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Abstract 

Solar energy replacing conventional non-renewable energy has been widely implemented 

around the world. Currently, one of the most challenging problems is how to improve the 

efficiency of producing solar energy. Before installing solar panels, assessing where solar 

panels should be placed can significantly benefit panel performance. This study aims to 

conduct a site selection analysis for solar panel installation using Geographical 

Information Systems (GIS). The University of Waterloo main campus and the City of 

Waterloo were selected as study areas for micro-scale and macro-scale, respectively. The 

focus of the micro-scale analysis is on building rooftop installations, while the macro-

scale analysis considers ground-mounted installation at the city-level. 

 Knowledge about solar gains incident on different land cover types (e.g., urban and 

farmland) is useful for assessing potential solar energy installation sites in a local area. In 

this study, Light Detection and Ranging (LIDAR) data were applied to automatically 

derive accumulated solar radiation energy under clear-sky and overcast conditions at the 

micro-scale level from which ideal sites for solar panel placement on building rooftops 

were determined. Macro-scale solar radiation maps were based on Digital Elevation 

Model (DEM) data using ArcGIS software. Optimal ground-mounted solar panel 

installation sites were determined using a multi-criteria analysis approach that considered 

various environmental and socioeconomic factors. A questionnaire survey was distributed 

to select solar power companies in Southern Ontario to assess current solar panel 

installation practices, which were then used to better inform and modify the GIS multi-

criteria approach. Finally, a feasibility assessment was performed with ground truth 

information to verify selected sites. 
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Chapter 1. Introduction 

In recent times, the nature and magnitude of global energy demands have changed and 

increased in an unprecedented manner, especially with today’s rapid population growth 

and modernization (Foster et al., 2010; Sen, 2008). Since the Industrial Revolution from 

the 18
th
 to the 19th century, conventional fossil fuels have been largely consumed (Sen, 

2008) and consequently, various greenhouse gases (e.g., CO2, CH4, etc.) have been 

emitted into the atmosphere. This has led to an abnormal increase in the Earth’s average 

atmospheric temperature and other environmental concerns (Kalogrou, 2009; Sen, 2008). 

Renewable or green forms of energy have been proposed as substitute a primary energy 

resources, and are now generally believed to be capable of meeting much of the growing 

energy demand (Kalogrou, 2009). In Canada, sources of renewable electricity (i.e., water, 

wind, solar, geothermal and biomass) accounted for approximately 64% of national 

electricity generation in 2005 (Natural Resources Canada, 2009). Among the renewable 

energy sources, solar energy is unique in that it can provide a local source of electricity 

for people living in rural areas without direct access to the electric grid (Foster et al., 

2010). From 2005 to 2010, global solar PV capacity grew by 49% per year (Kadowaki, 

2012). 

Solar energy is transmitted to the Earth in the form of electromagnetic radiation, 

which is comprised of photons (Foster et al., 2010; The German Solar Society, 2005). 

The amount of irradiance reaching a location on the Earth’s surface over a specific time 

period varies depending on global, local, spatial, temporal and meteorological factors 

(Redweik, et al., 2011). Generally, large quantities of solar energy manifest in diverse 

forms when reaching the Earth, such as direct sunlight for plant photosynthesis, heated 

air masses causing wind, and evaporation of the oceans, which result in rain that in turn, 

supplies rivers and provides hydropower (Foster et al., 2010). Achieving an accurate 

estimation of daily, monthly or yearly global solar radiation reaching the Earth's surface 

is of great importance when developing solar energy resources, especially when 

determining the optimal location for placing photovoltaics (Rehman and Ghori, 2000). As 

shown in Figure 1.1, identifying appropriate sites for solar panel placement is beneficial 

not only ecologically by considering environmentally sensitive areas and land 
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accessibility, but also economically by analyzing energy production potential, existing 

transmission system, and the solar power market (Gastli and Charabi, 2010a). 

 

Figure 1.1 - Benefits of identifying land for solar power development (Gastli and Charabi, 2010a) 

In order to identify potential sites for solar panel installation, availability of solar 

radiation should be considered first. Based on different data sources, such as weather 

station data and elevation data, solar radiation can be estimated using different 

approaches. For example, solar radiation can be obtained by weather station surveillance, 

which measures irradiance for a specific location. Solar radiation data are gathered in the 

form of dispersed observation points (e.g., Stoffel, 2005), and interpolation techniques 

can be used to estimate unknown radiation data in intervening areas (e.g., Sen and Sahin, 

2001). Multivariate statistical methods are another approach for estimating solar radiation 

and are based on multiple variables, such as latitude and sunshine ratio (e.g., Sfetsos and 

Coonick, 2000). Additionally, Light Detection And Ranging (LiDAR) data or high-

resolution Digital Elevation Model (DEM) data have been implemented to estimate 

radiation at the small scale or regional level, typically for a subdivision in an urban area 

or individual fields (e.g., Jochem et al., 2009; Mulherin, 2011). Other optical imagery has 

also been applied to detect solar radiation at the macro level. The thermal band of optical 

imagery with detected surface temperature information can also be used to calculate solar 

irradiation (e.g., Fluri, 2009). This thesis will focus on using topographic information 

derived from LiDAR points and DEM for estimating solar radiation.  

Locating potential sites for PV panels should also take into account other factors 

based on the scale and types of installation involved. More specifically, for rooftop solar 

panel installation, shadow effects due to surrounding obstacles and roof structure are 
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important factors to consider. Regarding ground-mounted solar panel installatios, 

environmental and economic concerns, and energy generation potential should be taken 

into account during the site selection process. For example, installation sites should be 

located away from forest areas and environmental sensitive land. Proximity to existing 

transmission facilities is desirable for reducing transmission loss. In some regions with 

abundant dust, effects of dust accumulation on the performance of solar panels are 

important. In order to consider these factors and to identify potential sites for solar panel 

installation, a Multicriteria Analysis (MCA) is undertaken in this study. This paper will 

examine the potential benefits of using spatial analytical techniques for identifying 

optimal sites for roof-mounted solar panels at the micro-scale level and ground-mounted 

solar panels at the macro-scale level. This thesis consists of six chapters in total. The 

remaining chapters are outlined as follows. 

Chapter 2 – Literature Review: introduces electricity usage in Ontario, Canada. Types of 

solar energy technologies and their impacts are introduced. Factors and methods 

considered for solar panel site selection are also discussed. Finally, several case studies of 

solar energy applications on the University of Waterloo campus are presented. 

Chapter 3 – Research Design: describes the main goal and objectives of the present 

study. The study areas and data sources are discussed. 

Chapter 4 – Methodology: introduces methods being used for solar radiation estimation 

and solar panel site selection at the micro- and macro- scales. Questionnaire survey 

design and implementation are detailed.  

Chapter 5 – Results and Analysis: begins by displaying results generated from the 

micro-scale and macro-scale analyses. Following this, feasibility assessment results are 

described. 

Chapter 6 – Discussion and Conclusion: presents a discussion on the final findings of 

this study and its implications. The recognized limitations of the study are discussed, 

along with suggestions for potential further work. This chapter concludes with reviewing 

the potential contribution of this research. 
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Chapter 2. Literature Review 

A considerable amount of literature has been published on what factors should be 

considered in photovoltaic (PV) panel site selection. This chapter provides a review of 

energy usage and renewable energy promotion policies in Ontario. Next, background 

information about PV systems is introduced. Factors usually considered in the solar panel 

site selection process are reviewed. In particular, the relationship between energy demand 

and supply, and methods applied for solar radiation estimation are discussed. Following 

this, a detailed description of other physical factors (e.g., tilt) affecting solar power 

system performance is provided. In the third part of this chapter, site selection 

implementation methods are introduced and compared. The final part of this chapter 

shows two case studies about solar panel installation on the campus of University of 

Waterloo (UW).  

2.1. Research Background 

2.1.1. Ontario’s Electricity Supply and Demand 

Ontario’s energy supply is composed of diverse sources, which are in the process of 

incorporating increasing amounts of renewable energy (IESO, 2012a). Table 2.1 shows 

Ontario’s energy supply in 2000, 2005, 2010 and 2012. According to this table, energy 

supply from coal has decreased from 29% in 2000 to 2.8% in 2012. At the same time, 

wind power and other renewable energy sources have gradually increased their 

proportion from 1% in 2000 to 3.8% in 2012 in energy supply. To meet most of the base-

load demand, Ontario takes advantage of the uniform and reliable electricity-producing 

rate of nuclear and large hydroelectric stations (IESO, 2012a). From Table 2.1, more than 

half of the electrical power came from nuclear sources in 2010 and 2012. In 2012, hydro 

and natural gas, generating approximately 22.3% and 14.6% respectively, account for a 

remarkably large proportion.  In the same year, wind energy with 3% of electricity supply 

surpassed 2.8% of electricity supply from coal. Other energy sources, such as solar 

energy account for 0.8%. A recent report by Navigant Consulting Inc. (2012) states that 
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289 MWDC of solar PV capacity were installed in Canada in 2011 with Ontario 

accounting for 91%.  

Table 2.1 - Ontario's electricity supply mix change (2000: Ontario Ministry of Energy, 2002; 2005: Ontario 

Ministry of Energy, 20005; 2010: Ontario Ministry of Energy, 2010; 2012: IESO, 2012a) 

Year Nuclear Hydro Gas/oil Wind Coal Other  

2000 37% 26% 7% N/A 29% 1% 

2005 41% 23% 15% N/A 19% 2% 

2010 52% 19% 15% 2% 8% 1% 

2012 56.40% 22.30% 14.60% 3% 2.80% 0.80% 

 

In general, energy demand is affected by a combination of the state of the global 

economy, conservation initiatives, increased energy generation capacity and time-of-use 

rates (IESO, 2012b). It is primarily influenced by hours of daylight, business hours, 

weather, etc., in Ontario (IESO, 2012c). As a result, electricity demand in Ontario shows 

a seasonal variation trend, from which future peak energy demand can be forecast. Table 

2.2 shows the Independent Electricity System Operator’s (IESO) 18-month forecast. 

Comparing the peak demand in summer and winter, it is apparent that more power is 

required during the summer period.  In this case, installation of solar PV systems on the 

roofs of homes and businesses is an ideal energy option to reduce the spikes in demand 

for grid-supplied electricity in summer when solar energy is at its strongest (Ontario 

Clean Air Alliance, 2012). 

Table 2.2 - Peak electricity demand forecasts for periods from 2013 summer to 2014 summer (IESO, 

2012c) 

Season Seasonal Normal 

Weather Peak (MW) 

Extreme Weather 

Peak (MW) 

Summer 2013 23,275 25,430 

Winter 2013-2014 22,128 23,361 

Summer 2014  22,700 24,717 

2.1.2. Ontario’s Green Energy Act 

It has been well established by numerous scientific bodies that natural and anthropogenic 

climate change has potentially significant impacts on numerous ecosystems and human 

systems (IPCC, 2007). To mitigate and address climate change, the Ontario Power 
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Authority (OPA) developed a plan in 2006 for provincial replacement of coal-fired 

generation with renewable and green alternatives. This plan indicated the importance of 

renewable energy for meeting the needs of future generations with a proposed increase of 

7,863 MW in capacity by 2025. In response to this, the Ontario’s Green Energy Act 

(GEA) was passed in 2009 with objectives of expanding renewable energy generation, 

encouraging energy conservation, and promoting the creation of clean energy jobs in 

Ontario.  

The centerpiece of the Act is a schedule of subsidized electricity purchase contracts 

called Feed-in-Tariff (FIT) that provides incentives for individuals and businesses to 

adopt renewable energy technologies. According to a review by Solangi et al. (2001) on 

global solar energy policy, FITs have proven to be the most effective government 

incentive program, and in fact, half of the world’s PV installations are due to FIT 

programs. The FIT program is divided into two streams depending on electricity 

generation capacity. The FIT program is available for renewable energy projects greater 

than 10 kilowatts, and the microFIT program is for renewable energy projects of 10 

kilowatts or less. Technologies supported include on-shore wind, waterpower, bioenergy 

(i.e., biogas, biomass, and landfill gas), and ground-mounted and rooftop solar 

photovoltaic (PV). 99% of microFIT program applications are for solar PV projects 

(OPA, 2013a). The program has seen a great deal of interest at the FIT and MicroFIT 

levels, and about 1,600 total applications and contracts of rooftop PV and over 600 of 

ground-mounted PV  have been executed as of March 2013 (OPA, 2013b).  

2.1.3. Photovoltaic Systems 

PV systems consist of PV solar panels installed on rooftops or mounted on posts in the 

ground. These systems operate by sunlight/photons striking a PV cell, and an electric 

current being produced by stimulating electrons (negative charges) in a layer in the cell 

designed to give up electrons easily. The existing electric field in the solar cell pulls these 

electrons to another layer. By connecting the cell to an external load, this movement of 

charges can then be used to power the load (EPA and NREL, 2013). Usually, a PV 

system (shown in Figure 2.1) is comprised of a series of collector panels, batteries wires, 
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and devices that convert electricity into its alternating current (AC) form that can be used 

for powering household appliances and lights (REEP, 2013).  

 

Figure 2.1 - Examples of basic PV power systems (Strauch et al., 2010) 

PV technology has been shown to offer numerous advantages over conventional 

energy converters (Dornan, 2011; Svantesson and Linder, 2012), which are summarized 

in Table 2.3. First, PV cells are solid-state devices with no moving parts; therefore, nearly 

no maintenance is required for their simple and robust design (Foster et al., 2010; 

Svantesson and Linder, 2012). Second, PV panels do not require an additional energy 

source, such as fuel to operate, meaning that less transport is required (Svantesson and 

Linder, 2012). Since the demand for transportation of fuel and technicians is low, PV 

technology is exceptionally useful in remote areas. PV systems also have the uniqueness 

of being totally scalable, giving the possibility of expanding the system, once demand 

increases and enough space is available. Furthermore, the life cycle cost is generally 

lower than for other conventional lighting sources in developing regions and remote areas 

(Svantesson and Linder, 2012). Therefore, PV power is a sustainable energy alternative 

that offers substantial advantages over conventional sources of energy.   
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Nevertheless, different PV systems also have various drawbacks (summarized in 

Table 2.3). The service cost and lifetime of off-grid and on-grid PV systems are diverse. 

