental Panel on Climate Change’s (IPCC) Assessment Report 5 (AR5) for 

Policymakers confirms that the human influence on climate change is clear and growing (IPCC, 

2014). The report also highlights that society has the means to limit risk and continually improve 

human development, but this will take urgent and immediate actions against a business-as-usual 

system (IPCC, 2014). The general premise for the AR5 was an assessment of current and future 

risks (IPCC, 2017). The IPCC’s most recent draft of Assessment Report 6 (AR6), which is set to 

be published in 2021, plans to build upon previous reports for global and regional solution-oriented 

options (IPCC, 2017). Achieving the recommended greenhouse gas (GHG) emission targets, 

which will stabilize the temperature increase to below 2°C relative to pre-industrial levels, will 

require a significant transition to renewable energy generation and conservation (City of Kingston, 
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2018). One action for developing sustainable cities in response to climate change includes 

targeting the production and consumption of energy (Dehwah, 2019). In this regard, the renewable 

economy has the potential to address both environmental and economic concerns by investing, 

developing, manufacturing, installing, and operating efficient energy generation technologies. For 

example, the International Energy Agency (IEA) has organized the Photovoltaic Power Systems 

Programme, through which the Canadian Renewable Energy Integration Program strives to 

improve sustainable, reliable, and affordable access to renewable energy, and develop further 

integration into buildings and electric grids (Gooding, 2013). The advantage of RSPV is the ability 

to be decentralized and distributed on existing infrastructure within the built environment, 

especially in circumstances where landuse policies may prohibit additional land development (Lee, 

2019). While the cost of RSPV has been decreasing over the past two decades, there are still 

logistical, financial, and social challenges to city-wide implementation (Awad, 2018). These 

challenges further support the need to create an efficient and effective implementation strategy for 

RSPV at the city-wide level.   

 

1.2 Rationale 

At the national level, the Government of Canada has committed to reducing emissions 30% below 

2005 levels by 2030 (Government of Canada, 2020). At the local level, Kingston has been actively 

exploring and implementing energy conservation and emission reduction strategies through 

various plans, including their Corporate Energy Management Plan, Kingston Climate Action Plan, 

Sustainable Kingston Plan, and an Active Transportation Master Plan. Recently, the City of 

Kingston Municipal Energy Study (MES) was conducted to mobilize opportunities for significant 

change in technology, regulation and policy, economics, and consumer values that are influencing 
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the ways societies to provide, procure, and use energy (City of Kingston, 2018). Examples of these 

opportunities include decreasing the cost of renewable energy; decreasing the cost of storage; 

electrification of transportation; opportunities for biogas; a growing clean technology sector; 

emerging financial tools; microgrids and district energy; and municipalities taking leadership on 

climate action. As stated in the MES, Kingston has an excellent environment for solar and wind 

renewable energy generation. It is estimated that Kingston properties can achieve over 1,100 

annual kW hours per peak kW of solar panel capacity, making solar PV power generation a 

reasonable consideration (City of Kingston, 2018). 

GIS can significantly contribute to the implementation strategy of RSPV energy generation 

technologies. Geospatial analysis has been used widely by private and public agencies to quantify 

rooftops for RSPV implementation, which will be discussed in more detail in the literature review. 

The City of Kingston has created both two-dimensional and three-dimensional geospatial datasets 

of the local built environment. Additionally, Statistics Canada and other governmental bodies 

regularly collect socio-economic data that is readily available to the public to support community 

development decision-making processes. By utilizing GIS to discover correlations between the 

physical requirements of RSPV and the socio-economic characteristics of the individuals living 

under the rooftops, it could uncover a more complete picture of the RSPV potential in the context 

of Kingston, Canada.  

 

1.3 Objectives 

The primary research question asks, “what spatial patterns occur in Kingston, Canada when GIS 

is utilized to find correlations between the physical requirements for RSPV and the socio-economic 

data?” Based on this research question, three objectives are established.  
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1.3.1 Objective one: 

Determine which GIS method(s) accurately quantify RSPV potential for Kingston depending on 

the quality of data available. A valid spatial analysis is highly dependent on the quality of the 

imaging and the spatial data available. Some smaller organizations may not have the resources 

necessary to acquire such imaging and data needed for a complete analysis. While GIS data is 

becoming more readily available, it is not guaranteed in every region of Canada. The methods to 

be used in objective two will depend on the data available from the results of the objective one.    

 

1.3.2 Objective two: 

Apply the most appropriate GIS methods based on the results of objective one to the municipal 

region of Kingston, to determine the amount, location, and distribution of rooftops that are 

physically and geographically feasible for RSPV deployment. The physical and geographical 

potential is determined by such factors as the geographical location of the area, azimuth, building 

orientation and aspect, shading, and obstructions. The definition of physical and geographic 

potential and the related metrics will be discussed in the research design section. As part of a 

hierarchical method structure, physical and geographic potential need to be calculated first to 

determine socio-economic correlations of the resulting rooftops.  

 

1.3.3 Objective three: 

Correlate physical potentials as evaluated by objective two with socio-economic data to better 

understand the social and economic resources available to support RSPV deployment across the 

study area. Identifying potential correlations between physical and socio-economic feasibility will 

help strengthen the implementation strategy for city-wide renewable energy deployment by 

considering the unique attitudes and behaviours of residents.  
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1.4 Half thesis outline 

This half thesis takes the form of a research proposal. This proposal is organized by the following 

sections. Chapter One outlines the research problem, the rationale behind it, and an introduction 

to the objectives needed to answer the research question. Chapter Two encompasses a literature 

review to establish previous work already completed on this topic, and potential gaps that need to 

be filled. The literature review is organized by each objective and will cover such topics as GIS 

methods and techniques, physical potential, geographic potential, and socio-economic potential 

for RSPV. Because of the dynamic nature of advancements in panel technology, the market price, 

and the cost of RSPV, a detailed technical and economic analysis will not be completed in this 

study. The purpose of this study is to understand potential correlations between physical feasibility 

and socio-economic factors. Chapter Three illustrates the proposed research design. This section 

covers the importance of the study area and methods to be used to address each objective. Finally, 

Chapter Four will conclude the proposal and provide a summary of the key points.   
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Chapter 2 

Literature Review 

2.1 Introduction 

This proposed research builds on the research study conducted by Wiginton, Nguyen, and Pearce, 

titled Quantifying solar photovoltaic potential on a large scale for renewable energy regional 

policy, in partnership with the Queen’s Institute for Energy and Environmental Policy. 

The researchers focus on a large region of southern Ontario, analyzing the potential for solar PV 

by demonstrating GIS techniques to determine the available rooftop area. At the time, the study 

was able to contribute to solar PV implementation research by addressing a large region, instead 

of a single neighbourhood or building; to extract roof area from light detection and ranging 

(LiDAR) images instead of classifying land use designations; and to collect input data that had yet 

to be collected for the South Eastern Ontario Energy Region as of 2009 (Wiginton, 

2010). Therefore, the literature review for this proposed research will focus on work that was 

published between 2009-2019.   