In particular, batteries needed in an off-grid system are a recurring problem (Mala et al., 

2009). The batteries themselves can be expensive, inefficient and not environmentally 

friendly. For example, electrolyte in lead batteries without extra protection may evaporate 

in hot climates (Svantesson and Linder, 2012). Faulty usage or maintenance may also 

lead to unnecessarily shortening of a battery’s lifetime (Svantesson and Linder, 2012). In 

remote areas, there is a risk of batteries ending up in the backyard, where they may 

pollute the ambient environment (Svantesson and Linder, 2012). Therefore, the best way 

of making use of a PV system is to utilize the electricity immediately when it is generated. 

In addition, physical conditions of the installation location may further impact on the 

service cost and lifetime of the system (Svantesson and Linder, 2012). For example, 

operation and maintenance may account for half of the service cost in areas with hot and 

humid conditions. Another potential drawback is the construction process of a PV system 

may lead to environmental damage to the surrounding landscape. Finally, PV arrays may 

cause visualization or aesthetics issues to the local residential community (e.g., Aydin, 

2009). 

Table 2.3 - Summary of the pros and cons of PV technology 

Advantages Disadvantages 

Less maintenance required  Large upfront costs 

No need for external operating support Maintenance issues for battery systems 

Ideal for remote areas Potential construction contamination 

Scalable to required expansion  Visual impact 

Less life cycle cost  

Sustainable and clean  

PV systems can be used for a wide variety of applications, from small stand-alone 

systems to large utility grid-connected systems (Foster et al., 2010). Stand-alone systems 

(or off-grid systems) are usually used in remote areas that are not easily accessible to an 

electric grid (Kalogirou, 2009). Energy produced by such systems is normally stored in 

batteries.  Typically, a stand-alone system consists of a PV module or modules, a charge 

controller, and batteries (shown in Figure 2.2). The charge controller regulates the power 
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from PV modules and delivers direct current (DC) electricity for storage. An inverter is 

included to convert DC electricity to AC form that is required by normal appliances 

(Kalogirou, 2009). This type of application provides cost-effective, modest levels of 

power for fans, lighting, communication, water pumping, and so on (Foster et al., 2010).  

 

Figure 2.2 - Schematic diagram of a stand-alone PV application (Kalogirou, 2009) 

Since solar power can be generated only during the daytime when sunshine is 

available, battery storage is a significant component for this type of system, especially 

during the winter season. Hence, in places where winters allow for very limited hours of 

sunshine, the stand-alone system is bridged with a hybrid system (Kalogirou, 2009). In 

Canada, the total market share of the off-grid market is projected to continually decrease 

as the grid-connected market rapidly expands over the coming years (Navigant 

Consulting Inc., 2012). 

The grid-connected systems (or grid-tied systems) are designed for decentralized 

applications. During the daytime, DC electricity generated by the system is converted to 

AC by the inverter and fed into a power distribution system (Foster et al., 2010). The 

electricity can either be utilized immediately or be transmitted and sold to an electricity 

supplier. In the evening, when solar power cannot be generated, power can be bought 

back from the network (Foster et al., 2010; Kalogirou, 2009). This system does not 

include battery storage, since the grid acts as an energy storage system (Kalogirou, 2009). 

A schematic diagram of a grid-connected PV system is shown in Figure 2.3. 

 

 

  

 

Figure 2.3 - Schematic diagram of a grid-connected system (Kalogirou, 2009) 
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In effect, the cost of bringing utility power via transmission and distribution lines to 

other areas connecting to the grid is significant, especially for small household electrical 

loads and villages located at great distances over difficult terrain from the transmission 

grid (Foster et al., 2010). In addition, the cost of grid extension can be prohibitive, 

especially for a gully, mountain, or other difficult terrain conditions (Foster et al., 2010). 

This study examines grid-connected systems; therefore, distances to transmission and 

distribution lines are important considerations in the PV site selection process.   

2.2. Site Selection - Factors 

2.2.1. Demand and Supply 

Before determining a suitable location for a PV farm, potential energy demand and 

generation capacity of local areas/regions can be assessed to determine the optimal size 

of the farm. In 2001, Sorensen adopted GIS techniques to map solar resources on the 

basis of satellite data and to match it with energy demand modelling based on population 

density and energy demand intensity. In some studies, energy demand analysis was based 

solely on gross domestic product (GDP) growth levels. For example, Sambo (2008) 

analyzed the electricity demand in Nigeria by dividing the energy consumption into four 

scenarios on a GDP basis:  Reference Scenario - 7% GDP Growth; High Growth 

Scenario - 10% GDP Growth; Optimistic Scenario I - 11.5% GDP Growth; and 

Optimistic Scenario II - 13% GDP Growth.  

Energy demand can also be analyzed based on detailed social and economic factors. 

For example, the Ethiopian Rural Energy Development and Promotion Center (EREDPC) 

(2007) investigated the national energy demand based on consumption from households, 

agriculture, industry, transport, and services sectors. Setting the households sector as an 

example, the energy demand was determined from usage in cooking, baking, lighting, 

water heating, space heating, electric appliances, refrigeration, and air conditioning. In 

order to predict future energy demand, EREDPC made assumptions on the general 

growth rate for each sector and subsector. Although this method is comprehensive in 

terms of covering each sector, the prediction nevertheless requires validation with 

previous energy consumption data. 
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Similarly, in 2012, the Ontario Power Authority (OPA) provided a provincial 

electricity demand forecast based on different sectors (residential, commercial, industrial, 

transportation, and agriculture) and the end use in each sector (e.g., lighting, cooling, etc.). 

The OPA compared the current demand forecast to forecasts conducted in previous years 

based on the trends in end uses in each sector. From the reported results, it was 

determined that current forecasts of energy demand are much lower than previously 

thought due to predicted increases in electricity prices. Uncertainty in specific sectors, 

such as transportation exists due to technology development and changes in energy usage 

(OPA, 2012). 

In addition to analyzing the energy demand, it is necessary to also consider changes 

in potential energy supply. For example, Mulherin (2011) applied GIS techniques to 

estimate potential energy outputs from rooftop PV panels for homeowners. More 

specifically, incoming solar radiation for each rooftop was calculated based on LiDAR 

data without considering chimneys and dormers. Electricity and financial costs of the 

investment of PV panels were then compared to aid each household in making the 

decision of PV panel placement. This study suggested that potential energy supply should 

be considered more realistically, especially at the micro-scale level, since rooftop 

structure may impact PV system performance and power generation capacity. Since the 

potential supply of solar energy highly depends on the PV system’s performance, other 

influential factors, such as shading effects and PV panel angle, should be analyzed. 

2.2.2. System Performance Factors 

Without considering the types/materials of solar panels being used and inverter efficiency, 

the efficiency of a PV system is affected by multiple external factors. First, the 

availability of electromagnetic radiation directly determines the energy generation 

potential of the system. Even though solar radiation is a worldwide energy source, it has 

distinct patterns in seasonal and daily variability and can be easily obstructed by ambient 

objects. Third, when solar panels are installed, the optimal tilt angle will differ according 

to the location and season. Last, energy lost during transmission so distance from the 

electricity grid of transmission lines should be considered.     
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2.2.2.1. Amount of Incoming Solar Radiation 

Solar installation sites must be able to generate an adequate electricity supply to ensure 

their long-term viability for supporting energy demands. The most important factor for 

generation capacity is the average level of sun exposure that a site experiences 

throughout the year. According to the following research studies, solar radiation striking 

a specific location on the Earth’s surface can be measured or estimated by different 

methods depending on the types of data available.  

a. Application of Geostatistical Techniques 

Solar radiation data obtained from dispersed weather stations can be utilized to generate a 

solar radiation map by geostatistical techniques. For example, Rehman and Ghori (2000) 

adopted a geostatistical technique to estimate solar radiation in Saudi Arabia. The process 

consisted of five steps: 1) data collection; 2) univariate analysis; 3) experimental 

variogram calculations and model fitting; 4) estimation of solar radiation using ordinary 

kriging; and 5) plotting contour maps. This country has 41 solar radiation measuring 

stations, where global horizontal solar radiation and sunshine duration values have been 

recorded since 1972. A total of 492 values of H/H0, i.e., 12 values for each location, were 

used in the study by Rehman and Ghori (2000). Here, H is the global solar radiation, and 

H0 is the extraterrestrial solar radiation outside the atmosphere. This study applied a 

spherical model to fit the experimental variogram. After obtaining nugget and lag 

distance values of variogram parameters, kriged estimation results were generated. 

According to the results, the seasonal trend, with lower values of H/H0 in winter months 

(December to March) and higher in summer months (April to November) were clearly 

discernible (Rehman and Ghori, 2000). 

b. Application of Multivariate Statistical Methods 

In addition to geostatistical techniques, several research groups have endorsed the use of 

artificial neural networks (ANN) and in particular, Radial Basis Function (RBF) networks 

for estimating solar radiation in locations where collection equipment is not available 

(Elizondo et al., 1994; Sfetsos and Coonick, 2000). These approaches are based on 

regression analysis, and feed-forward neural networks are most commonly used to 
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estimate the daily solar radiation (e.g., Dorvlo et al., 2002). In this estimation, 

meteorological parameters such as clear sky radiation, precipitation, temperature, day 

length and day of the year are used as inputs in the ANN. All studies reported that neural 

network approaches outperformed the traditional linear methods, since training 

approaches are applied to assist regression analysis of neural network approaches 

(Elizondo et al., 1994; Williams and Zazueta, 1996). 

c. Application of LiDAR Point Cloud Data 

Three-dimensional LiDAR point clouds have been successfully used as inputs to solar 

radiation estimation models, generating accurate estimated results (e.g., Latif et al., 2012; 

Wehr and Lohr, 1999). These models can be implemented and computed within 

commercial or open-source GIS solutions, such as SAGA GIS (Agugiaro et al., 2012; 

Redweik et al., 2011). Well known models include the solar analyst in ArcView, spatial 

radiation tools in ArcGIS, and GRASS r.sun (e.g., Kryza et al., 2010; Nguyen et al., 2010; 

Redweik et al., 2011; Charabi and Gastli, 2011). 

For example, Jochem et al. (2009) applied a solar radiation model in SAGA GIS to 

estimate insolation and used part of the City of Feldkirch in the Federal state of 

Vorarlberg (Austria) to test its viability. More specifically, LiDAR point cloud was 

obtained by Airborne Laser Scanning (ALS) systems under snow-free conditions. For the 

point cloud-based solar radiation model, the global radiation was computed as the sum of 

the direct and diffuse radiation. The position of the sun at any time and its incidence 

angle on the point of interest were provided using the SOLPOS Code developed by the 

National Renewable Energy Laboratory (NREL). Data from a nearby meteorological 

ground station were used to calculate the clear sky index (CSI) to correct the modeled 

incoming global radiation and to consider atmospheric effects and terrain shadows (i.e., 

shadows casted by mountains and hills) (Jochem et al., 2009). The CSI was calculated 

based on the atmospheric longwave irradiance, as well as air temperature and humidity 

measured at screen level height. Since the meteorological station was affected by 

shadows cast by the surrounding terrain, these effects were incorporated into the CSI 

(Jochem et al., 2009). Shadows considered in this solar radiation model involved those of 

nearby objects and shadows from surrounding terrain.  
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In 2011, Mulherin proposed a robust approach for modeling solar radiation at the 

household level by accounting for shadowing effects and topographic variation at 

particular locations by incorporating LIDAR data. The bare-earth and first-return signals 

were used as inputs to calculate the spatial distribution of solar radiation. This study also 

provided solar energy information at the household level and financial costs information 

to guide homeowners as they made decisions regarding solar PV systems. 

In 2011, Liddell and Bishop estimated total rooftop solar electricity potential in 

Seattle using LiDAR data associated with ArcGIS and LiDAR Analyst. As shown in the 

estimation workflow in Figure 2.4, LiDAR point cloud data were used as an input for the 

solar radiation analysis, while NREL helped to determine tool parameters in ArcGIS. 

LiDAR point clouds were also applied to identify bare earth and buildings for rooftop 

extraction. In the end, the extract by mask tool was used to identify solar radiation levels 

of rooftops only. The total rooftop solar electricity potential was thus obtained.  

 

Figure 2.4 - Workflow of estimating PV production potential using LiDAR point cloud (Liddell and 

Bishop, 2011) 

d. Application of Satellite Imagery 

Lastly, geostationary satellites, such as METEOSAT 7 and Geostationary Operational 

Environmental Satellite (GOES), perform continuous and reliable meteorological 

observations from space; thus, they provide the opportunity to derive information on the 

solar irradiance for a large area (Broesamle et al., 2001). For example, in Hoyer et al.’s 

study (2002), METEOSAT 7 imagery were used to obtain a cloud index, and direct 

normal solar irradiation were computed by considering scattering, absorption and 
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extinction in the atmosphere. The calculated direct irradiance and global irradiance were 

then compared to ground data. 

2.2.2.2. Shadow Impacts 

Physical factors, such as surface orientation, land-surface gradient, and surrounding 

obstacles have a significant impact on the optimal performance of PV panels by causing 

shadow effects (Carrion et al., 2007; Wiginton et al., 2010). To determine an appropriate 

orientation, the relative angular position of the sun throughout the day and year should be 

considered. Summer in the Northern Hemisphere coincides with the Northern 

Hemisphere being oriented more towards the sun, which causes solar rays to strike the 

ground more directly. In the winter the Northern Hemisphere is oriented away from the 

sun (Mulherin, 2011). Therefore, for installations in the northern hemisphere, a southern 

exposure is generally optimal for obtaining the strongest intensity of sunlight in general. 

A northern orientation is preferable in the southern hemisphere (Carrion et al., 2007; 

Reijenga and Ruoss, 2005).  

In 2007, Carrion et al. conducted a study regarding the importance of considering 

the gradient of land through their analysis of appropriate locations for grid-connected PV 

stations in Andalusia. Their analysis found that sites containing a slope of more than 2% 

could cause shadow effects from the panels themselves, while in a similar study 

conducted by Charabi and Gastli (2011), a 5% graded slope or greater could result in 

shadow effects. This becomes especially problematic for installations involving multiple 

rows of panels. Therefore, topographic aspect and gradient must be taken into account to 

maximize solar exposure potential. In the study carried out by Bravo (2007), a maximum 

7% slope was required for southwest and southeast oriented land surfaces, and 2% for 

other orientations.  

Surrounding obstacles can reduce the solar exposure of PV installations. For 

example, ambient trees may obstruct incoming solar radiation (Reijenga and Ruoss, 

2005). Therefore, when determining the suitability of a site, only unshaded areas should 

be considered when calculating average sun exposure (Wiginton et al., 2010). In Carrion 

et al.’s study (2007), they suggested that areas with vegetation and crops are not 
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appropriate for grid-connected PV stations. Voegtle et al. (2005) suggested that 

topographic shading, structural shading, and vegetative shading should be considered in 

roof-mounted PV site selection process. Overall, installations on rooftops and grounds 

may be subject to shadow effects from nearby vegetation, buildings and/or the gradient of 

land during certain times of the day. 

2.2.2.3. Tilt 

To improve the efficiency of solar PV generation, panel tilt angle has been widely 

considered. The optimal tilt angle with the horizontal is related to the local climatic 

condition, the period of use of solar panels, and the geographic latitude (e.g., Siraki and 

Pillary, 2012; Tiris and Tiris, 1998). Thus, the tilt angle should be defined according to 

the specific geographic location and period. Optimum collector tilt angle of a fixed PV 

array should be equal to the geographic latitude with an azimuth of due south in the 

northern hemisphere throughout a year (Rowlands et al., 2011). 

A considerable number of research studies have applied various simulation software 

(e.g., TRNSYS, PVSYST) (e.g., Cheng et al., 2009; Hussein et al., 2004), or developed 

their own mathematical models (e.g., Bakirci, 2012; Tang and Wu, 2004) for determining 

the optimal tilt angle of solar panels. The simulation procedure essentially considers 

factors, including the average global and diffuse radiation on horizontal surface, clearness 

index, surface tilt from horizontal, solar declination, geographic location, and some sun-

related parameters (e.g., sunset hour angle) (e.g., Bakirci, 2012; Siraki and Pillary, 2012). 

According to Morcos (1994), the optimum tilt angle varies day-to-day, but changing the 

angle to its daily optimal values throughout the year is not practical or realistic. As a 

result, a fixed tilt angle for each month or even each season for a specific location may be 

determined based on the average daily optimum tilt angles (Morcos, 1994). For average 

seasonal performance, the optimum tilt angle can be equated to approximately the 

latitude angle (φ) ± 15° (e.g., Gunerhan and Hepbasli, 2007  Pavlovi  et al., 2010), while 

the yearly optimal tilt angle is nearly equal to (0.9 × φ) (e.g., Chang, 2009; Garg and 

Gupta, 1978). These findings are supported by previous research focused on specific 

locations of interest. For example, Calabro (2009) adopted a simulation tool to study the 
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optimum tilt angle at different latitudes from 36° to 46°. They noticed that the annual 

optimum tilt angle is (φ - 10°). Chen et al. (2005) used a genetic algorithm searching 

technique to find the optimum tilt angle for Chiayi, Taiwan (with latitude of φ = 23.5°), 

which was determined to be 20° (φ - 3.5°). Rowlands et al. (2011) used measured and 

modeled solar radiation data, simulated photovoltaic panel performance, and hourly 

electricity market data, as well as details regarding pricing regimes from 2003 to 2008 to 

determine the tilt angle and azimuth for a photovoltaic panel in both Toronto and Ottawa, 

Ontario. Optimum tilt for Ottawa (φ = 45°N) was found between 36° and 38° with the 

desired azimuth between 4° west of due south and 6° east of due south, and between 32° 

and 35° for Toronto (φ = 44°N) with azimuth between 1° west of due south and 2° east of 

due south. 

A different finding regarding optimum tilt is from Beringer et al. (2011). They claim 

that there are few studies considering cell temperature effects and reflection 

characteristics of the collector surface in their simulation models. As Balenzategui and 

Chenlo (2005) concluded from their study, different collector surface covers behave 

differently according to reflection losses. As a result, in Beringer et al.’s study, 

experimental measurements were conducted using a short circuit current, measuring the 

open circuit voltage and the temperature of each cell to determine the monthly optimum 

tilt angle in Hannover, Germany. Collectors in the experiment were mounted at a 

different tilt angle from 0° to 70° with a 10° interval, and were directed towards a 

southern direction. From their experimental results, a difference of only 6% between 

minimum and maximum values was discovered for summer, and a difference of 10% was 

found over the winter. These results show that differences are much smaller in reality 

than those obtained from modeled results. A possible reason may be due to the 

temperature effect or inaccuracies of the experimental model (Beringer et al., 2011). 

2.2.2.4. Other System Performance Factors 

To improve PV system performance, several other factors have been considered in 

previous research. For example, Carrion et al. (2007) considered losses of energy during 

the transmission, and the distance of solar installation to substations and urban areas in 
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the site selection process. Since energy loss during long-distance transmission directly 

leads to economic loss, it is often considered to be the most important factor in on-grid 

PV system site selection. Distances to transmission lines defined in previous studies are 

quite different based on scope of area of interest. For example, Pletka (2007) adopted 1 

mile as the maximum distance for regional-scale projects in Arizona, while Fluri (2009) 

used 20 km and 10 km in a provincial scale analysis in South Africa. Accessibility to 

highways is an important factor for cost effectiveness and construction convenience 

(Charabi and Gastli, 2011; Janke, 2010). On the other hand, proximity to roads or 

highways can negatively affect energy production efficiency by increasing dust cover on 

PV panels (Janke, 2010). Vandalism and theft may also occur if PV panels are located 

close to roads, or publicly accessible areas, but weight added on this concern is almost 

equal to 0 according to Aragonés-Beltrán et al. (2010). 

Snow cover is a concern during winter for many regions. For example, Powers et al. 

(2010) conducted an experiment to gauge the energy loss of PV panels installed in 

California near Lake Tahoe due to snow for three common tilt angles (0°, 24°, and 39°). 

The annual estimation based on the monthly results was that the energy losses for the 39°, 

24°, and 0° tilts were 12%, 15%, and 18%, respectively. When Thevenard and Pelland 

(2013) examined the uncertainty in long-term PV system yield predictions by statistical 

modeling of a hypothetical 10 MWAC, c-Si photovoltaic system in Toronto, Canada, they 

found that 1.5% of uncertainties were due to losses caused by snow cover. In addition, 

dust or soiling can affect PV system performance. According to Thevenard and Pelland 

(2013), potential sources of dust cover include pollution, bird droppings, the growth of 

lichen, etc., which are difficult to model or extrapolate from case studies. 

2.2.3. Environmental Factors 

While PV array installations are generally praised for their negligible environmental 

impact, the construction process may present significant environmental harm to the 

selected site or the ambient landscape as previously discussed in Section 2.1.2.2. As a 

result, environmental restrictions are legal requirements, along with environmental 

protection laws, such as the right to highway, rivers, and coastal zone access, or the 
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existence of protected areas (e.g., national parks and nature reserves) (Carrion et al., 

2007).  

Although solar installations should be located away from water sources and coastal 

zones to minimize water pollution risk from PV construction contamination, water 

resources may be required for cleaning or cooling of some solar operation components 

(e.g., central receiver power plants) (Trieb et al., 1997). Available alternatives for 

cleaning and cooling include placing the solar panel with a tilt that facilitates self-

cleaning during rainfall events and using advanced nanotechnology solutions to provide a 

non-stick coating that reduces the need for cleaning (Gray, 2012). Dry cooling is a 

popular alternative for solar panel cooling, especially in areas lacking water. Therefore, 

proximity to water sources is not essential for PV site selection. Impacts of visualization 

and construction contamination on the local residential community should be considered 

as well.  

2.2.4. Summary of Factors 

It is clear that when developing solar installations, multiple factors must be taken into 

consideration. Factors can be categorized into environmental, economic, and technical 

(energy production) concerns. Criteria considered by previous studies for solar panel 

installation site selection are summarized in Table 2.4. Since information of some factors 

cannot be obtained directly, LiDAR data, satellite or aerial imagery, and other data can be 

applied to model variables indirectly. For example, solar potential can be estimated from 

LiDAR elevation data, while obstruction heights and shadows can be calculated from 

LiDAR data and three-dimensional models (Yimprayoon and Navvab, 2010). LiDAR 

data can be applied for deriving slope, hillshade, and aspect information (Vaughan, 2009). 

Optical satellite or aerial imagery, such as Landsat data, can help to quickly identify land 

cover characteristics in a region, and visually assist to determine which areas are 

unsuitable for development. 
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According to Charabi and Gastli (2011)
1
, distance to major roads was given a very 

low weight of 16.8%, while weight of solar potential was 54.5%, using the analytical 

hierarchy process (AHP). The rest of the weight (28.7%) was assigned to other constraint 

factors, including dams, flood area, land use, village boundary, historical and touristic 

monuments, rivers, sand dunes, roads, and slope, which were treated equally. In another 

study, Janke (2010) assigned the greatest weight to solar potential, the second highest 

weight to distance to transmission lines, and the lowest weight to distance to roads. In 

addition the three criteria, this study also considered distance to cities, population density, 

and land cover, which were given the same weight as distance to road (Janke, 2010). 

Overall, distance to transmission lines is deemed to be more desirable than distance to 

roads from an economic perspective. Solar potential is the most important factor among 

all concerns involved in the PV potential site selection process. 

 

 

 

 

 

 

 

 

 

 

 

                                                        
1
 Research by Charabi and Gastli (2011) did not consider transmission line in the PV site 

suitability analysis due to data availability. 
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Table 2.4 - Summary of criteria used for solar panel installation site selection from reviewed literature 

Variable/criteria Description References 

Slope 

Gradient of land will affect the receiving 

radiation. The more flat, the more 

amount of radiation received 

Bravo et al. (2007); Pletka et al. 

(2007); Broesamle et al. (2001); 

Charabi and Gastli (2011) 

Aspect Slope direction Bravo et al. (2007); Janke (2010) 

Direct Normal 

Irradiance or solar 

potential 

Solar radiation data can be obtained or 

estimated by various approaches. It 

provides information of solar potential to 

area of interest 

Bravo et al. (2007); Pletka et al. 

(2007); Fluri (2009); Clifton & 

Boruff (2010); Dawson & 

Schlyter (2012); Broesamle et al. 

(2001); Gastli & Charabi (2010 a 

& b) 

Proximity to roads 

Proximity to roads minimizes cost in 

infrastructure construction and 
maintenance but may contribute to 

vandalism, dust and other concerns 

Clifton & Boruff (2010); Dawson 
& Schlyter (2012); Janke (2010); 

Distance to 

transmission/power 

lines or pipeline 

Access to transmission network 

infrastructure to connect supply with 

demand 

Fluri (2009); Clifton & Boruff 

(2010); Broesamle et al. (2001); 

Janke (2010); 

Sand/dust risk  

Area with abundance of dust, combined 

with mist and fog, may affect the 

efficiency (revenue) of PV farms 

Charabi & Gastli (2010) 

Access to water 

source 

Water source accessibility benefits 

cooling solar panels 

Fluri (2009); Dawson & Schlyter 

(2012); Broesamle et al. (2001); 

Clifton & Boruff (2010) 

Environmentally 

sensitive areas 

(ESA) 

To decrease negative environmental 

impacts from large scale PV farms, ESA 

should be filtered out in site selection 

Dawson & Schlyter (2012); 

Lehman (2011); Charabi & Gastli 

(2010); Clifton & Boruff (2010) 

Land cover or land 

use profile 

(accessibility) 

Accessibility to different land use types 

can vary. 

Bravo et al. (2007); Pletka et al. 

(2007); Broesamle et al. (2001); 

Charabi & Gastli (2010); Janke 

(2010); 

Supply-demand 

balance 

Based on the local energy demand 

information, people can determine the 

size of solar farms so that supply-demand 

balance can be achieved. 

Armstrong (2009); Sambo (2008); 

EREDPC (2007); 

Visual impact 
Aesthetic consideration to ambient 

environment 
Dawson & Schlyter (2012); 

Weather conditions 

Weather conditions in local area of 

interest reflect annual incoming solar 

radiation 

Dawson & Schlyter (2012); 

Configuration of 

solar panels 

Different configurations of solar panels 

perform with different efficiency. 
Broesamle et al. (2001); 

Population density To assist energy demand forecast  Janke (2010) 

Flood pathways 
PV farms should be kept away from areas 

with high risk of floods 
Charabi & Gastli (2010) 

Dam Same as above Charabi & Gastli (2010) 

Distance to cities This helps to reduce vandalism Janke (2010) 

Cultural heritage 

sites 

To protect cultural heritage from solar 
power farms 

Clifton & Boruff (2010) 
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2.3. Site Selection - Methods 

During the 1970s, energy planning efforts were directed primarily towards energy models 

to explore the energy-economy relationships in energy sector (Pohekar and 

Ramachandran, 2004). In the 1980s, growing environmental awareness has slightly 

modified the decision framework (Nijcamp and Volwahsen, 1990). The need to 

incorporate social, technical, political, and environmental considerations in energy 

planning leads to the increasing application of multicriteria approaches (Pohekar and 

Ramachandran, 2004; San Cristóbal Mateo, 2012). In recent years, Multicriteria Analysis 

(MCA) (or Multicriteria Decision Making (MCDM)) methods have been widely used for 

PV panel installation site selection (e.g., Ben Salah et al., 2008; Kahraman et al., 2009). 

These methods have been of interest to decision makers for years by providing a means 

to identify explicit, rational and efficient choices (Haurant et al., 2011). These methods 

deal with the process of making decisions in the presence of multiple objectives or 

limitations. Usually the objectives are conflicting, and thus, the solution depends highly 

on the preferences of the decision maker or stakeholders (Pohekar and Ramachandran, 

2004). These techniques are usually based on weighted averages, priority setting, and 

outranking to achieve an agreeable outcome (Aydin, 2009; Wang et al., 2009).  

The first step of an MCA process is to formulate problems of project, and to 

establish a set of criteria that will form a basis for the project requirements (San Cristóbal 

Mateo, 2012). The next step is to determine priorities of criteria by assigning weights that 

show the relative importance of criteria in MCA (Wang et al., 2009). After this, a 

multicriteria method is selected and applied to rank alternatives, and then finally propose 

optimal solution based on the best ranked alternative (Wang et al., 2009). This framework 

makes its contributions through decision-aiding science, formulating recommendations, 

while decision makers maintain their freedom to make choices. The final decision 

belongs to the decision makers regarding how to interpret the scientific conclusions 

(Haurant et al., 2011). 