In the context of Kingston, Canada, the Municipal Energy Study (MES) is an important 

step in understanding the current energy landscape of the region. Energy studies conducted for a 

municipality are an important step to determine their energy history, energy planning, and energy 

implementation (OMEP, 2018). The implementation process is the most important stage as it takes 

plans and shifts them into actions (OMEP, 2018). Through the creation of the MES, decision-

makers within Kingston have identified strategic energy objectives and potential for supporting 

actions that will reduce energy emissions, increase energy efficiencies, and leverage energy 

generation and services (City of Kingston, 2018).  
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2.1.1 Regional energy studies 

Kingston has created various plans and strategies including the Corporate Energy Management 

Plan, Kingston Climate Action Plan, Sustainable Kingston Plan, and the Active Transportation 

Master Plan. The MES is the first energy study that has examined community-wide energy use 

beyond GHG emission reductions alone within Kingston (City of Kingston, 2018). The 

methodology of the MES was energy modelling and community engagement. The 

recommendations that emerged from the MES were organized into four main categories: 1) 

reducing the percentage of energy spending that leaves the community; 2) improving the resiliency 

and affordability of energy in Kingston; 3) increasing local economic activity associated with 

energy products and services; and 4) reducing community GHG emissions (City of Kingston, 

2018). 

One stated rationale for conducting the MES was based on the key findings of the 

Intergovernmental Panel of Climate Change (IPCC) AR5. To summarize, the AR5 key findings 

declare 95% certainty of anthropogenic climate change, and carbon dioxide levels are 

unprecedented for at least 800,000 years. These two indicators have influenced melting ice sheets 

and glaciers, which impact sea levels to rise at a faster rate (IPCC, 2014). Kingston was the first 

municipality in Canada to apply the IPCC modelling data to develop their climate projections (City 

of Kingston, 2014). Lead by the United Nations (UN), the concept of the IPCC assessment report 

is an important global collaboration effort (IPCC, 2014). It is updated every five to seven years to 

benefit decision-makers in all public and private sectors internationally. The Synthesis Report, one 

component of the IPCC AR5, is a collection of findings from three specific working groups 

including 1) Climate Change 2013 - The Physical Science Basis; 2) Climate Change 2014 – 

Impacts, Adaptation, and Vulnerability; and 3) Climate Change 2014 – Mitigation of Climate 
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Change (IPCC, 2014). The AR5 specifically declares that impacts of climate change will affect all 

systems on the planet, therefore, the AR5 focuses on connections between impacts of climate 

change and all other development issues (IPCC, 2014). 

Kingston decision-makers have taken a proactive approach to climate change through 

months of community engagement (City of Kingston, 2014). The community developed an action 

plan that aimed for Kingston to be “Canada’s Most Sustainable City” (City of Kingston, 

2014). The key themes addressed were transportation, energy, resources, natural systems, 

agriculture, and climate resilience. Within these themes, there were multiple mentions of 

implementing RSPV technology. One suggestion described application support for rooftop and 

small ground-mount projects. Another suggestion specifically targets the installation of RSPV on 

municipal buildings. As of 2018, the City of Kingston has installed eleven RSPV systems on 

municipal (City of Kingston, 2018). 

However, the process of approving and implementing green energy systems is complicated 

and challenging (City of London, 2019). The core challenge is encouraging the community to 

construct net-zero standards when those standards are above and beyond the building code (City 

of London, 2019). In response to this challenge, the Federation of Canadian Municipalities (FCM) 

conducted a large-scale study with the cooperation of four Ontario municipalities to 

explore solutions related to net-zero communities (City of London, 2019). Additionally, 

the FCM also created the Green Municipal Fund (GMF) to provide funding and support for net-

zero initiatives (City of London, 2019). The FCM study sought to support the development 

industry in navigating the implementation process of net-zero technologies to improve 

sustainability and resilience. The recommendations of the study concluded relationships 

between technical, financial, and policy feasibility (City of London, 2019). 
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Future research shall explore the use of GIS in understanding the connection of renewable 

energy implementation to the people living in the community, alongside the physical, geographic, 

technical, economic, and environmental feasibility. This type of comprehensive analysis is 

valuable because it creates a more complete picture of informed decision-making. Fundamentally, 

it is the people of the community who have the free will to (or not to) apply for building permits, 

to (or not to) conserve energy, and to contribute to the community within their individual utility.  

 

2.2 GIS-based imagery for quantifying RSPV 

2.2.1 The role of GIS in RSPV 

A geographic information system (GIS) is defined as a framework for gathering, managing, and 

analyzing many different types of data, particularly geospatial data, “to reveal a deeper 

understanding of patterns, relationships, and situations” (ESRI, 2020). With 

the continued development of data creation and GIS-based techniques over the last ten years, 

many researchers have been evolving spatial analysis methods to efficiently identify rooftops for 

RSPV (Bergamasco and Asinari, 2011; Byrne et al., 2018; Choi et al., 2019; Hong et al., 2016; 

Izquierdo et al., 2008; Jakubiec and Reinhart, 2013; Khan and Arsalan, 2016; Ko et al., 2016; 

Shafiullah et al., 2015; Wen et al., 2016; Zhang et al., 2016;).  

Additional research is being done to assess the validity of these new GIS-based techniques. 

Resch et al. analyzed future opportunities and challenges when using GIS in renewable energy 

projects (2014). They established trends that necessitate significant modifications to the energy 

sector, and analyze how GIS, while still in its infancy, can contribute towards renewable energy 

infrastructure problem-solving. They concluded that integrating GIS with energy system 

modelling will create a more complete picture of the overall spatial-temporal dynamics.  
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Similarly, Shafiullah et al. analyzed the role of spatial analysis using GIS and GPS 

techniques to maximize assets in the energy industry (2016). They establish that the major roles 

for GIS technology are in developing spatial models for power stations, determining suitable 

locations and routing for transmission networks, and as a tool for integration between the energy 

sector and the planning and management system of a region. They conclude that proper use of GIS 

can reduce expenditures while considering the geographical, environmental, socio-economic, and 

technical aspects of a study.  

Choi et al. also completed a literature review of 39 articles on GIS-based methods in solar 

power system planning (2019). They analyzed five specific roles using GIS tools, including 

database and visualization, rooftop extraction, radiation modelling, shading analysis, and spatial 

analysis. They specifically looked at solar radiation mapping, site evaluation, and the assessment 

of potential regarding solar PV. Based on their detailed literature review, they came to three 

important conclusions: 1) solar radiation maps are useful for effective spatial-temporal solar 

analysis; 2) improved site evaluation is particularly important during decision-making processes 

while considering economic, environmental, technical, and social risks; and 3) assessment of solar 

PV potential is essential before solar PV deployment (Choi et al., 2019).  

 
2.2.2 Aerial and satellite imagery 

The information contained in most maps and GIS layers is generated from some sort of imagery 

(ESRI, 2020). Aerial and satellite imagery is one way to obtain image data to be utilized in GIS. 

All remotely sensed images need to be orthorectified to correct distortions and georeferenced to 

apply the appropriate geographic coordinate system and location (ESRI, 2020). This process 

allows a constant scale for a more accurate representation related to the ground position.  
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Izquierdo et al. created a method using a variety of imagery to estimate the geographic 

distribution of the roof area suitable for RSPV in Spain (2008). The goal of their study was to 

improve upon the sampling process via stratification of building typologies. The steps they 

followed to create measurable data follows: 1) obtained cadastral maps from a local government 

database and combined them with satellite imagery from Google EarthTM; 2) digitized imagery 

was imported into GIS to be georeferenced; 3) areas of the built environment were coloured and 

categorized based on typologies; 4) the resulting raster image was converted to a vector format to 

allow for their specific computations. They established a method for medium- to large-scale 

regions, such as whole countries. See examples of their imagery and mapping in Figure 1. 

 

Similarly, Wiginton et al. also utilized aerial imagery to estimate the rooftop area in a 

medium- to large-scale area in Eastern Ontario (2008). Their imagery was provided by the Digital 

Raster Acquisition Project East (DRAPE). An example of their imagery is shown in Figure 2. 