Different rules can be applied during the MCA decision-making process. The 

weighted product method (WPM), weighted sum method (WSM), fuzzy set method, and 
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analytical hierarchy process (AHP) are the commonly used approaches (e.g., Gastli and 

Charabi, 2010a; Wang et al., 2009). In particular, AHP is used to combine the priority for 

all levels of the hierarchical structure (Gastli and Charabi, 2010b). According to Pohekar 

and Ramachandran (2004) and Wang et al. (2009), AHP is the most popular method for 

prioritizing the alternatives for its understandability in theory and the simplicity in 

application.  

In addition, outranking techniques PROMETHEE and ELECTRE have also been 

widely used. For example, Haurant et al. (2011) considered criteria of energy, geo-

economic, ecological, visual impact, territorial use, and financial effect in an ELECTRE 

multicriteria model to determine optimal sites on farming fields for photovoltaic plants on 

Corsica Island, France. The ELECTRE outranking approach is a mathematical tool that 

tests comparisons between different alternatives according to several criteria that are 

often controversial (e.g., Roy, 1996; Figuera et al., 2005). This method has a clear view 

of alternatives by eliminating less favorable ones, especially convenient when 

encountering a few criteria with a large number of alternatives in a decision-making 

problem (Pohekar and Ramachandran, 2004).  

2.4. Case Studies on UW campus  

In 2004, STEP (Sustainable Technology Education Project) volunteers successfully 

installed the first ever student-designed PV array in Canada (STEP, 2013). These panels 

are located at Federation (FED) Hall of University of Waterloo (UW). A report prepared 

by Finamore et al. (2002) examined the feasibility of implementing a PV system at FED 

Hall technologically, economically, environmentally and socially. The study evaluated 

the solar panel installation based on literature review, field trips and key informant 

interviews. They consulted several professionals from both within and outside the UW 

community.  

According to the review results, panels placed at a 60° angle with south-facing 

orientation were considered to be optimal (Finamore et al., 2002). DeLoyde (2002) also 

indicated that FED hall roofs have a 45°-tilt angle. The south face of the building, it was 

not shaded by trees or buildings and had enough space for panels. The reason for not 
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selecting the flat/parapet rooftop of FED Hall was because the flat roof required a higher 

weight bearing capacity than sloped roofs due to snow and rain accumulation (Finamore 

et al., 2002). This project did not provide a quantitative assessment of solar power 

potential. Hence, a more reliable evaluation, including incoming solar radiation 

estimation is required.  A photo of the installed solar array on FED Hall is shown in 

Figure 2.5. Unfortunately, after the solar panel installation, monitoring and evaluation of 

the performance and reliability of the panels was not implemented and a lack of 

documentation exists. 

 

Figure 2.5 - Solar panels on the FED Hall rooftop 

Another study addressing feasibility of solar array implementation on UW campus’ 

buildings was undertaken by Buttery et al. (2004), who prepared a report for 

Environment 2 (EV2) of the UW campus. This study applied RETScreen software to 

calculate the energy production of solar panels prior to the installation. Buttery et al. 

(2004) examined different kinds of PV arrays to evaluate the cost and benefits. Similarly, 

they adopted expert interviews to obtain information regarding positioning, and 

installation techniques. In order to maximize quantity of solar energy, Buttery et al. (2004) 

discussed panel tilt based on the location of the study area and the seasonal sun path. In 

the summer time, the ideal panel angle was determined to be 35°, whereas the tilt angle 

increases to 60° in winter. In spring and fall, solar panel should be placed at appropriately 

45°.  

Buttery et al. (2004) indicated that the structure of EV2 roof was designed as an 

inverted roof, meaning that the roof membrane was covered by a layer of sheathing, 
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insulation and ballast (Figure 2.6). This design ensures the security and stabilization of 

solar panels during adverse weather conditions (Buttery et al., 2004). Although this study 

provided a comprehensive report regarding feasibility of PV array installation on the EV2 

rooftop, it did not identify the optimal sites for solar panel placement. 

 

Figure 2.6 - Structural design of an inverted roof (Buttery et al., 2004) 

2.5. Chapter Summary 

Solar energy has a competitive advantage over traditional sources of energy, since it 

provides a sustainable energy supply (Huld et al., 2003). As a result of increasing interest 

in renewable energy sources, determining optimal solar PV installation sites is an 

essential requirement. This chapter reviewed various factors that can be considered 

during the site selection process, as well as quantitative methods for solar panel site 

evaluation and selection. Several factors were compared and their relative importance 

was discussed by presenting previous case studies. 

The relationship between local energy demand and generation capacity provides a 

reference for the size of a PV system. In order to acquire energy-demand information, 

several studies have applied GDP or energy consumption assessments in households, 

industry, transportation, etc., to estimate the demand for energy. PV power is one of the 

energy sources that can help meet energy demand requirements. However, energy 
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generation capacity relies on the PV system’s performance, which is ultimately 

determined by the PV array, inverter and transmission efficiency. PV panel performance 

also depends on the type of PV panel and materials, amount of solar radiation, shadow 

impacts, tilt angle, and orientation. 

The amount of incoming solar irradiance can be estimated using a variety of 

techniques. For example, solar radiation from dispersed observation points can be 

interpolated to generate a continuous solar map by geostatistical techniques that estimate 

solar radiation levels via a variogram or semivariogram associated with interpolation 

methods, such as kriging. Airborne LiDAR point cloud or DEM data with land surface 

elevation information are also commonly used, while considering shadow effects and 

obstacles. In addition, multivariate statistical methods can estimate solar radiation by 

accounting for multiple variables affecting the radiation in artificial intelligence models. 

For the application of geostationary satellite imagery, meteorological factors from 

specific bands, such as visible and infrared bands, can be used to estimate the radiation 

under various sky conditions. 

 To minimize shading effects caused by ambient objects or topographic features, 

ground-mounted PV panels should be placed on flat open spaces, whereas rooftop PV 

panels should be oriented between southwest and southeast in the northern hemisphere. 

Tilt placement can be altered seasonally, and optimal tilt angles are location specific. In 

general, tilt angle equated to approximately the latitude angle (φ) ± ≤15° is suggested to 

maximize solar electricity production. 

The complex and costly process of solar PV site selection involves not only 

technical, economic, and generation considerations, but also environmental factors. From 

an energy generation point of view, the viability of generating electricity at a given site 

needs to be taken into account. Environmental impact of solar energy installations is an 

important concern, since the construction processes can have a significant impact on the 

surrounding environment. Since a variety of factors should be considered in the solar site 

selection process, multicritera analysis (MCA) is a suitable approach for aiding the 

decision-making process. 
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Chapter 3. Research Design 

3.1. Research Goal and Objectives  

The main purpose of the present study is to demonstrate the potential benefits of applying 

spatial analytical techniques to remote sensing data for determining the optimal sites for 

solar panel installation at both micro- and macro-scales. The micro-scale analysis 

considers solar panel installations on building roofs, whereas the macro scale analysis 

considers ground-mounted installations within a municipality region. In the micro-scale 

analysis, optimal location determination is primarily based on the spatial variation of 

incoming solar radiation on a building rooftop surface. Appropriate installation site 

analysis for ground-mounted solar panels will be carried out by multicriteria analysis 

associated with environmental, economic, and system efficiency factors (e.g., proximity 

to transmission lines, land surface slope). In order to evaluate the real-world 

implementation of the proposed methodology, a survey was administered to explore 

commonly used approaches and datasets currently applied by solar companies in Ontario. 

A detailed workflow of the present study is shown in Figure 3.1.    

The objectives of the present study are as follows: 

i. To examine the spatial distribution and amount of solar radiation under both 

clear-sky and overcast conditions; 

ii. To generate a shadow mask and to identify the optimal area for micro-scale site 

selection for rooftop-mounted solar panels; 

iii. To determine optimal sites based on multiple criteria (e.g., restrictions due to 

environmentally friendly regulations) for ground-mounted solar panels and to 

perform an on-site feasibility assessment of potential sites; 

iv. To conduct a questionnaire survey of solar power companies and their 

representatives to collect information regarding current solar panel installation 

practices.  
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Figure 3.1 - Workflow of micro-scale and macro-scale site selection analysis 

3.2. Study Areas 

Site selection in this research study was implemented at both the micro- and macro-scales 

of analysis. For the micro-scale analysis, five buildings on the University of Waterloo 

campus were selected as case studies, including the Physical Activities Complex (PAC), 

Dana Porter (DP) Library, Environment (EV) buildings, FED Hall, and Student Village 

(V) 1. The EV buildings are comprised of EV1 and EV2. EV1 is located on the southwest 

side of campus, while EV2 is connected to the southwest of EV1. V1 is comprised of a 

group of chained buildings located at the northwest side of the campus. These five 

buildings selected for this study have different types of rooftops and building heights. For 

example, the PAC is a building with clean flat rooftops with different heights, except that 

its southern rooftop has an approximately 10° of gradient. The FED Hall has a main 

building with four tilted edges. The EV buildings and the DP Library differ by having 

complex rooftop structures. For example, EV1 has a pyramidal glass roof on one side and 
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a rooftop construction on the other side (Figure 3.3). In terms of the building height, the 

DP Library has ten stories and is the tallest building on the UW campus, as shown in 

Picture B in Figure 3.3.  

 

Figure 3.2 - Five selected buildings on the UW campus for the micro-scale analysis 

 

Figure 3.3 - Pictures of the EV1 and DP Library roofs  
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For the macro-scale analysis, the City of Waterloo was the selected case study, 

encompassing approximately 65 km
2
. The city boundary is marked in Figure 3.4. Land 

use types within the study area include residential, industrial, commercial, agricultural, 

and green areas, as well as open spaces. Natural land cover types consist of lakes, ponds, 

and woodlots among others. In the center of the city, residential buildings and 

commercial stores are highly concentrated, associated with buildings of two university 

campuses. Around the city boundary, land use is primarily comprised of industrial, 

agricultural and residential areas. In terms of city topography, elevation decreases from 

southwest to northeast (Appendix A).  

 

Figure 3.4 - Study area for macro-scale analysis - City of Waterloo. 

The City of Waterloo region has a humid continental climate, with warm summers 

and no dry season (Vector Magic, Inc., n.d.). The temperature typically varies from -10
 

ºC to 26 ºC over the course of a year. The sky is usually cloudiest in the winter and 

clearest in the summer. Wind speeds of this area vary from 0 m/s to 8 m/s, representing a 

calm to moderate breeze, respectively (Vector Magic, Inc., n.d.). The wind speed has a 

similar seasonal pattern to temperature and cloud cover in the city throughout the year. 

The highest average wind speed occurs in winter, whereas the lowest average is in 
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summer. Precipitation in Waterloo is usually in the form of light snow, light rain, and 

moderate rain over the entire year. During the warm season (May 28 - September 20), 

there is a greater chance that precipitation will be observed than in the cold season 

(December 3 - March 10). When precipitation occurs, it is most often in the form of light 

rain, moderate rain, thunderstorms, and heavy rain during the warm season, while it is 

most often in the form of light snow during the cold season (Vector Magic, Inc., n.d.). 

Snowfall in Waterloo usually starts in the middle of October, reaching the highest rates 

around January and February, and ending in April (Vector Magic, Inc., n.d.). As a result 

of its long duration, snow cover may be a challenging issue for maintaining solar panels 

in this area during wintertime. 

3.3. Data  

Datasets used in the present study are summarized in Table 3.1. These include LiDAR 

point cloud and DEM data for solar radiation estimation, high-resolution aerial imagery 

for visual comprehension, and Waterloo zoning data for land cover reference. Other 

datasets include road networks, transmission network, ESA, soil types, pit and quarry 

sites, and water sources as criteria for input into the multi-criteria analysis (MCA) for 

solar panel site selection. 

The 1064 nm LiDAR 3-dimentional point cloud data was collected on March 11
th

, 

2006 by Optech Incorporated. This dataset was collected with an Airborne Laser Terrain 

Mapper (ALTM) instrument based on a specified flightline altitude, aircraft speed, scan 

angle, scan frequency and pulse repetition frequency (PRF). The point cloud has a high 

point density of 1.5 point/m
2
. Since LiDAR data are not widely available for the City of 

Waterloo, DEM data with 10 m spatial resolution obtained from the Grand River 

Conservation Authority (GRCA) (Appendix A) were utilized for solar radiation 

calculations at the macro-scale or regional level. In order to identify buildings and other 

land features, a high-resolution 10 cm orthoimage was used, collected by Northways 

under contract from the Regional Municipality of Waterloo in 2006. Land use and land 

cover information was derived from Waterloo zoning by-law data from 2011, which 

includes information about land use regulations and restrictions, the primary use, location, 
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height and bulk of buildings and infrastructure, and the occupancy of lots within the City 

of Waterloo (Restricted Area Zoning By-Law for the City of Waterloo, 2012). Ontario 

road networks from 2010, transmission network and water source data from 2012 were 

obtained from DMTI Spatial Inc. Environmentally Sensitive Areas (ESA) data were 

considered for environmental protection criteria and obtained from the City of Waterloo 

Municipal Data. To include a proxy of dust risk in the analysis, data about soil type and 

pit/quarry site were acquired from the Ontario Ministry of Agriculture, Food and Rural 

Affairs and the Ministry of Natural Resources (MNR). 

Table 3.1- Summary of datasets used in the research study  

 Data Date 

Production 

Scale Source Data 

Type 

1 LiDAR 2006 1.5 
pt/m

2 
MAD Helpdesk LAS 

2 DEM 2010 10 m GRCA Raster 

3 High-resolution 

orthoimage 

2006 10 cm Regional Municipality of 

Waterloo 

Raster 

4 City boundary 2011 N/A The City of Waterloo 
Municipal Data 

Feature 
class 

5 Waterloo zoning 2011 N/A The City of Waterloo 
Municipal Data 

Feature 
class 

6 Road networks 2010 N/A DMTI Spatial Feature 

class 

7 Transmission network 2012 N/A  DMTI Spatial Feature 

class 

8 Environmentally 

sensitive areas  

2008 N/A 

 

The City of Waterloo 

Municipal Data 

Feature 

class 

9 Soil Type 2007 N/A Ontario Ministry of 

Agriculture, Food and Rural 

Affairs  

Feature 

class 

10 Pit and quarry site 2010 N/A MNR Feature 

class 

11 Water source 2012 N/A DMTI Spatial Feature 

class 
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Chapter 4. Methodology 

To develop a process for solar panel placement site selection, different methods were 

applied for micro- and macro-scale levels of the study. The micro-scale area analysis was 

carried out for building rooftops only, while the macro-scale analysis focused on ground-

mounted solar panel installations on vacant lands or lands earmarked for retrofitting. First, 

data preprocessing, such as solar radiation estimation and re-projecting, was conducted. 