However, as of 2009, only a small portion of the DRAPE had been completed. At the time of 

writing this proposal, the DRAPE 2014 has been completed and available on the Ontario GeoHub. 

Figure 1 - Authors' sample cadastral map (left) and satellite imagery (right) (Izquierdo et al., 2008). 



 

12 

 

Wiginton et al. did not need to create their imagery, but they were required to upload digital images 

to GIS to be georeferenced for their calculations. They found that their simplified methodology 

for roof area and building densities could be easily applied to other similar sites. 

 

Bergamasco and Asinari conducted a study in Turin, Italy that built upon a previously 

developed method by utilizing an ortho-image analysis to overcome arbitrariness (2011). This 

arbitrariness was the result of assumptions of representative roof typologies and generalized 

coefficients for their algorithms. They state that the new method is substantially improved from 

the last iteration because of the use of georeferenced aerial photographs. By orthorectifying their 

imagery into the same coordinate system as the rest of the spatial data, it becomes easier to 

systematically impose geographical data for analysis. They utilized these photographs with new 

algorithms based on empirical data of the study area. The ortho-imagery and local cadastral maps 

were superimposed to ensure accuracy. The rest of their process relied upon MATLAB software 

to extract building data. They concluded that their refined method is appropriate for rooftop spatial 

analysis and small, medium, and large scales. 

Figure 2 - Authors' sample rooftop area data and satellite imagery (Wiginton et al., 2010). 
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Khan and Arsalan conducted a study in Karachi, Pakistan that utilized satellite imagery 

and object-based image recognition, similar to Wiginton, to estimate RSPV (2015). Since a lack 

of reliable GIS data and resources is a common problem around the world, the authors also utilized 

freely accessible satellite imagery from Google EarthTM. An example of their satellite imagery is 

shown in Figure 3. The study area was georeferenced and segmented into smaller units for valid 

sampling and verification. The calculation of available solar PV was completed in ENVI EX 

software. The overall purpose was to find solution-oriented results that would ease the electricity 

demand in the area. They were able to demonstrate the ability of ENVI EX software for such 

applications.  

 

 

 

 

 

 

 

 

 

2.2.3 LiDAR, DSMs, and 3-D representations  

The advancements in remote sensing technology over the last 20 years have allowed data collection 

to become faster and more accurate. Light detection and ranging (LiDAR) is a distance detection 

system that utilizes light pulses to reflect off an object; the sensor measures how long it takes the 

light to return (ESRI, 2020). LiDAR can be compared to other remote sensing technology such as 

Figure 3 - Authors' sample rooftop area data and satellite imagery (Khan and Arsalan, 2016). 
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radio detection and ranging (RADAR) and sound navigation and ranging (SONAR), which utilize 

radio waves and sound waves to collect data, respectively. Today, LiDAR is typically performed 

from an airplane, helicopter, or drone, and sends over 160,000 light pulses per second over a 3,300 

ft to 16,000 ft width (GIS Geography, 2020). The reflection of light that returns to the sensor is 

simply called the ‘return number’. The first return generally reflects off the highest objects (i.e. 

treetop), and the last return reflects off the lowest objects (i.e. ground), as seen in Figure 4. LiDAR 

technology is a valuable  

 

tool for interpreting the typography of a region (GIS Geography, 2020). As a raster format, digital 

surface models (DSM) and digital elevation models (DEM) are two high-quality outputs from a 

LiDAR survey. A DSM represents the texture of all objects in the region (i.e. trees), and a DEM 

represents just the elevation of the ground surface. An example of these outputs can be seen in 

Figure 5.  

Figure 4 - A simplification of return numbers to determine 

height using LiDAR (GIS Geography, 2020). 

Figure 5 - Examples of a digital surface model (top) and a 

digital elevation model (bottom) (GIS Geography, 2020). 
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Additional products can also be created from a raster DEM with powerful image analysis 

tools. 3-D modelling has been the subject of increased attention over the last two decades (IEoG, 

2017). Past research has found that image-based 3-D representation provides more accurate and 

precise results in a faster time frame (Zhang et al., 2017). One advantage of utilizing a 3-D 

representation over a DEM is the ability to recognize a smooth sloping roof, as opposed to multiple 

pixel-based points (Jakubiec and Reinhart, 2013). One example of a 3-D representation analysis 

tool in ESRI’s ArcGIS Pro is HillShade. The HillShade tool creates a shaded relief considering 

both local illumination angle and shadow. These types of spatial analysis tools are valuable in 

considering shading, aspect, and azimuth while calculating RSPV potential.  

Jakubiec and Reinhart developed a method utilizing geospatial datasets with LiDAR 

imaging to perform a solar irradiation analysis (2013). They created a 3-D model of the city of 

Cambridge and published a clear example of the process, as seen in Figure 6 below. Jakubiec and 

Reinhart successfully established a new climate-based method that validated daylight simulation 

as a tool capable of modelling shading, reflections, and hourly effects (2013). While this type of 

detailed simulation takes more time, it results in a more accurate roof data, which is essential in 

quantifying valid RSPV potential (Jakubiec and Reinhart, 2013).  

 

 

a b

Figure 6 - Authors' examples of (a) aerial imagery, (b) raw LiDAR point data, (c) 3-D representation 

(Jakubiec and Reinhart, 2013). 

c



 

16 

 

ESRI is the global leader in GIS technology, and as previously mentioned, they have 

developed a 3D spatial analysis tool called HillShade. This tool was the most common method of 

determining RSPV potential based on solar irradiation and shadowing with past LiDAR-based 

research (Byrne et al., 2019; Hong et al., 2017; Ko et al., 2015). Ko et al. determined the RSPV 

potential of Taiwan by using a 3-D representation and city-related geographic data to perform a 

shading analysis for rooftops (2014). Their focus was specifically on the power capacity of the 

region based on the technical potential of RSPV. Hong et al. also developed a method utilizing the 

HillShade tool that took a hierarchical process calculating physical potential, geographic potential, 

and technical potential (2016). The proposed 

method was applied to the Gangnam district 

in Seoul, South Korea. They considered 

actual building elevation for the study area 

relative to the position of the sun throughout 

the entire year to account for seasonal 

changes (Hong et al., 2016). They provide 

examples of their framework for estimating 

available rooftop area for RSPV, as seen in 

Figure 7.  

Byrne et al. also utilized a 3-D model 

based on LiDAR imaging to calculate RSPV 

potential in Lethbridge, Canada. Based on 

the literature review for this proposed 

research, Byrne et al. and Wiginton et al. 

Figure 7 - Authors' simplified framework for determining 

available roof area using HillShade (Hong et al., 2016). 
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were the only groups to conduct RSPV potential in a Canadian context. The interdisciplinary 

approach between engineering and geography leads to urban area modelling for RSPV technical 

and economic potential (Byrne et al., 2019).  They determine that an accurate solar insolation 

simulation model that considers the complexity of the urban form is essential for accurate results 

(Byrne et al., 2019).  

Finally, Zhang et al. completed an analysis of five different methods based on 3-D 

representation to quantify RSPV potential (2017). They screened for cost, time, specialization, and 

applicability (Zhang et al., 2017). For a city-wide analysis, they recommended low-altitude aerial 

imaging, as opposed to individual low-rise buildings that benefit from ground photography (Zhang 

et al., 2017). While city-wide data can be accurately collected and analyze using low altitude 

LiDAR technology, they recommend ground photography for individual buildings to create less 

distortion (Zhang et al., 2017).  