Monthly- and yearly-accumulated solar radiation maps were generated to assist site 

selection at both micro and macro scales. A multicriteria analysis (MCA) approach was 

adopted at the macro-scale level. The present study also administered a questionnaire 

survey to collect information about current solar panel installation practices in solar 

power companies in Ontario. Details about the adopted methodology for this thesis are 

further described in the following sections. 

4.1. Data Processing  

Incoming solar radiation amounts, considering shadow effects, provide the main indicator 

of solar energy supply or inputs in the present study. The output products at both micro- 

and macro-scales of the study were monthly- and yearly-accumulated radiation maps that 

could be subsequently used for site selection for solar panel installation. At the macro-

scale level, technical, economical, and environmental constraints were considered in the 

analysis. However, before applying the MCA methodology, it was necessary to select, 

process, and scale the criteria datasets in order to compare them using a GIS. 

4.1.1. Solar Radiation Maps 

The spatial variability of solar radiation at the regional or landscape scale is mainly 

determined by the topography characteristics of the surface (Gastli et al., 2010). In 

contrast at the building rooftop scale, the spatial variability is primarily due to surface 

objects and building structure. In both cases, solar radiation analysis tools in ArcGIS 

software enable solar radiation in a geographic area to be mapped for specific time 

periods using high- resolution elevation data (Gastli et al., 2010). The generated solar 

map takes into account alterations in the azimuth and position of the sun, as well as 
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shading effects due to surface objects or topography in the input elevation data (Chaves 

and Bahill, 2010). In general, the path of incoming solar radiation is modified while 

travelling through the atmosphere and further affected by the Earth’s surface, classified 

as scattered (reflected), diffuse and/or direct radiation (e.g., Gastli et al., 2010; Sen, 2008; 

Suri and Hofierka, 2004). The sum of these three components forms the global radiation 

balance (e.g., Gastli et al., 2010; Suri and Hofierka, 2004). Specifically, direct radiation is 

the principal component of total radiation, whereas reflected radiation is the smallest 

component (e.g., Suri and Hofierka, 2004). The solar radiation analyst tools in ArcGIS 

exclude reflected radiation from the total radiation calculation (Gastli et al., 2010). 

Therefore, the total radiation is obtained as the sum of the direct and diffuse radiation.  

For the micro-scale analysis, elevation information from LiDAR point clouds were 

used to model irradiance. The first-return LiDAR points were interpolated with a spatial 

resolution of 0.5 meters based on linear interpolation using the ENVI software package.  

Compared to the bare-earth surface elevation, which is typically represented by digital 

terrain models (DTMs), the elevation of the first-return data includes features above the 

bare earth. Therefore, using first-return data to derive incoming solar radiation 

information will include effects of land surface features. For the macro-scale area, 

considering the availability of LiDAR points and data processing efficiency, a 10 m 

resolution DEM was used for the irradiance calculation. This DEM accounts for the 

elevation of the bare earth. Both annual and monthly global solar radiation was calculated 

for the areas of interest in this study. 

The radiation model in ArcGIS calculates “insolation across a landscape or for 

specific locations, based on methods from the hemispherical viewshed algorithm 

developed by Rich et al. (Rich 1990, Rich et al. 1994) and further developed by Fu and 

Rich (2000, 2002)” (ESRI, 2012a, par. 1). Specifically, the model first calculates an 

upward-looking hemispherical viewshed based on topography from an input DEM. The 

viewshed represents the entire sky that is visible and/or obstructed by surrounding surface 

features and topography when looking up in all direction from a particular location. 

Figure 4.1 (B) is an upward-looking hemispherical photograph. It provides a view of the 

visible sky (depicted in white in Figure 4.1 (A)) and the sky directions obstructed by the 
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surrounding surface features and topography (depicted in grey in Figure 4.1 (A)). The 

viewshed calculation is implemented by “searching in a specified number of directions 

around a location of interest and determining the maximum angle of sky obstruction, or 

horizon angle” (ESRI, 2012b, par. 6). Interpolation of horizon angles is then undertaken 

for all other unsearched directions. After this, horizon angles are converted to a 

hemispherical coordinate system. 

 

Figure 4.1 - A: Viewshed map with white for the view of visible sky and grey for the obstructed sky 

direction; B: An upward-looking hemispherical photograph (ESRI, 2012b) 

A sun map representing solar positions (or sun tracks) for particular time periods, 

and a sky map showing a hemispherical view of the entire sky are then calculated. The 

sun map is composed of discrete sun map sectors defined by the sun’s position at 

particular intervals during specific time periods. Figure 4.2 (A) shows a sun map for 39ºN 

latitude calculated from the winter solstice (December 21) to summer solstice (June 21). 

Each sun sector (colored box) represents the sun's position with 0.5-hour intervals 

through the day and monthly intervals through the year (Fu and Rich, 2000). For each sun 

sector, the associated time duration, the azimuth and zenith at its centroid are calculated. 

As a result of atmospheric scattering, diffuse radiation originates from all sky 

directions. To calculate diffuse radiation for a particular location, a sky map is created 

with a series of sky sectors defined by zenith and azimuth angles to show a hemispherical 
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view of the entire sky (ESRI, 2012b). Figure 4.2 (B) shows a sky map with sky sectors 

defined by 16 zenith divisions and 16 azimuth divisions. Each color represents a sky 

sector, from which diffuse radiation originates (Fu and Rich, 2000).  

 

Figure 4.2 - A: Sun map for Winter Solstice to Summer Solstice; B: A skymap with sky sectors defined by 

16 zenith divisions and 16 azimuth divisions (Fu and Rich, 2000). 

This model calculates global solar radiation (RGlo) by adding direct (Rdir) and diffuse 

(Rdif) radiation. The direct radiation and diffuse radiation are then calculated by 

overlaying the viewshed on the direct sun maps and the sky maps respectively for each 

sky direction. This process is iterated for every location of interest to produce the final 

insolation map. The steps for using a DEM data to calculate solar radiation using ArcGIS 

are summarized in the following workflow (Figure 4.3). 
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Figure 4.3 - Steps of solar radiation calculation on a DEM in ArcGIS (Gastli and Charabi, 2010a) 

The total direct solar radiation for a given location can be obtained by the summation 

of the direct insolation (Idir) from all sun map sectors. This radiation can be 

mathematically calculated by: 

Rdir =       =                                                             (1) 

where Sconst is the solar flux outside the atmosphere at the mean earth-sun distance known 

as the solar constant. Its value used in the analysis is 1,367 W/m
2
, which is consistent 

with the World Radiation Center solar constant. β is the average transmissivity of the 

atmosphere over all wavelengths for the shortest path. m(θ) is the relative optical path 

length (see equation (2)). Tθ,α is the time duration represented by the sky sector and equal 

to the day interval multiplied by the hour interval, while for near the horizon sector, the 

duration is obtained using spherical geometry. Gapθ,α is the gap fraction for the sun map 

sector, and Iθ,α is the angle of incidence between the centroid of the sky sector and axis 

normal to the surface (see equation (3)) (ESRI, 2012a). When the solar zenith angle θ is 

less than 80
o
, the relative optical path length m(θ) can be determined by: 

m(θ) = EXP(-0.000118 * H - 1.638*10-9 * H
2
) / cos(θ)                          (2) 
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where H is the elevation above sea level in meters. The effect of surface orientation is 

considered by multiplying by the cosine of the angle of incidence (ESRI, 2012a). The 

angle of incidence (Iθ,α) is calculated using the following equation: 

 Iθ,α = acos( cos(θ) * cos(Gz) + sin(θ) * sin(Gz) * cos(α-Ga) )                     (3) 

where Gz is the surface zenith angle and Ga is the surface azimuth angle. 

Total diffuse solar radiation for the location (Rdif) is calculated as the sum of the 

diffuse solar radiation (Idif), which is integrated over the time interval, and corrected by 

the gap fraction and angle of incidence using the following equation: 

 Rdif  =        = Rglb * Pdif * Tdur * SkyGapθ,α * Wθ,α * cos(Iθ,α)                   (4) 

where Rglb is the global normal radiation (see equation 6 below), Pdif  is the proportion of 

global normal radiation flux that is diffused. Typically, it is approximately 0.2 for very 

clear sky conditions, 0.3 for generally clear sky conditions, and 0.7 for very cloudy sky 

conditions (Fu and Rich, 2000). Tdur is the time interval for analysis. SkyGapθ,α is the gap 

fraction (proportion of visible sky) for the sky sector, and Wθ,α is the proportion of diffuse 

radiation originating in a given sky sector relative to all sectors (see equations 6 and 7 

below). Iθ,α is the angle of incidence between the centroid of the sky sector and the 

intercepting surface (equation (3)) (ESRI, 2012a). The global normal radiation (Rglb) can 

be achieved by adding the direct radiation from every sky sector without correction for 

angle of incidence, and then correcting for proportion of direct radiation (ESRI, 2012a). It 

can be obtained by: 

 Rglb = (SConst Σ(βm(θ))) / (1 - Pdif)                                           (5) 

For the uniform sky diffuse model, Wθ,α is calculated as follows: 

 Wθ,α = (cosθ2- cosθ1) / Dazi                                                 (6) 

where θ1 and θ2 are the bounding zenith angles of the sky sector, and Dazi is the number 

of azimuthal divisions in the sky map. For the standard overcast sky model, Wθ,α is 

calculated as follows: 

 Wθ,α = (2cosθ2 + cos2θ2 - 2cosθ1 - cos2θ1) / 4 * Dazi                        (7) 
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Solar radiation maps of the present study under clear-sky and overcast conditions 

were generated from the first-return LiDAR data (micro-scale) or georeferenced DEM 

(macro-scale) specifying Waterloo’s latitude of 43º by using the solar radiation 

calculation tool. Since the amount of solar radiance is an accumulated output, time 

interval in the calculation needs to be determined. Therefore, solar radiation estimates 

with seven-day and one-day interval settings, as well as one-hour and half-hour settings 

were compared for sensitivity analysis. The test results did not show apparent differences. 

In this case, by maintaining a reasonable processing time, time interval for the monthly 

irradiance was set hourly per week. The yearly calculation was set with time interval of 

hourly per month. The year setting for time configuration in this model is used to 

determine the leap year. It does not have any other influence on the solar radiation 

estimation (ESRI, 2011). In this study, 2011 was set as the input year, and the yearly 

accumulated solar radiation maps were generated for 365 days.  

Furthermore, sunlight has high transmissivity through the atmosphere and only a 

small proportion is diffused in clear-sky conditions. According to Fu and Rich (2000), the 

transmissivity parameter has an inverse relationship with the diffuse proportion. Before 

defining the values of these two parameters, an experiment using EV buildings as an 

example to test the impact of these two parameters on the output radiation was conducted. 

According to the calculated one-year solar radiation by different combinations of these 

two parameters (in Appendix B), the maximum and minimum radiation shows a 

significant pattern. For example, when the diffuse proportion stays the same but the 

transmissivity value increases, the estimated radiation increases, and vice versa. These 

combinations reflect radiation changes under different weather conditions. According to 

ESRI (2011), typical observed values of diffuse proportion and transmissivity for a clear 

sky are 0.3 and 0.5, respectively. For very clear sky conditions, the diffuse proportion is 

0.2 and transmissivity is 0.6 or 0.7 (ESRI, 2011). The present study used a transmissivity 

of 0.7 and diffused proportion of 0.3 in the calculation for clear sky conditions. In 

contrast, overcast conditions have low transmissivity and high diffused rates. A 

transmissivity of 0.3 and diffused proportion of 0.7 were adopted for overcast conditions. 

Since solar radiation varies under different types of weather conditions, the clear-sky 

radiation was then compared with the radiation output under overcast conditions.  
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4.1.2. Other Datasets 

In addition to the solar radiation maps, other datasets were clipped to either the UW 

campus or the City of Waterloo boundaries, and re-projected to a Universal Transverse 

Mercator (UTM) coordinate system. Since in the macro-scale analysis, information about 

land use accessibility could not be obtained directly, land accessibility was based on the 

Waterloo zoning by-law data from the City of Waterloo Municipal Data was conducted. 

The Waterloo zoning by-law data contains information about potential/current land use 

types for each predefined zone. It also shows usage regulations and restrictions. Zones 

unrestricted by buildings were selected as potentially accessible lands, including green 

zones and agricultural lands. Suburban areas were also considered to be accessible. 

Furthermore, slope and aspect information used in the present study was obtained based 

on a DEM processed using ArcGIS software. All the criteria layers used in the macro-

scale analysis were generated with a 10-m spatial resolution. 

4.2. Micro-scale Analysis 

In the present study, micro-scale installation refers to solar panel placement on building 

rooftops. Essentially, factors taken into account should ensure efficacy of energy 

generation with a long-term viability. First, shadow effects caused by surrounding trees 

and objects on the rooftop have a direct impact on the output of solar panel. Second, 

orientation and tilt of solar panels in different seasons and at various time periods within 

a day can also influence solar power generation. This section focuses on how the micro-

scale site selection was carried out, while considering ambient environment shadow 

effects. 

As mentioned in Section 4.1.1, the solar radiation model involves considering of 

shading effects caused by buildings, slope, and other surface objects. According to the 

monthly- and yearly-accumulated solar radiation maps, areas impacted by shadow show 

significantly different incoming radiation levels compared to those fully exposed to 

sunlight. Therefore, histograms of solar radiation values of each building of interest were 

used to differentiate and categorize the shaded and unshaded areas. According to an 

example of histogram of a rooftop solar radiation map shown in Figure 4.4, pixels 
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aggregated on the right side of the solar radiation value axis are identified as unshaded 

areas, whereas pixels with small solar radiation values shown on the left side of the 

radiation axis are completely shaded areas. Since areas obscured by shadows are time 

specific, their accumulated solar radiation amounts are various, which leads to a valley as 

shown in Figure 4.4. In this study, a low valley closed to the peak of shaded pixels was 

used as a threshold (T) for separating the shaded and unshaded areas.  

 

Figure 4.4 - An example of a histogram of a roof solar radiation map 

After obtaining the monthly shaded/unshaded maps, a shadow mask based on the 

probability of shadow present over a year was then created. The probability of shadow 

presenting (P) throughout one year was calculated as follows: 

P = (T1 + T2 + …+ T12) / 12 × 100%                                    (8) 

where Ti is the radiation threshold for each month indicating shadow presence and 

absence. This results in a total of 12 output (i.e., 
 

  
, 

 

  
, …, 

  

  
), which is difficult to 

consider in decision-making for site selection. Therefore, the shadow presenting 

probabilities were divided into four classes. Areas with 0% to 25% probabilities were 

considered as non-shaded areas, 25% to 50% were seldom shaded areas, 50% to 75% 

were almost shaded areas, and 75% to 100% were completely shaded areas. According to 

the shadow mask and the radiation maps, small discrete areas were excluded, whereas 

areas with large or sufficient space for solar panel placement were highlighted and 
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considered as potential sites. Areas that fit one industry-standard c-Si PV module
1
 were 

considered to have sufficient space available for installing solar panels. It was then 

possible to calculate the total electricity output, if the electricity conversion factor was 

known.  

4.3. Macro-scale Analysis 

Apart from rooftop installations, solar panels can also be mounted on the ground for 

commercial, residential, or industrial applications. For the proposed ground-mounted 

panel installations in this thesis (i.e., macro-scale level analysis), a range of criteria 

related to study area characteristics were considered. An MCA approach was adopted due 

to the numerous criteria involved in the decision-making process. As shown in Figure 4.5, 

the first step of the analysis was to determine which factors should be included. 

Considering that each factor has different levels of importance or degrees of impact on 

the site selection process, each factor was given different weights based on its importance 

to the study area. The Analytical Hierarchy Process (AHP) was employed for assigning 

weights due to the numerous factors involved. The close adjacency of both sites to 

residential areas may raise several concerns. For example, the aesthetics and reflectivity 

of sunlight from the PV farms could be problematic to the surrounding residential 

community. For PV farms, positioning near high population density areas may incur 

vandalism. Therefore, after the MCA, a buffering procedure of residential areas was 

implemented to exclude immediate boundary areas. Areas were then ranked by their 

scores, ranging from 0 to around 0.8. The higher score the more suitable. This study 

considered areas with scores of greater than 0.6 as priority sites for solar panel 

installation, since most criteria were considered by those areas. In order to select optimal 

sites for large-scale solar PV installation, small sized selected sites with less than 1 acre
2
 

were filtered out. Finally, on-site inspection or ground truth data collection were 

performed to evaluate the final site selection and to view conditions on the ground. 

                                                        
1
 According to IRENA (2012), c-Si module size ranges from 1.4 m

2
 to 2.5 m

2
. This study used the 

minimum size 1.4 m
2
 as a minimum area that is required for solar panel installation. 

2
 1 acre was adopted as the smallest dimension of a PV power station in this study. 
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Figure 4.5 - Analytical procedure of the macro-scale analysis 

4.3.1. Multicriteria Analysis 

Although residential areas have mostly concentrated on rooftop solar panel installations, 

due to the increasing demands for renewable energy, ground-mounted solar panels on 

nearby vacant lands have become an additional source of capturing solar energy.  Many 

regions have begun to implement so-called PV solar farms or solar power plants in their 

regions based on their potential for high energy capacity and returns. In comparison to 

micro-scale roof installations, the macro-scale ground mounting installation requires 

consideration of more factors in the site selection process, including environmental 

impacts and protection regulations. In this study, the main objective of the macro-scale 

site selection is to apply MCA to determine potential sites of solar installation within the 

City of Waterloo.  

The analytical hierarchy process (AHP) method was adopted as a multicriteria 

decision-making tool in this study. The AHP is a robust structured approach dealing with 

complex decisions (Gastli and Charabi, 2010b), with ability to mix qualitative and 

quantitative criteria in the same decision framework (Pohekar and Ramachandran, 2004). 

The AHP method builds on a pair-wise comparison model for determining the weight of 

each criterion (Wang et al., 2009). It was proposed primarily by Saaty (Saaty, 1980). As 
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shown in Figure 4.6, the nature of the process is the decomposition of a complex problem 

into a hierarchy with the goal at the top of the hierarchy. Criteria and sub-criteria are at 

levels and sub-levels of the hierarchy. Criteria considered in the present study were 

grouped into three categories: (a) generation efficiency, (b) economic, and (c) 

environmental factors (Figure 4.7), which sometimes interact with each other. Among the 

criteria, only generation efficiency and economic factors were compared and analyzed in 

the AHP. 

 

Figure 4.6 - Schematic diagram of analytical hierarchy process (AHP) 

 

Figure 4.7 - Hierarchy structure of multiple criteria used in the multicriteria analysis 

For energy generation efficiency, incoming solar radiation is the most important 

consideration. Shadow effects due to aspect and slope were also taken into account. Since 
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PV performance can be affected by the increasing temperature of PV cells and dust cover, 

accessibility to water resources for cooling and cleaning was considered but with less 

relative importance. In addition, PV panel performance can be influenced by dust risk 

from adjacent pit/quarry sites or roads. Distance to road network was determined by 

considering the road density of the city. Areas covered by sandy soil were avoided in the 

site selection process for reducing dust risk.  

 Economic factors were considered in the site selection process. For example, areas 

should be accessible to roads for the ease of construction. In addition, PV farm should be 

constructed close to electricity transmission lines to reduce energy loss and transmission 

costs. In this study, proximity to transmission lines was deemed to be more important 

than distance to road networks. 

From an environmental perspective, solar panels should avoid environmentally 

sensitive areas (ESA) and water bodies. Solar panels should also be installed in locations 

that are difficult to be accessed by residents or passersby to decrease the probability of 

vandalism or deliberate damage. Overall, eleven evaluation criteria were incorporated in 

the site selection process, which collectively addressed energy, economic, ecological, and 

land use concerns. Each criterion is described in Table 4.1. 

Table 4.1- Criteria used in the MCA with corresponding standards/restrictions 

ID Criterion Standards and restrictions 

C1 Slope Slope < some slope limit (< 4%) 

C2 Aspect Southeast to southwest facing orientation only 

C3 Solar radiation The higher incoming solar radiation the better  (>= 1.15 

MWh/m
2
/yr) 

C4 Water source Not too far to water sources (=< 200 m) but not water bodies 

C5 Road networks Farther away from certain distance of major roads (>= 10 m) 

C6 Transmission lines Within certain distance of transmission lines (=< 1 km) 

C7 ESA Not on ESA 

C8 Pit & quarry site  Within certain distance of pit and quarry site (>= 50 m) 

C9 Sand content No more than 50% content 

C10 Land suitability Not on reserved or in-use areas 

C11 Residential area Not adjacent to residential areas (>= 100 m) 
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To meet the criteria shown in Table 4.1 above, Boolean and fuzzy set membership 

functions were applied. Boolean function reclassifies input data into 0 or 1 with Boolean 

logic (False or True). Fuzzy membership functions transform input data to a 0 to 1 scale 

based on the possibility of being a member of a specified set (ESRI, 2012c). More 

specifically, input values that are definitely a member of the specified set are assigned 

with 1, while values that are definitely not a member of the specified set are assigned 

with 0 (ESRI, 2012c). The entire range of possibilities between 0 and 1 are assigned to 

some level of possible membership - the larger the number, the greater the possibility 

(ESRI, 2012c). For example, it was desirable for a solar panel installation site to be 

located in close proximity to water source yet not located directly on top of water. In 

other words, distance to water source should be less than a minimum set distance, while 

distances greater than a minimum set distance are completely unsuitable. Since a 

potential site should not be located directly on a water body, a distance equal to 0 is 

considered to be unsuitable. The schematic diagram of this type of fuzzy linear 

membership function is shown in Figure 4.8. Models of all criteria built and implemented 

in ArcGIS Model Builder are shown in Appendix C. 

 

Figure 4.8 - An example of fuzzy membership function – a negative slope linear transformation 

After determining the criteria, elements at a given level are compared in pairs to 

assess their relative importance to each other (Aragonés-Beltrán, 2010; Saaty, 1980; 

Kahraman and Kaya, 2010). The relative importance can be scaled as seen in Figure 4.9. 

Weights that emphasize the relative importance of one criterion to another are often 

determined by stakeholders, research specialists, managers, or interest groups to improve 

the decision-making process (Janke, 2010). This study determined the weights based on 

previous studies and fact of the study area. To elicit pair-wise comparisons performed at 
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a given level, a reciprocal matrix A (where the number of rows and columns is defined by 

the number of criteria), is created by putting the result of the pair-wise comparison of 

element i with element j into the position ɑji as shown below: 

   

      

      

    

    

  
      

  
    

                                                     (9) 

Subsequently, a priority vector (also eigenvector) was computed to establish weights (wj), 

(i.e., the normalized principal priorities). The procedure consists of two steps: (1) to raise 

the matrix to a power; and (2) to sum and normalize the row. This process must be 

iterated until the eigenvector solution does not change from the previous iteration. These 

weights are a quantitative measure of the consistency of the value judgments between 

pairs of factors (Carrion et al., 2007; Saaty, 2003).  

 

Figure 4.9 - Relative importance of one criterion over another in criteria pairwise comparison 

After obtaining the eigenvector, it is multiplied with the weight coefficient of the 

element at a higher level (that was used as a criterion for pair wise comparisons). The 

procedure is repeated upward for each level, until the top of the hierarchy is reached. The 

overall weight coefficient, with respect to the goal for each decision alternative is then 

obtained. The alternative with the highest weight coefficient value should be taken as the 

best alternative (Pohekar and Ramachandran, 2004).  

In this study, as shown in Figure 4.7, three types of factors were taken into account. 

Since the environmental criteria were factors that must be considered due to 

environmental regulations, they were excluded in the criteria comparison.  In other words, 

ESA and water bodies were strictly avoided. In addition, land use was considered in that 

potential sites were not to be situated directly next to residential housing. Therefore, only 

criteria of efficiency and economy were compared and assigned weights. In the present 

study, efficiency is considered to be moderately more important than economy (e.g., 
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Aragonés-Beltrán, 2010; Chen et al., 2010). Among the efficiency and economic factors, 

solar radiation availability, transmission lines proximity, and shadow effect reduction are 

considered to be the most important. By altering the values of factor weights but retaining 

their relative importance, the sensitivity of the alternatives’ ranking with respect to 

changes in efficiency and economic variables was evaluated. In particular, a criterion in 

the reciprocal matrix was selected as the candidate to be examined, and then assigned a 

scale of weights showing different levels of importance. This study selected major 

criteria into the sensitivity analysis. Slope was compared to aspect or solar radiation 

potential
1
 with a weight ranging from 1/6 to 1/2, and distance to transmission lines was 

compared to distance to roads from 2 to 6.  For the higher level, efficiency was compared 

to economic criteria by assigning weights from 2 to 4. The resultant maps were then 

analyzed based on locations and sizes of the highly ranked sites. 

Since solar availability directly determines energy generation potential, and aspect 

determines the amount of irradiance received by a solar panel surface. Therefore, in this 

study, amount of irradiance received and aspect were considered to be the most important 

criteria with equal weights. Flat topography is considered to be less important, since the 

receiving solar radiation flux is mainly affected by solar panel tilt. Dust risk was 

considered as a minor factor affecting PV system performance, since dust on solar panels 

can be washed off by rainfall. Therefore, dust risk factors (i.e., distance to quarry site and 

not on sandy soil) were weighted equally but less than slope, aspect, and solar radiation. 

Proximity to water sources for panel cleaning was considered to be the least important 

factor impacting efficiency. From an economic perspective, proximity to the existing grid 

was deemed to be more important than proximity to the road networks (Charabi and 

Gastli, 2011). The matrices and calculated weights are shown from Table 4.2 to Table 4.4. 

 

 

  

                                                        
1 In this study, topographic aspect and solar radiation potential were treated equally.  
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Table 4.2 – High level criteria ranking 

Higher level 
Efficiency Economic 

Weight 

(Eigenvector) 

Efficiency 1 3 75% 

Economic   1 25% 

Table 4.3 - First level criteria ranking (economic constraints) 

 

Table 4.4 - First level criteria ranking (factors of efficiency) 

 

4.3.2. On-site Feasibility Assessment 

Since the datasets employed in this study may be over-generalized or not be up to date, it 

was necessary to perform an on-site assessment or verification of identified sites from the 

MCA analysis. Consequently, selected potential sites were evaluated by site visit to 

collect ground truth observations, including land use changes and topography. For 

example, residential areas may have expanded rapidly in recent years and encroached on 

selected sites. The location of transmission lines and roads were also verified during the 

on-site assessment. 

Economic  

Distance to 

Roads 

Distance to 

transmission lines  
Weight 

(Eigenvector) Final weight 

Distance to Roads 1 1/6 14.29% 3.6% 

Distance to transmission 
lines    1 85.71% 21.4% 

Efficiency Slope Aspect Solar 
radiation 

Distance 
to water  

Distance 
to quarry 

site 

Sandy 
soil 

Weight 

(Eigen-

vector) 

Final 

weight 

Slope 1 1/2 1/2 5 3 3 18.46% 13.8% 

Aspect  1 1 6 4 4 29.76% 22.3% 

Solar 
radiation    1 9 5 5 33.99% 25.5% 

Distance to 

water       1 1/2 1/2 3.85% 2.9% 

Distance to 

quarry site     1 1 6.97% 5.2% 

Sandy soil      1 6.97% 5.2% 
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4.4. Survey 

For the purpose of investigating how these companies determined an optimal site for 

solar panel installation, as well as gauging maintenance practices after installation, a 

survey was designed with a focus on both ground-mounted and roof-mounted solar panel 

installation site selection. Participants in the survey could be technicians or employers 

with knowledge of solar panel installation site selection. These companies were 

considered to be qualified by providing solar panel installation to their customer, or else 

having specialists with installation knowledge. Twenty Ontario solar companies were 

selected and invited to participate in the survey. Company selection was not restricted by 

company size, and companies included both panel manufacturers and installers.  