 

2.3 Quantifying RSPV potential 

2.3.1 RSPV and the natural environment 

It should go without saying that the presence of solar radiation is needed to generate electricity via 

solar panels. However, this is not the only factor in the natural environment that must be 

considered. The latitude, azimuth, and climatic conditions of the local area play an important role 

in determining solar PV physical potential (Mussard, 2017). The physical potential can be 

described as the total incoming solar radiation, which depends upon the relative position of the 

sun, as seen in Figure 8. The relative position of the sun path can vary by latitude and season 

because of the Earth’s tilt and orbit, as seen in Figure 9.  
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Previous research confirms the importance of considering variations in the local natural 

environment (Mussard, 2017; Quirós et al., 2018). Mussard specifically addressed RSPV and other 

solar energy-based technologies in cold climates (i.e. where below-zero conditions are common 

during the winter). They found that cold temperatures can increase the efficiency of temperature-

sensitive PV panels, however, the presence of dust and other particles can hinder performance 

(Mussard, 2017). These results show that higher efficiency of solar panels in below-zero 

temperatures can make up for a shorter day of sunlight. Beyond the latitude of the polar circles 

(>66° north and south) variations of insolation are much wider from winter to summer, but a review 

of past research shows that solar energy is still the most competitive option for both the Arctic and 

Antarctica (Mussard, 2017). They conclude that solar based-energy technologies are an advantage 

in cold climates.  

 Additionally, Quirós et al. quantified RSPV potential for Cáceres City, Spain, concerning 

the local solar radiation factors (2018). The study was unique because it calculated solar potential 

based on historical radiation records, which gives a more accurate picture of the study area. They 

utilized daily global radiation data for 2013-2016 from local meteorological stations to estimate 

Figure 9 - Variables needed to calculate relative 

position of the sun (Mahooti, 2017). 

Figure 8 - Visual representation of the sun path 

relative to south-eastern Ontario (Mahooti, 2017). 
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both transmissivity and diffusion of solar radiation (Quirós et al., 2018). Transmissivity is defined 

as the amount of direct radiation reaching the ground, and diffusion is defined as the amount of 

indirect radiation that is scattered through the atmosphere before reaching the ground (Quirós et 

al., 2018). They were able to directly compare the global solar radiation averages to their results 

that consider transmissivity and diffusion for each month. They conclude that their methodology 

is useful to provide precision and accuracy for a city-scale assessment (Quirós et al., 2018).  

 

2.3.2 RSPV and the built environment 

Researchers are challenging standard energy development models through the context of the urban 

environment (Byrne et al., 2014). This is demonstrated through governmental plans and policies 

that address the concepts of a “sustainable” or “solar” city. It has also been shown that the solar 

energy potential for a city is highly dependent on its local building stock (Gooding, 2013). As each 

urban area around the world has developed at different periods and different rates, each urban form 

will be unique in its history, practices, and structures.  

 Byrne et al. discuss the idea of a “solar city” in their research (2014). They explain that the 

maturing solar energy technology coupled with unused rooftop real estate provides an opportunity 

for cities to invest in energy economy restructuring (Byrne et al., 2014). The idea of specifically 

addressing urban environments for solar energy generation comes from the practicality that cities 

are “economic powerhouses, major energy consumers, and key contributors to environmental 

degradation” (Byrne et al., 2014). Through their research of a “solar city” Byrne et al. explain two 

key steps that are needed for any RSPV evaluation: 1) an estimate of the gross roof area in the city; 

and 2) an estimate of the roof area suitable for RSPV implementation (2014). The second estimate 

is referred to as the geographic potential. This concept focuses on such factors as building 
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footprint, height, orientation, mechanical obstructions, and shading from adjacent objects. The 

geographic potential can be estimated for a city or neighbourhood that has a relatively homogenous 

urban form however, the most accurate evaluation is real-time measurements of the building. They 

conclude that the developed method is valuable for mega-cities trying to resolve energy issues, 

however, physical, and geographic potential should be correlated with socio-economic potential 

to weigh all of the potential tradeoffs (Byrne et al., 2014).  

 Another significant factor to RSPV potential is shading. Takebayashi et al. analyzed the 

possibility of solar energy utilization in the context of an urban environment (2015). Their focus 

was on street characteristics and its effects on shading for rooftops in Osaka, Japan. By dividing 

urban morphology into categories based on building use, they can have a more accurate estimate 

for similar building types. Dividing by building use also helps to utilize the data for urban planning 

policy development (Takebayashi, 2015). The building use categories are further divided by five 

smaller categories relating to the roof area size. Finally, rooftop use was also classified for a more 

accurate evaluation of shading and obstacles (Takebayashi, 2015). They include such categories 

as equipment, green roof, heliport, inclined, dead space, or free space. They conclude that, for their 

study area, the consideration of shadowing and obstacles can reduce the available roof area for 

RSPV by up to 25 percent. This highlights the importance of considering roof layout in an analysis. 

Yilmaz et al. also addressed RSPV concerning the urban structure and building form, as a 

case study for Kahramanmaras, Turkey (2015). The research study looked at utilizing unused 

rooftop space for solar energy generation while protecting arable lands. Their analysis of 

calculating suitable roof area included shading effect, safety factors, required building obstacles, 

and the tilt, in addition to physical potential related to solar radiation (Yilmaz, 2015). They 

included a sample image of their local building stock to illustrate shadowing and obstacles that 
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must be considered for an accurate RSPV potential, as seen in Figure 10. The heights of the 

buildings in Kahramanmaras are organized by land use, therefore high rise buildings are grouped 

to minimize shadowing low rise buildings. They calculated a coefficient of 17 percent to account 

for obstacles and shadowing (Yilmaz, 2015). It is important to note that when surrounding 

buildings are of similar height, there is a reduced percentage of shadowing from adjacent 

structures. They conclude that their methodology can be used for similar regions.   

  

Chung conducted a study on RSPV for Seoul, South Korea focusing on creating a 

framework of building archetypes to provide a more precise analysis (2018). For renewable energy 

options, RSPV potential is the most dependent upon the urban form and building characteristics 

(Chung, 2018). They emphasize that an appropriate analysis of urban form and building 

characteristics must be investigated before site selection (Chung, 2018). They observe a lack of 

research in this area and propose a framework for classifying building archetypes based on zoning, 

building density, building height, and urban roughness (Chung, 2018). They used the building-to-

Figure 10 - Authors' sample image of available roof area considering shadowing (Yilmaz et al., 2015). 
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coverage ratio (BCR) and the floor area ratio (FAR) to calculate urban form and roughness. These 

are standard ratios used in the planning profession to determine density. Based on their analysis, 

they found the most appropriate building archetype of RSPV in their study area was mid/low-rise 

residential buildings. This archetype had the highest power generation per unit area (Chung, 2018). 

 

2.3.3 Incorporating economic data in RSPV evaluation   

Two research studies addressed RSPV potential with a hierarchical methodology structure that 

combine physical assessments with economic data (Jo and Otanicar, 2011; Mavsar et al., 2019). 

The benefits of approaching the variables that influence RSPV in a hierarchy-structured 

framework allow for easier replication of studies and a clear step-by-step system starting with 

independent variables (i.e. the sun path) follow by dependent variables (i.e. PV accessible solar 

radiation). Additionally, each level of analysis reduces the amount of data needed for the next 

level, potentially making each level of analysis faster. To get an accurate estimation of RSPV 

potential in a city-wide context, multiple levels of potential need to be evaluated including the 

physical potential, geographic potential, socio-behaviour potential, economic potential, and 

technical potential. Within the context of this literature review, no published research studies have 

analyzed RSPV potential with all five levels. Both of the following research studies addressed 

RSPV potential with a hierarchical structure including the physical potential, geographic potential, 

technical potential, and economic potential (Jo and Otanicar, 2011; Mavsar et al., 2019). 

 Jo and Otanicar developed a hierarchical methodology to quantify the rooftop area and 

RSPV potential (2011). The goal of their research was to create an improved analysis method to 

provide fast, reliable, and accurate results for RSPV at the urban scale (Jo and Otanicar, 2011). 
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They utilized both remotely sensed image data and a 

GIS to conduct physical potential (i.e. city-wide 

rooftops), geographical potential (i.e. PV accessible 

roof area), technical potential (i.e. energy produced), 

and a financial analysis (i.e. cost/benefit) (Jo and 

Otanicar, 2011). A simplified example of the 

hierarchical structure used is shown in Figure 11. 

They conclude that the developed method is 

appropriate to estimate RSPV potential for a case 

study approach. Additionally, it can be used for other 

solar energy analysis applications, but the relevant 

variables need to be adjusted for their specific solar 

energy technology systems (Jo and Otanicar, 2011).  

 Mavsar et al. created a similar hierarchical method for RSPV addressing the same four 

levels of potential (physical, geographic, technical, and economic), however, they have qualified 

their method as a “simplified” version (2019). The proposed methodology puts a greater emphasis 

on a quantitative evaluation of the four levels of potential, stating reduced emphasis on the energy 

consumption of the individuals in the area (Mavsar et al., 2019). See a simplified example of the 

hierarchical structure used in Figure 12. They also utilized both remotely sensed images and GIS 

data for their analysis. They conclude that their simplified method that takes a quantitative 

approach is appropriate for large scale regions where “difficult-to-access” data would be 

impossible to obtain (Mavsar et al., 2019).  

Figure 11 - Authors' simplified framework for a 

hierarchical method to quantify RSPV (Jo and 

Otanicar, 2011). 
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2.4 Incorporating socio-economic data in RSPV evaluation 

2.4.1 Socio-economic potential of RSPV 

The general concept of socio-economic potential originates from the field of regional socio-

economic development. The socio-economic potential is defined as the capacity of a population to 

utilize a complex system of resources, within the geographic location and regional structure of the 

economy, to improve quality of life for the said population (Baksha et al., 2001). In modern 

society, regional socio-economic strategies are evaluated with both quantitative and qualitative 

methodology as a valid economic study must include the social dimension of the region 

(Cheymetova and Nazmutdinova, 2015). A socio-economic evaluation is an important step in any 

microgeneration analysis as it allows for the discovery and understanding of inequality and 

inequity throughout the community. By establishing a baseline understanding of the distribution 

of resources and wealth in a region, decision-makers can create an energy implementation plan 

that is fair, just, and supports equity among the community.  Previously, this has been done through 

tax breaks, grants, incentives, and other financial supports that maintain a sense of dignity and 

integrity throughout the community.  

Figure 12 - Authors' simplified representation of a hierarchical method to quantify RSPV (Mavsar et al., 2019). 
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 Within the scope of this literature review, Gooding et al. published the only research study 

that developed a methodology to predict city-wide RSPV installation combining physical capacity 

and socio-economic factors (2013). The goal of their research paper was to present a method to 

rank cities by their RSPV capacity (Gooding et al., 2013). They claim previous studies are too 

broad to be used by individuals, regional policymakers, and other key local stakeholders. 

Furthermore, previous literature states the importance of including socio-economic factors for 

successful RSPV deployment however, few have been completed that include such analysis due 

to its inherent complexity and/or lack of suitable data (Gooding et al., 2013). A systematic 

literature review reveals the socio-economic factors that influence RSPV adoption: 1) social 

influences, 2) level of education, 3) level of financial support, 4) age, 5) environmental 

consciousness, 6) knowledge of technology, and 7) social class (Gooding et al., 2013). They 

reiterate that active social acceptance is required for any microgeneration technology that includes 

participation with the community, as opposed to passive consent with large scale energy generation 

(Gooding et al., 2013). They found that physical capacity had minor regional differences between 

each city, while socio-economic factors affected behaviour, acceptance, and installation (Gooding 

et al. 2013). While this study considers the entire region of the UK, ranking cities by their RSPV 

potential, they conclude that the developed methodology can be easily applied to other regions 

who have access to similar data and GIS software.   

 

2.4.2 Perceptions and attitudes of RSPV 

The Diffusion of Innovations (DoI) theory, developed by Everett Rogers, is often utilized to 

evaluate RSPV diffusion to isolate characteristics that are preventing successful acceptance and 

installation of the technology. The DoI theory states that the innovation-diffusion process follows 
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five distinct phases: 1) knowledge, 2) persuasion, 3) decision, 4) implementation, 5) confirmation 

(Rogers, 2003). However, the population will choose to adopt (or not) at different rates resulting 

in the five adopter categories in order of acceptance: 1) Innovators (2.5%); 2) Early Adopters 

(12.5%); 3) Early Majority (35%); 4) Late Majority (35%); 5) Laggards (15%) (Rogers, 2003). 

Rogers explains that socio-economic factors such as income, education, personality, and 

communication behaviour are directly related to each adopter category and are useful for 

understanding the perceptions and attitudes of the community (2003). By evaluating perceptions 

and attitudes of a community to establish a successful RSPV deployment, local decision-makers 

can identify barriers to installing RSPV (Faiers and Neame, 2006). Faiers and Neame analyze 

consumer attitudes towards RSPV to understand the lack of uptake in the technology, despite 

having access to grants (2006). They utilize the DoI theory to understand the differences between 

the Innovators and the Early Majority. In the context of the UK today, they found the Innovators 

are adopting RSPV systems, however, despite financial support, RSPV adoption has yet to diffuse 

to the Early Majority (Faiers and Neame, 2006).  

 Willis et al. also explored the connections between socio-economic factors and perception 

of a variety of micro-generation technology for heating and electricity (2011). They specifically 

focused on the ageing population, and whether or not individuals over the age of 65 would be less 

likely to adopt micro-generation technology (one of which being RSPV).  This study was also 

conducted in the UK, where previous studies revealed difficulty for an ageing population to adopt 

a new heating system, but no difference adopting green electricity (Willis et al., 2011). Willis et 

al. utilized a questionnaire method to collect data and received 1280 complete responses (2011). 

The sample reflected age, gender, social class, employment status, income, location, dwelling type, 

housing age, and heating configuration. Their results show that age does influence the adoption of 
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micro-generation technology such as solar thermal, solar PV, and wind power, which can 

negatively impact the likelihood of installation (Willis et al., 2011). Perceptions and attitudes can 

directly influence city-wide micro-generation deployment, and decision-makers will have to 

consider how these attitudes will affect behaviour and RSPV adoption.  

 

2.4.3 Behaviours and RSPV adoption 

While questions about perceptions and attitudes are generally answered by the general public in 

past surveys, studies that explore behaviours of RSPV adoption seek to find the reasons why people 

have already adopted RSPV technology in the past. Jager conducted a study in Groningen, The 

Netherlands to understand RSPV adoption from a behavioural-theoretical perspective, but also 

empirical evidence as to why buyers purchased their systems (2006). Their focus was to understand 

the motives behind the purchase, to improve policies focusing on financial support, education, or 

economic benefits. They found that financial support was not necessarily the answer to diffuse 

regional solar PV technology, as a variety of grants were offered by the Dutch government. 