The survey was implemented in the form of a questionnaire, and included 7 open 

questions, which are shown in Appendix D. At the beginning of the questionnaire, 

participants were asked to provide background information about their company. The 

following sections asked respondents questions regarding factors and data considered by 

the company when assessing potential sites for solar panel installation. Participants were 

asked to rank a list of factors based on their relative importance to the site selection 

process. The factors provided were efficiency of energy generation, economical/budget 

considerations, and environmental considerations. In addition, companies were asked 

about the challenges often encountered during the solar panel installation process. The 

surveyed companies were also asked to provide information about maintenance services 

provided after installation. Last, a question related to different factors considered in a 

grid-connected solar system and a stand-alone system was included at the end of the 

questionnaire.        

During the survey implementation, invitations were first sent to twenty solar 

companies in Ontario via email. A reminder e-mail was distributed one week after the 

invitation. In the end, three companies responded to the survey by answering most of the 

questions (15% response rate). Analysis of survey responses included comparing types of 

customers that companies worked with, considerations and concerns involved in the 

installation site selection process, and the importance of such factors in project 
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implementation. In addition, challenges that the companies encountered when installing 

solar panels correctly were discussed. After obtaining findings from comparison of solar 

companies, factors considered or excluded in solar panel installation site selection by 

solar companies compared to this study were identified and discussed. When possible, 

survey results were used to better inform the thesis research and to tweak weighting 

criteria to further improve site selection results.  
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Chapter 5. Results and Analysis 

5.1. Micro-scale Analysis 

As mentioned in sections 3.2 and 4.2, five buildings on the UW campus were selected for 

the micro-scale level of analysis. First, monthly- and yearly-accumulated solar radiation 

maps of the building rooftops were generated to obtain spatial information about solar 

radiation availability. Second, standard deviation maps of solar radiation were calculated 

to show the temporal variation of solar radiation across a year. Last, shadow maps were 

produced from solar radiation maps to identify areas potentially affected by shadows 

from surrounding structures or obstructions. 

Before the site suitability analysis was conducted, solar radiation estimates under 

clear-sky and overcast conditions were compared. Figure 5.1 shows an example of one-

year accumulated solar radiation maps of EV buildings under two types of sky conditions 

with standardized and uniform legends. Areas exposed to the sun receive greater amounts 

of incoming solar radiation under clear-sky conditions than under the overcast scenario. 

Therefore, the maximum solar radiation of clear-sky conditions (about 1,300 KWh/m
2
) is 

much greater over a year than under overcast conditions (about 1100 KWh/m
2
). Since 

similar spatial patterns under both conditions were observed as shown in the two maps in 

Figure 5.1, this study used incoming solar radiation under clear-sky conditions for solar 

radiation spatial pattern analysis. 
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Figure 5.1 - Solar radiation map under clear-sky and overcast conditions 

5.1.1. Physical Activities Complex  

In Figure 5.2, monthly-accumulated solar radiation distribution maps of the PAC building 

rooftop throughout the year are shown with standardized and uniform legends. According 

to the maps, the seasonal variation of radiation values can be observed. January and 

December show the least amount of solar radiation received, while June and July 

received the greatest levels of solar radiation. Roof corners and edges that are completely 

shaded throughout the year were evident. In each monthly map, the southern, northern, 

eastern and main rooftops (labeled in Figure 5.6) receive more solar radiation than other 

rooftops. In order to explore the detailed spatial variation of solar radiation for each 

month, different legend ranges were adopted with red areas indicating the greatest 

amounts of solar radiation received, while green areas represent shadow areas with the 

least incoming solar radiation. Figure 5.3 shows the monthly maps with map legends 

displaying different ranges of radiation values. Maximum radiation values in each month 

show that the radiation values in October, November, December, January, February, and 

March are much lower than during the rest of the year.  



 

 

54 

 

Figure 5.2 - Monthly solar radiation maps of the Physical Activities Complex (PAC) Building with 

standardized legends 

In Figure 5.3, it is apparent that edges and corners of the rooftops receive less 

insolation than the roof center areas throughout the year. Comparing the lower eastern 

and western rooftops (labeled in Figure 5.6), it was noticeable that the eastern rooftop 

receives more solar radiation than the western, especially during the winter months. The 

PAC rooftops with higher elevation show greater insolation received than rooftops with 

lower elevation, since the taller roof shadows surrounding nearby areas, especially when 

the angle of incidence decreases. This pattern can be easily noticed from the northern 

lower rooftop, which is constantly shaded by the main rooftop. However, there is an 

exception for the lower rooftop of the southern side of the building (namely the southern 

rooftop), which has an approximately 10° slope with a south orientation. Due to the 

building’s latitude, this rooftop is not blocked by the taller roof on the northern side 

(namely the main rooftop) and hence, not obscured by shadow effects. During summer 

months, the sun’s rays reach the ground at a more perpendicular angle in the northern 
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hemisphere than in other seasons, and the insolation amount is higher overall. The main 

rooftop receives the greatest amount of insolation in June and July, while the southern 

rooftop tends to receive the greatest insolation, except in June and July due to the 

increased solar incidence angle in summer. 

 

Figure 5.3 - Monthly solar radiation maps of the Physical Activities Complex (PAC) Building with 

different individual legends 

Figure 5.4 (A) shows a one-year accumulated solar radiation map of the PAC 

building under clear-sky conditions. In order to better interpret the one-year accumulated 

solar radiation map, as well as the monthly-accumulated maps, a standard deviation map 

providing information about how much variation exists in average incoming solar 

radiation is shown in Figure 5.4 (B). Overall, the standard deviation values are high, since 

solar radiation varies widely seasonally.  

In Figure 5.4 (A), areas with the highest accumulated insolation amount through the 

entire year are displayed in red, while the lowest are in green. Specifically, the southern 
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rooftop receives the most accumulated solar radiation (around 1300 kWh/m
2
/yr). As 

mentioned above, the southern rooftop consistently receives the highest amount of 

incoming solar radiation; therefore, it shows a very low standard deviation. The standard 

deviation of the southern rooftop compared to its yearly average radiation is 

approximately 51,175 WH/m
2
 to 52,924 WH/m

2
. Area receiving the second highest 

amount of insolation over a year is the main rooftop. However, according to the monthly 

maps and the standard deviation map, the amount of solar radiation that strikes the main 

rooftop varies greatly within one year. Due to the higher height of the main rooftop, a 

significant shading effect is caused along the northern lower rooftop and northern rooftop 

below. The northern rooftop obtains less accumulated insolation compared to rooftops 

located in the south. The south-most part of the northern rooftop, displayed in red in 

Figure 5.4 (B), shows the highest variation in one year because shadows caused by taller 

buildings vary according to seasonal changes in solar angle. The deviation of this part is 

about 58,171 WH/m
2
 to 64,557 WH/m

2
. Areas consistently shaded throughout the year, 

such as roof corners and roof edges, show the lowest standard deviation. 

 

Figure 5.4 - A: One year accumulated solar radiation map of the PAC building; B: Standard deviation of 

solar radiation of the PAC building. 

A shadow mask map of the PAC building was produced and shown in Figure 5.5 (A), 

which shows areas covered by shadow versus areas exposed to the sun. According to the 

shadow map, there are about 4000 m
2
 of the rooftop areas that are free of shadow effects 

throughout the year, while the overall rooftop area is almost 7000 m
2
. 

 
Pixels in light grey 
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on the northern rooftop have an 8.3% probability of being shaded, indicating a one-month 

probability. It appears that potential shadow effects are caused by trees close to the PAC 

building in December. 4.4% of the PAC rooftop area has shadow probabilities of 16.7% 

and 25%, and these areas are almost located at the roof edges. Probabilities greater than 

25% indicate that areas have more than one season of probability to be blocked from the 

sun.  

In the classified map (Figure 5.5 (B)), areas shown in white are the non-shaded areas. 

In contrast, areas in black mean that the probability of shadow covering those areas is 

greater than 75%, indicating that throughout the year over nine months those areas are 

influenced by shadow effects. Such areas are considered to be completely shaded, and 

should be avoided for solar panel installation. Areas having 50% to 75% of shadow risks 

are almost shaded areas, indicating that the areas are shaded more than half of a year. By 

comparing the shadow mask of the PAC building to its yearly-accumulated solar 

radiation map, it was verified that areas with high shadow risks do indeed receive much 

less solar radiation than other areas. Areas classified as unshaded areas are considered as 

optimal installation places in the present study.  

 

Figure 5.5 - Shadow masks of the PAC building. A: Unclassified shadow mask; B: Classified shadow 

mask. 
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Since dimension and shape of the site should be taken into account when 

considering suitable installation sites, a minimum area of 1.4 m
2
 were used to screen 

appropriate areas for solar panel installation. As a result, roof corners and small discrete 

shapes may be excluded. In Figure 5.6, areas with less than 25% probability of shading 

effects are highlighted. The overall dimension of these areas is about 3,705 m
2
. 

Associated with the annual solar radiation map, the yearly average radiation output is 

about 1,162.9 kWh/m
2
, while the minimum yearly output is 1,023 kWh/m

2
. If the future 

installed panels have a conversion efficiency of 15%, which is an average efficiency for 

typical solar panels (e.g., Bielinskas, 2012), the average annual electricity output would 

be 174.4 kWh/m
2
.  

 

Figure 5.6 - Areas on the PAC building rooftop with less than 25% of shadow risks overlaid on an 

orthoimage 

5.1.2. Environment Buildings  

The second case study includes two adjacent buildings of the Faculty of Environment 

Building. From the monthly average solar radiation maps with standardized legends in 

Figure 5.7, seasonal variation of solar radiation is shown. Figure 5.8 shows the monthly 

maps with different individual legend, indicating detailed spatial variation of solar 

radiation within each month. According to both Figure 5.7 and Figure 5.8, shadow effects 

from stacks and roof constructions to the lower roof edges and corners are evident. 

Main roof 

Northern 

rooftop 

Western 

rooftop 

Southern 

rooftop 

Eastern 

rooftop 

Northern 

lower rooftop 
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Unlike the PAC, the EV buildings have a more complex roof structure.  Objects on the 

rooftop cause shadow effects on surrounding areas. Rooftop stacks and other obstructions 

on the EV buildings cause larger shadows to obscure rooftop areas in January, February, 

March, April, September, October, November, and December compared to other months, 

since the incidence angle of the sun is smaller during spring, fall, and winter. The 

southern sides of both EV buildings are less susceptible to shadow effects and receive 

greater insolation than the northern side from September to March. In addition, planes at 

higher altitudes tend to obtain more insolation than lower or shorter planes.  

 

Figure 5.7- Monthly solar radiation maps of Environment buildings with standardized legends 
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Figure 5.8 - Monthly solar radiation maps of Environment buildings with individual legends 

To better interpret the solar radiation variation of complex EV building rooftop 

structures, a 10-cm spatial resolution orthoimage was obtained to enable more detailed 

analysis of roof physical shapes and structure, as shown in Figure 5.9. In the orthoimage, 

the first circled area on the EV1 rooftop was identified to be a stack, which creates 

shadows around the surrounding rooftop areas, as shown in the radiation maps. The 

second circled area on the EV1 rooftop was identified to be a pyramidal skylight. Since 

laser pulses from LiDAR sensors can pass through the glass material of skylights and be 

reflected from the underlying ground surface from inside the room, it was determined that 

the collected laser elevation data was indeed not the actual rooftop altitude, but indicative 

of floor height of the room directly below the skylight. These observations help to 

explain why this specific area of the rooftop appears irregular or uneven in Figure 5.7 and 

Figure 5.8. The third highlighted area on the EV1 roof is a rooftop construction, as shown 

in Figure 3.3, which can cause shadows to fall on surrounding areas. Areas highlighted on 

the EV2 rooftop contain several devices or stacks. Solar panel installation site selection 
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should avoid such devices or stacks, while favoring open and flat rooftop areas. 

 

Figure 5.9 - 10-cm spatial resolution orthoimage showing roof structure of Environment (EV) buildings 

 As shown in Figure 5.10 (A), for a flat rooftop structure, edges and corners appear 

to be more susceptible to shadow effects; hence it is preferable to install solar panels in 

central or interior areas of building rooftops rather than at the edges or boundaries. 

Moreover, northern side of EV2 rooftop receives slightly more solar radiation during a 

year than the other sides. However, shadow caused by the rooftop constructions to parts 

of the northern sides is also significant. According to the standard deviation solar 

radiation map shown in Figure 5.10 (B), the rooftops towards the north receive a wide 

variation of solar radiation within a year due to seasonal changes in the solar incidence 

angle. Specifically, the northern areas are shaded when the incidence angle was low, 

while they are exposed to the sun when the angle increased during the year. Also, as the 

sun angle increases, incoming solar radiation also tends to increase. Remaining shadowed 

areas show less variation throughout the year, as they remained more or less constantly in 

the shade, as shown in Figure 5.10 (B) in green.  

Northern side 

Southern 

side of EV2 

Southern 

side of EV1 
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Figure 5.10 - A: One-year accumulated solar radiation of Environment (EV) buildings; B: Standard 

deviation of solar radiation of EV buildings. 

Figure 5.11 (A) shows an unclassified shadow mask of the EV buildings. Pixels in 

light grey on the northern EV1 and EV2 rooftops have shadow probability of 8.3% or 

16.7%, indicating that one- or two-month probability of being shaded throughout the year. 

By analyzing the rooftop structure, the potential shadow is due to the rooftops’ 

obstructions (i.e., pyramid skylight rooftop and facility rooms) in January and December. 

The eastern side of the EV1 building has an 8.3% of shadow cast probability due to the 

adjacent building (J.G. Hagey Hall of the Humanities building). This shadow effect only 

occurs in December. The southern edge of the EV2 building is affected by shadow with a 

probability of 8.3% or 16.7% due to nearby trees in January and December. The southern 

edge of EV 2 is more or less affected by shadow cast throughout the year with significant 

effects during the winter months (November, December, and January). Similar to the 

previous analysis of the PAC building, shadow probabilities of less than 25% were 

considered to be non-shaded or exposed. In the classified map (Figure 5.11 (B)), areas in 

black represent completely shaded areas that have a greater than 75% probability of 

having shadows present, while the white areas are exposed to the sun with less than 25% 

of shadow risk. Excluding the skylight rooftop and areas with stacks or devices, lower 

rooftops particularly on the south and southeast sides were determined to be more 

suitable for solar panel installation. For higher rooftops of the rooftop constructions, flat 

regions are preferred for panel placement, while the strength and stability of the rooftop 

for supporting the weight of solar panels in the first place should be considered. 
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Figure 5.11 - Shadow masks of EV buildings. A: Unclassified shadow mask; B: Classified shadow mask. 