However, they were utilized by fewer people than expected (Jager, 2006). They theorize that the 

complexity of the grant application and municipal planning process may be preventing people 

from successfully navigating the logistics of RSPV approval and installation (Jager, 2006). Their 

results indicate that the respondents who had already purchased a solar PV system were of higher 

education with a higher income, which directly relates to Rogers' (2003) description of the Early 

Adopters (Jager, 2006). As to the motives of these Early Adopters, the main reason for adoption 

was to secure independence from the electricity supplier, followed by environmental benefits and 

financial support (Jager, 2006). They conclude with a recommendation to improve policy measures 
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to target specific audiences according to their attitudes, behaviours, and ease the complexity of the 

logistical, bureaucratic process.  

 A similar study explored the motives for solar PV and other no- and low-emission 

technology adoption in the UK by surveying households who have already purchased a system 

(Caird et al., 2008). They discuss the main reasons people of the UK choose to adopt energy 

efficiency measures is for increased comfort and financial savings however, the perceived upfront 

cost negates the expected energy savings (Caird et al., 2008). Because of these trends, the UK 

government has focused on providing financial and policy support to improve the rate of adoption 

of energy-efficient technologies (Caird et al., 2008). These strategies are not always as successful 

as expected as sociological/anthropological research has revealed that motivations, attitudes, and 

behaviours play a larger role in the decision-making process than financial and economic support 

alone (Caird et al., 2008). Understanding these trends is important to a successful micro-generation 

deployment strategy.  

2.4.4 Strategies for RSPV implementation 

As researchers develop an understanding of solar PV micro-generation and the connection to 

socio-economic factors, strategies for predicting RSPV adoption and rate of diffusion are 

becoming more common.  

Sauter and Watson conducted a study in the context of the UK to understand how three 

different RSPV deployment strategies will affect social acceptance of the technology (2007). They 

discuss the importance of active social acceptance with distributed micro-generation, as opposed 

to passive consent to large scale energy projects. When defining social acceptance, it is important 

to understand that attitudes towards technology are not the same as acceptance/adoption of the 

technology (Sauter and Watson, 2007). “While public preferences show moral values of citizens 
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and not individuals, private attitudes and preferences reflect the individuals’ utility” (Sauter and 

Watson, 2007). In this context, active acceptance can be characterized in three different ways: 1) 

co-construction (customer is central to the development of technology); 2) co-production 

(customer is an active participant in the system); and 3) co-provision (customer has a voluntary 

role in the system) (Sauter and Watson, 2007). Based on this theory, the authors examine three 

alternative deployment strategies for micro-generation technology: 1) “Plug and Play”; 2) 

“Company Control”; and 3) “Community Microgrid” (Sauter and Watson, 2007). Each strategy 

has a varying amount of company and customer responsibility in their role (i.e. active or passive). 

The variation of relationships between the actors involved is shown in Figure 13. Their results 

found that “Plug and Play” is a valuable model for the “Innovators”; “Company Control” is 

valuable for companies with up-front capital and knowledge of marketing; and “Community 

Microgrid” is still a speculative model that would require a higher level of community 

commitment, investment, and involvement (Sauter and Watson, 2007).  

  

Figure 13 - Deployment models for micro-generation technologies 

(Sauter and Watson, 2007). 
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Two recent studies, both published in 2019, utilized agent-based modelling (ABM) to 

predict RSPV adoption rates (Panos and Margelou, 2019; Lee and Hong, 2019). Panos and 

Margelou conducted a study in Switzerland where they classify the “agent” as single- and two-

family residential dwellings (2019). Based on the literature, they quantified the “decision to invest” 

by economic profitability, agent income, environmental benefits, awareness/knowledge, and the 

impact of the social network (Panos and Margelou, 2019). They claim their novel approach is 

unique in that the model can utilize publicly available data and account for the dynamic nature of 

shifting socio-economic preferences/status (Panos and Margelou, 2019). Additionally, they create 

a synthetic population for their calculations to get more details results at the individual level, while 

still providing privacy to the actual individuals of the community. Their model can successfully 

run multiple simulations with the synthetic population data to determine the rate of adoption, 

cumulative adopters, annual average capacity, and cumulative capacity (Panos and Margelou, 

2019). They conclude that their results from the simulations should be interpreted with care as 

“they are not a forecast, but ‘what-if’ scenarios” (Panos and Margelou, 2019).  

 Lee and Hong developed a hybrid ABM integrating geographic information systems to 

simulate RSPV adoption in Seoul, South Korea (2019). They considered physical, demographic, 

socio-economic, social, economic, and technical factors in their simulations. Their study focused 

on applying three behaviour rules of RSPV adoption while also classifying the building as the 

“agent” (Lee and Hong, 2019). These behaviour rules are based on varying levels of the 

aforementioned RSPV factors. They conclude that, despite limitations, the proposed hybrid ABM 

model can predict and estimate the rate of diffusion for RSPV in a study area, which is valuable 

for decision-makers to create policy and manage energy micro-generation deployment (Lee and 

Hong, 2019). For their study area in Seoul, they found that the agents more likely to adopt RSPV 



 

31 

 

are: 1) residential buildings; 2) lower density areas; and 3) agents with lower assessed land price, 

higher RSPV potential, and increased number of neighbours with RSPV already installed (Lee and 

Hong, 2019). They validated their hybrid ABM simulations with empirical data for the study area 

and found that their method accurately predicted RSPV adoption rates and market diffusion (Lee 

and Hong, 2019). This evolution of GIS-based methodology that evaluates all RSPV potential 

factors (physical, geographical, technical, social, and economic) as interconnected characteristics 

is more likely to predict accurate adoption rates. This research conducted thus far is important for 

the changing municipal landscape to create self-sufficient, resilient, net-zero emission cities. 
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Chapter 3 

Research Design 

 

3.1 Study area: Kingston, Ontario, Canada  

The municipality of Kingston, as it is known today, is located in south-eastern Ontario on the shore 

where Lake Ontario and the St. Lawrence River converge, as seen in Figure 14. Geographically 

speaking, it is located at approximately 44.23° N and 76.48° W.  

This region is the traditional territory of the Anishinaabe (Algonquin) and Haudenosaunee 

(Iroquois) peoples. The area had been explored by Europeans in the 1600s but was eventually 

colonized by the British mid-1700s. Kingston became the central military and economic hub 

during the War of 1812, resulting in a variety of historical buildings and military structures that 

Figure 14 - The location of Kingston in relation to south-eastern Ontario. 
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have been preserved to this day. One of the significant artifacts in the area is the Rideau Canal, 

which is now designated as a UNESCO World Heritage Site. Located at the junction between The 

Great Lakes and the St. Lawrence River, the original settlement created a position of economic 

and military security (TCE, 2020). 

 Kingston has been considered an “ecological sweet spot” as it is nestled with the 

Adirondack Mountains to the south and the Canadian Shield to the north (Canadian Geographic, 

2009). This region is overlapped by the Frontenac Arch Biosphere which is approximately 2700 

square kilometres and designated as a UNESCO biosphere reserve. This unique conversion of 

physical characteristics makes the region one of the most bio-diverse areas in southern Ontario 

encompassing granite outcrops, wetlands, mixed forest, interior lakes, and a plethora of wildlife 

(Canadian Geographic, 2009). Unfortunately, the granite and limestone bedrock and thin soil cover 

leave much to be desired for a variety of crop yields. The main crops in the area are corn and hay, 

with less wheat, barley, buckwheat, vegetable, and fruit tree acreages. These characteristics lead 

to the region being primarily livestock farming for both dairy and beef (City of Kingston, 2007).  

 The historical features and physical characteristics are important in understanding the local 

energy profile, including generation potential and consumption. The thin soil and easy access to 

bedrock show promise for efficient and effective geothermal heating and cooling (City of 

Kingston, 2018). Additionally, easy access to Lake Ontario could provide opportunities for deep 

water cooling and compressed air energy storage (City of Kingston, 2018). The Ministry of Natural 

Resources and Forestry (MNRF) determined that the region is promising for wind and solar energy 

generation (2018). Their report states that properties in the region could achieve over 1,100 annual 

kW hours per peak kW of solar panel capacity. This potential for a diverse energy profile could 

provide Kingston with both energy self-sufficiency and resiliency.  
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 Due to the geographic location of southern Ontario, the climate varies seasonally with cold 

extremes in the winter and warm extremes in the summer. This is a result of the convergence of 

cold dry arctic air from the north, cold pacific air from the west, and warm moist air from the Gulf 

of Mexico. At the local scale of Kingston, the climate is milder due to its adjacency to Lake 

Ontario. One of the Kingston climate stations has collected and complied with local temperature 

and precipitation data, as seen in Figure 15. The graph illustrates the variability of temperature 

throughout the year with an average high of approximately 20°C, an average low of approximately 

-7°C. The graph also shows the variation in precipitation throughout the year with peaks of higher 

precipitation at approximately 80-90mm in the spring and fall months, and troughs of lower 

precipitation at approximately 10-15mm in the summer and winter months (Government of 

Canada, 2019).  

  

Figure 15 - Climate averages for Kingston from 1981 to 2010 (Government of Canada, 2019). 
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Based on the seasonal variations in the local climate, average approximations can be made 

for annual kWh of energy per kW. The average solar power system in Ontario will produce 

approximately 1160 kWh/kW/yr. (Energy Hub, 2020). This average solar energy production is 

displayed in Figure 16 along with average monthly variations of energy production. Kingston, 

marked by the star in Figure 16, is located approximately 250 from both Ottawa and Toronto in 

opposite directions. A typical 1kW system in this region can produce an average of 1199 kWh/yr. 

in Ottawa and 1163 kWh/yr. in Toronto based on local solar insolation levels (Energy Hub, 2020). 

For seasonal variations, the summer months are shown to produce approximately 120 kWh/yr. 

while winter months produce approximately 60 kWh/yr. (Energy Hub, 2020).  

 

The local demographics included in the 2016 Census from the Government of Canada 

include population, housing, income, employment, education, and language. The details of each 

of these categories can be viewed in the full Community Profile in Appendix A (City of Kingston, 

Figure 16 - Annual and monthly average solar energy production for Ontario (Energy Hub, 2020). 
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2016). The City of Kingston has a population of 123,000 and a median age of the population of 42 

years old. The data shows two population spikes of people between ages 20-29 and 50-59. These 

groups combined a total of 25% of the local population counted during the 2016 census. The 

majority of the population lives in either single-detached houses (23,530) or apartment buildings 

(18,920). Both semi-detached and row houses are less than 10,000 units combined. The average 

household income is approximately $60,000/year after taxes, but with a disproportionately high 

number of people earning more than $100,000/year (22%), and the majority of households earning 

between $20,000-$60,000/year (40%), equally distributed. The prevalence of low income for the 

area is 15%. For the population between ages 25-64 years, the majority of the population has either 

a college or university level degree (53%), with fewer people who have high school diploma only 

(28%), followed by no education (13%), and apprenticeships (5%). This demographic data is 

helpful to get a general understanding of the local community. However, the socio-economic data 

needed for objective three will be more detailed and precise.  

 

3.2 Objective one methodology 

Objective one aims to determine which type of GIS methods accurately quantify RSPV potential 

for Kingston depending on the quality of data available. A valid spatial analysis is highly 

dependent on the quality of the imaging and the spatial data available. 

To address objective one, a systematic review of published literature will be used to 

understand the strengths and challenges of different types of methods for quantifying RSPV. Initial 

scoping revealed that there are different types of images and spatial data that are accessible 

depending on the study area's location and available resources. As previously mentioned, GIS-

based methods are still in their infancy, and a variety of researchers have been developing new and 



 

37 

 

improved methods as the technology advances. The goal of the systematic review is to develop a 

framework to understand the limitations so an informed decision can be made considering trade-

offs for the Kingston region.  

 LiDAR was introduced in the 1960s and largely used for space exploration and 

meteorology however, to build on the work of Wiginton et al., this systematic review will be 

confined to 2009-2019.  The review will utilize the interdisciplinary databases made available to 

researchers through Queen’s University (i.e. GeoBase, ProQuest, and Scholars Portal Journals). 

The review will be planned around search terms related to peer-reviewed RSPV GIS-based method 

research. While other technologies, such as rainwater catchment and solar thermal energy, take a 

similar approach to quantify rooftop area and location, the scope of this systematic review will 

focus solely on RSPV for electricity usage.  

Examples of search terms for collecting studies will be: “rooftop solar PV GIS method”, 

“quantifying rooftop solar PV potential”, and “rooftop solar PV implementation”. The subsequent 

results will be filtered with keywords (to be determined) by title, abstract, and then the full text. 

The remaining results will be used for the review. All databases, search terms, and keywords will 

be included in the final report to limit bias and ensure reproducibility. Examples of the factors for 

the analysis include the type of imagery, resolution, software, analytics, algorithms, coefficients, 

confidence level, funding, and size of the study area. Each study to be evaluated will also include 

a discussion on bias, limitations, and generalizability. By employing a systematic review of peer-

reviewed research on RSPV GIS-based methods, a framework will be created to weigh the trade-

offs of each method based on the data available for the Kingston region. The results will determine 

the method used in objective two.  
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3.3 Objective two methodology 

The specific methods to be used in objective two will be determined via the results of a systematic 

review of objective one. While the exact methods are not known at the time of this proposed 

research, objective two will address both the physical potential and the geographic potential for 

RSPV in the municipality of Kingston. There are many ways to calculate and/or analyze both 

physical and geographic potential for RSPV. The information retrieved from objective one will 

uncover an accessible framework to determine the most appropriate method going forward. 

 At the time of writing this proposal, the City of Kington has created a public database called 

Open Data Kingston that allows users to explore, visualize, and integrate local GIS data. 

Additionally, they are working with the community to expand the Open Data Kingston database 

related to topics such as education, environment, governance, health, recreation, shelter, 

transportation, and urban planning. Currently, they have a dataset that titled ‘Buildings’ that 

provides roof lines and footprints of structures greater than 5 m2. The government of Ontario also 

provides imagery in the form of raster images through the Digital Raster Acquisition Project – 

Eastern Ontario (DRAPE). Wiginton et al. were able to utilize some of this data however, the 

DRAPE project was not fully completed as of 2010. At the time of writing this proposal, the 

DRAPE project is completed and updated regularly by Land Information Ontario (LIO). Through 

the exploration of all of the data that will be available at the time of the study, it will be determined 

which dataset(s) will be the most appropriate for calculating the geographic potential of RSPV. 

 In addition to data on the built environment, this proposed research will also require 

environmental/meteorological data to calculate the physical potential of RSPV. Climate and 

meteorological data are provided by the government of Canada. They provide a variety of 

historical and real-time data related to both spatial and temporal factors in the form of averages 
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and extremes. The information needed for the physical potential will likely come from this source. 

By determining the physical and geographical potential, there will be an estimate of available 

rooftops in Kingston that are suitable for RSPV deployment. From these results, objective three 

will follow.   

 

3.4 Objective three method 

Objective three will focus on determining and highlight the locations within the study area where 

socio-economic data is favourable for RSPV deployment, and where these areas overlap with 

physical feasibility for RSPV deployment. Identifying potential correlations between physical and 

socio-economic feasibility will help strengthen the implementation strategy for city-wide RSPV 

deployment by considering the socio-economic factors of residents. The methodology employed 

to complete the socio-economic analysis was developed by Gooding et al. in their analysis of 

RSPV physical and socio-economic potential for a variety of cities in the UK (2013). This 

proposed research will use the same methodological concept but replaced with the relevant data 

from the Kingston region.  

 The social analysis will consist of the following variables: population, education level, 

income, age, housing tenure, and environmental consciousness. Sampling will be stratified 

throughout the 30 discrete neighbourhoods of the municipality of Kingston. Population, education 

level, income, age, and housing will be collected from the 2016 Census data. Environmental 

consciousness is defined by Gooding et al., based on the data available for their study area, as the 

percentage of household waste recycled. The municipality of Kingston, through their 

Sustainability Indicator Report, measures the environmental responsibility of the community with 

five themes and 12 indicators: 1) Energy, Air, Climate (i.e. energy use, GHG emissions, air 
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quality); 2) Water (i.e. daily residential use, beach water quality); 3) Solid Waste (i.e. residential 

diversion, residential landfill waste); 4) Natural Areas (i.e. densely treed area, green space); and 

5) Landuse and the Built Environment (i.e. a mix of landuse, dwelling growth location, urban-

dwelling density) (City of Kingston, 2012). The theme of Solid Waste will be utilized to replicate 

the Gooding study, however, a second analysis considering more of the themes is a possibility if 

time and resources permit. This calculation will be normalized to create the socio-economic 

indicator, which will be utilized in the next step.  

 The simplified economic analysis will consist of a calculation of the payback period up to 

25 years of the RSPV system based on installation cost, annual electricity bill savings, annual 

RSPV income. As this proposed study will not complete a detailed technical analysis of specific 

panel types, assumptions will be made to calculate the averages for a typical system and then 

multiplied by the factor of the square footage of the available RSPV roof area. The next step will 

be to calculate the “Solar City Indicator” (SCI) by multiplying financially viable output estimations 

from the economic analysis by the socio-economic indicator for each neighbourhood. This results 

in the SCI as a normalized number between 0 and 1, as created by Gooding et al. The higher the 

SCI, the more likely RSPV adoption will take place throughout the final stages of diffusion. For 

instance, Gooding found that the city of Derby had a strong physical potential and a strong socio-

economic potential, which resulted in a SCI of 1.0. However, the city of Edinburgh has a much 

weaker physical potential and a strong socio-economic potential, which results in a SCI of 7.5. 

This methodology shows the importance of socio-economic factors in RSPV uptake and 

establishes a procedure to compare empirical data of a study area.  
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Chapter 4 

Conclusion 

 

4.1 Summary 

This proposed research will explore how geographic information systems (GIS) can be used to 

find possible correlations between the physical requirements for rooftop solar photovoltaic (RSPV) 

technology and socio-economic data, to enhance a city-wide implementation strategy. Recent 

studies found that both the physical requirements for RSPV and the socio-economic potential of a 

city are strongly influenced by the nature of the local building stock. Therefore, this proposed 

research will take a case study approach for Kingston, Canada. It is estimated that Kingston 

properties can achieve over 1,100 annual kW hours per peak kW of solar panel capacity, making 

solar PV power generation a reasonable consideration. 

The IPCC’s AR5 report highlights that society has the means to limit risk and continually 

improve human development, but this will take urgent and immediate actions against a business-

as-usual system. One action for developing sustainable cities in response to climate change 

includes targeting the production and consumption of energy. The advantage of RSPV is the ability 

to be decentralized and distributed on existing infrastructure within the built environment, 

especially in circumstances where landuse policies may prohibit additional land development. 

While the cost of RSPV has been decreasing over the past two decades, there are still logistical, 

financial, and social challenges to city-wide implementation. These challenges further support the 

need to create an efficient and effective implementation strategy for RSPV at the city-wide level.   

GIS technology can significantly contribute to the implementation strategy of RSPV 

energy generation technologies. Geospatial analysis has been used widely by private and public 
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agencies to quantify rooftops for RSPV implementation. By utilizing GIS to discover correlations 

between the physical requirements of RSPV and the socio-economic characteristics of the 

individuals living under the rooftops, it could uncover a more complete picture of the RSPV 

potential in the context of Kingston, Canada.  

The core research question for this proposal asks, “what spatial patterns occur in Kingston, 

Canada when GIS is utilized to find correlations between the physical requirements for RSPV and 

the socio-economic data?”. The purpose of this study is to understand potential correlations 

between physical feasibility and socio-economic factors. The objectives needed to answer this 

question are: 1) determine which type of GIS methods accurately quantify RSPV potential for 

Kingston depending on the quality of data available; 2) apply the most appropriate GIS methods 

from the results of objective one to the municipal region of Kingston, to determine the amount, 

location, and distribution of rooftops that are physically and geographically feasible for RSPV 

deployment; and 3) determine and highlight the locations within the study area where socio-

economic data is favourable for RSPV deployment, and where these areas overlap with physical 

feasibility for RSPV deployment. 

 

4.2 Key findings 

To build on the work of Wiginton et al., the initial review was confined to 2009-2019.Therefore, 

the gaps in the literature review for this proposed research will be relative to that decade. The AR5 

specifically declares that impacts of climate change will affect all systems on the planet, therefore, 

the AR5 focuses on connections between impacts of climate change and all other development 

issues (IPCC, 2014). Future research shall explore the use of GIS in understanding the 

connection of renewable energy implementation to the people living in the community, alongside 
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the physical, geographic, technical, economic, and environmental feasibility. This type of 

comprehensive analysis is valuable because it creates a more complete picture of informed 

decision-making. A geographic information system (GIS) is defined as a framework for gathering, 

managing, and analyzing many different types of data, particularly geospatial data, “to reveal a 

deeper understanding of patterns, relationships, and situations” (ESRI, 2020).  

 As there is no single approach to addressing energy implementation in a city-wide format, 

the information that comes from the proposed research can be utilized by different local groups 

understand the local context for RSPV implementation. Municipalities and other government 

bodies can use this information to inform policy that specifically addresses what the people in the 

community need in order to willingly accept RSPV adoption (i.e. this could be in the form of 

education, place-making, tax breaks, or rebates). However, with the dynamic nature of the 

changing energy economy and technology, this type of analysis can also be completed every 5-10 

years to understand the uptake (or lack thereof) of microgeneration technology. This turns the 

evaluation process into an iterative programme that can address community socio-economic needs 

as they change over time as well.   

The core challenge is encouraging the community to construct net-zero standards when 

those standards are above and beyond the building code (City of London, 2019). In the context of 

RSPV and socio-economic potential, there is a limited amount of literature that surpasses 

interviews/surveys of a small sample of people. Rogers explains that socio-economic factors such 

as income, education, personality, and communication behaviour are directly related to each 

adopter category and are useful for understanding the perceptions and attitudes of the community 

(2003). By evaluating perceptions and attitudes of a community to establish a successful RSPV 

deployment, local decision-makers can identify barriers to installing RSPV (Faiers and Neame, 
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2006). Within the scope of this literature review, Gooding et al. published the only research study 

that developed a methodology to predict city-wide RSPV installation combining physical capacity 

and socio-economic factors (2013). This proposed research aims to fill the gap in the Canadian 

context by establishing spatial/temporal patterns to RSPV adoption and deployment strategies 

considering both physical potential and socio-economic factors.  
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