According to the classified shadow mask, as well as the rooftop structure and 

stability, appropriate roof areas with less than 25% of shadow risks are highlighted in 

Figure 5.12. These potential areas have an overall dimension of about 1,704.2 m
2
. The 

average annual incoming solar radiation is approximately 1,140 kWh/m
2
 and the 

minimum radiation output is about 1,000.9 kWh/m
2
. If solar panels have a conversion 

efficiency of 15%, the average annual electricity output is about 171 kWh/m
2
. According 

to the selected areas highlighted in red in Figure 5.12, the northern side of EV1 has a 2.8 

m by 58.3 m area. If a 1-m setback from the rooftop edge for occupation safety is 

required, the width of the northern side of EV1 will shrink to 1.8 m, which is sufficient 

for a 1.4 m
2
 solar panel to be installed.  If areas with shadow risks from 25% to 50% are 

included as potential installation areas shown in Figure 5.12 in blue, the available area of 

the northern side of EV1 for solar panel installation will increase to 5.2 m × 58.3 m. If a 

minimum 1-m setback is required, the available area would decrease to 4.2 m × 57.3 m. 

In addition, the suitable area of the northern side of EV2 for solar panel placement will 

increase with this new criterion. The final area of this new selected site would result in 

about 1,845.2 m
2
, and the increased area would be 141 m

2
.  Since this new site also 

includes areas with less than 25% of shadow, the final average incoming solar radiation 
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only decreases slightly to 1,138 KWH/m
2
. The minimum radiation output of the newly 

selected area changes to 860.9 KWH/m
2
. 

 

Figure 5.12 - Areas on Environment (EV) rooftops with less than 25% and 50% of shadow risks overlaid 

on an orthoimage 

5.1.3. Dana Porter Library  

From monthly solar radiation maps of the DP Library with standardized legends shown in 

Figure 5.13, it is observable that December and January received the lowest solar 

radiation throughout the year. In Figure 5.14, spatial variation of solar radiation of one 

month is shown based on the original legend scale. It is also evident that edges of the 

library building rooftop receive much less insolation than inner rooftop areas due to 

shadow effects. This was similar to previous buildings that were discussed. Constructions 

and obstructions on the building rooftop cause shadow effects to the surrounding areas, 

while the shadow caused by such constructions tends to vary depending on the time 

period in the year. The outer edges of the building were identified as the rooftop of the 

main floor (1
st
 floor rooftop), which is labeled in Figure 5.17. Overall, the southeast side 

of the 1
st
 floor rooftop receives more solar radiation than layers in the northeast and 

northwest. The lower south corner receives the highest solar radiation during the year. 

Southwest and southeast parts of the building rooftop show less obstruction from 

shadows than the northern and northwest rooftops, especially in the winter months. 
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Figure 5.13- Monthly solar radiation maps of the Dana Porter (DP) Library with standardized legends 

 

Figure 5.14 - Monthly solar radiation maps of the Dana Porter (DP) Library with individual legends 
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Figure 5.15 (A) shows a one-year accumulated solar radiation map of the DP 

Library. As illustrated in the map, the southern corner of the 1
st
 floor rooftop receives the 

greatest insolation throughout the year. Although the building rooftop obtains a 

significant amount of radiation, since the roof structure is complicated with a crisscross 

construction above, shading effects on the northern side are significant. This construction 

does not make the area suitable for solar panel installation. Figure 5.15 (B) shows a 

standard deviation map of the Library. It is noticeable that monthly radiation of most of 

shadow areas compared to the yearly average radiation throughout the year has less 

variation than the radiation of fully exposed (non-shaded) areas. The southern side of the 

building rooftop shows relatively less variation than the northern side during the year.    

 

Figure 5.15 - A: One-year accumulated solar radiation map of the Dana Porter (DP) Library; B: Standard 

deviation of solar radiation of the DP Library. 

Referring to the shadow mask of the DP Library shown in Figure 5.16 (A) and (B), 

combined with the results from the previous analysis, potential sites for solar panel 

installation can be readily identified. Figure 5.16 (A) shows the original calculated 

shadow risk map for the DP Library with an average shading probability of about 38.2%. 

Most of the building rooftop and 1
st
 floor rooftop have no shadows cast throughout the 

year, although the northern side remains completely shaded. In the classified map (Figure 

5.16 (B)), white areas indicate a shadow probability of 0% to 25%, which are classified 

as unshaded areas. Black areas indicate that the probability of shadows is greater than 

75%, suggesting that these areas are overcast by shadows during most of the year. The 

southwest and southeast sides of the building rooftop can be identified as potentially 
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suitable installation sites. Due to the cross-shaped construction at the center of the DP 

rooftop, the outer perimeter of the rooftop may be more desirable for solar panel 

placement. The southwest and southern sides of the 1
st
 floor rooftop are also considered 

as potential sites for solar panel installation.  

 

Figure 5.16 - Shadow masks of the Dana Porter (DP) Library. A: Unclassified shadow mask; B: Classified 

shadow mask. 

According to the classified shadow mask, as well as the rooftop structure of the DP 

Library, appropriate roof areas with less than 25% of shadow risks are highlighted in 

Figure 5.17. These potential sites encompass an overall area of about 492.5 m
2
. As shown 

in the 10 cm spatial resolution orthoimage in Figure 5.17, the library roof is distorted, 

since the airborne camera did not acquire the image vertical to the nadir or perfectly 

perpendicularly. As a result, the highlighted areas do not match exactly with the 

corresponding true color orthoimage. 3D ground control points must be acquired to 

rectify this distortion, which were not available for this study. However, referring to 

Figure 5.17, it is easy to visually identify that areas 1 and 2 (marked in red) correspond to 

the main rooftop structure, while areas 3 and 4 correspond to the first-floor roof eaves. 

The average annual incoming solar radiation of this area is approximately 1,079.4 

kWh/m
2
, while the minimum radiation is about 821 kWh/m

2
. If solar panels have a 



 

 

68 

conversion efficiency of 15%, the average annual electricity output would be about 161.9 

kWh/m
2
. According to Figure 5.16, areas with shadow risks of 25% to 50% are mostly 

located along the northern side of the building rooftops. If a 1-m minimum setback is 

required for installation safety regulation, the available area would be of insufficient size 

to accommodate a 1.4 m
2
 PV module.  

 

Figure 5.17 - the Dana Porter (DP) Library rooftop with less than 25% of shadow risk overlaid on an 

orthoimage 

5.1.4. Federation Hall  

Figure 5.18 shows a series of monthly-accumulated solar radiation maps of the FED Hall 

with standardized legends, while Figure 5.19 shows the monthly maps with original 

legend scales. In order to better identify and visualize roof structures, a 10 cm spatial 

resolution orthoimage displaying the FED Hall is shown in Figure 5.20, in which 

rooftops of the FED Hall are labeled. The previously installed solar array on the southeast 

side is clearly visible. From Figure 5.18, not only the seasonal pattern, but also shadow 

effects on the northern tilted rooftops and roof edges can be noticed. According to Figure 

5.19, the flat plane of the FED Hall rooftop receives a maximum amount of solar 

radiation from April to August months, while from September to March the southwest 

tilted roof receives the most insolation compared to other rooftops. For the southeast 

tilted roof, since solar panels were installed prior to 2006, which is when the LiDAR 

Building 

rooftop 

1
st
 floor 

rooftop 
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points were collected, the thickness of the PV panels may account for different height 

readings. Consequently, incoming radiation values in the region differ greatly due to the 

surface roughness and gap spacings between solar panels. As shown in Figure 5.18, the 

PV panels on the southeast tilted rooftop receives higher levels of radiation from October 

to February. The northern tilted roofs are influenced substantially by shadows from 

surrounding structures during most of the year. Moreover, the lower rooftop has a 

considerably large area susceptible to shadow effects, as shown in Figure 5.20. The main 

rooftop is unobstructed without any stacks blocking incoming solar radiation, while the 

lower roof has several objects in view.  

 

Figure 5.18 - Monthly solar radiation maps of the FED Hall with standardized legends 
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Figure 5.19 - Monthly solar radiation maps of the FED Hall with individual legends 

 

 

Figure 5.20 - 10 cm spatial resolution orthoimage of the FED Hall 

Figure 5.21 (A) shows the one-year accumulated solar radiation map of the FED Hall. 

Overall, the flat rooftop receives the greatest amount of incoming radiation throughout 

the year, especially along its southwest edge. Referring to the standard deviation map 

Main rooftop 
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tilted rooftop 

Lower rooftop 

Southwest 

tilted rooftop 
Southeast part of 

the lower rooftop 

Northwest part of 

the lower rooftop 
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shown in Figure 5.21 (B), even though the flat roof has the greatest total incoming 

radiation, its deviation from the yearly average is high due to seasonal effect. In contrast, 

the two smaller southern-tilted rooftop structures receive a relatively constant amount of 

radiation throughout the year. 

 

Figure 5.21 - A: One-year accumulated solar radiation map of the FED Hall; B: Standard deviation of 

solar radiation of the FED Hall. 

Figure 5.22 (A) shows an unclassified shadow probability map of FED Hall. Some 

areas of the lower rooftop have a low shadow probability of 8.3% and 16.7%, which is 

likely due to the main rooftop structure in December and January. Some parts of the 

lower rooftop are shaded by nearby trees during winter months. The southern tilted 

rooftops and the main rooftop structure are shadow-free throughout the year, except for 

some edge effects. Figure 5.22 (B) shows a classified shadow risk map, which has the 

shadow probability range separated into quartiles. From this map, the northern tilted 

rooftops are shadowed constantly throughout the year. Both the southern tilted and flat 

rooftops were fully exposed to the sun and deemed suitable for solar panel placement.  
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Figure 5.22 - Shadow masks of FED Hall. A: Unclassified shadow mask; B: Classified shadow mask  

According to the classified shadow mask, as well as roof structure of the FED Hall, 

appropriate roof areas with less than 25% of shadow risks are digitized and highlighted in 

Figure 5.23. These potential sites encompass a total area of about 715.3 m
2
. The average 

annual incoming solar radiation of these areas is approximately 1,167.6 kWh/m
2
, while 

the minimum radiation output is about 835.7 kWh/m
2
. If solar panels have a conversion 

efficiency of 15%, the average annual electricity output is about 175 kWh/m
2
. If areas 

with shadow risks of 25% to 50% are included as potential sites for solar panel 

installation, the final site at the lower level of the roof will be slightly larger, as displayed 

in black in Figure 5.23. The final dimension increases to 297.2 m
2
. The corresponding 

average annual radiation is 1,093.8 kWh/m
2
, and the minimum radiation of these areas 

changes to 754.7 kWh/m
2
. 
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Figure 5.23 - Areas on FED Hall roofs with less than 25% and 50% of shadow risks overlaid on an 

orthoimage 

5.1.5. Student Village 1  

Student Village 1 (V1) is a dormitory located on the northwest side of the main UW 

campus. A 10 cm spatial resolution orthoimage of the V1 buildings is shown in Figure 

5.24 (A). It has one main building and four groups of small buildings, some of which are 

interconnected. The groups of buildings have identical rooftop shapes and structures. The 

southwest (SW) cluster of buildings is highlighted in orange, the northwest (NW) cluster 

is highlighted blue, the eastern cluster is highlighted yellow, and the northern cluster is 

highlighted green. A zoomed image showing detailed roof structures of the NW buildings 

is provided in Figure 5.24 (B). There are few obstructions on these rooftops and 

structures are mostly simple and flat. The main building is shown in Figure 5.24 (C), 

which is a more complex structure with several obstructions, including air conditioning 

units and chimneys. Trees are also located throughout the V1 grounds, which can 

potentially contribute to shadows cast over edges of building rooftops. 
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Figure 5.24 - A: 10-cm spatial resolution orthoimage of Village 1 (V1) buildings; B: Northwest buildings 
of V1; C: Main building of V1 

According to the monthly-accumulated solar radiation maps with standardized 

legends in Figure 5.25, solar radiation flux reaches the highest level in June and July, and 

decreases dramatically in the winter months. Shadows caused by rooftop stacks and 

chimney can be identified from these maps. Figure 5.26 shows the monthly maps with 

individual legends, and from the maps, roofs in green are shaded surface areas. Since 

trees are in close proximity to some dormitory buildings, shadows are cast near the 

building edges. The northern and northeast parts of the main building rooftop have 

obstructions blocking incoming solar radiation, which significantly reduces the suitability 

of the rooftop for solar panel installation. The southern-most part of the main building 

rooftop receives greater solar insolation from April to October than other time periods. 
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Figure 5.25 - Monthly solar radiation maps of the V1 buildings with standardized legends 

 
 
Figure 5.26 - Monthly solar radiation maps of the V1 buildings with individual legends 
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Figure 5.27 (A) shows the one-year accumulated solar radiation map of the V1 

buildings. The solar radiation map displays a very similar spatial pattern to the monthly 

maps. The four groups of V1 buildings show that some of the rooftops receive greater 

incoming solar radiation within a year, while some are affected by shadows from 

surrounding vegetation and building obstructions, and such stacks will reduce the 

suitability of local areas on the rooftops. For the main V1 building, more complex rooftop 

structures including chimneys and stacks would complicate the installation process and 

also contribute to more shadow effects. The standard deviation map in Figure 5.27 (B) 

shows that shaded areas of the main/central building rooftop and other dormitory rooftops 

have less deviation than other roof surfaces. The northern building rooftops show the 

greatest variability throughout the year due to seasonal changes in the solar incidence 

angle and shadow effects. 

 

Figure 5.27 - A: One-year accumulated solar radiation map of the V1 buildings; B: Standard deviation of 

one-year solar radiation of the V1 buildings 

Figure 5.28 (A) shows the unclassified shadow mask of the V1 buildings. The 

average shading probability of the building rooftops is approximately 22.4%. Pixels in 

light grey on the rooftops of grouped dormitory buildings have a probability value of 

8.3%, indicating a very low probability of shade effects in these areas. The southern part 

of the main building rooftop (Figure 5.24 (C)) has an 8.3% of shadow risk due to the 

presence of a chimney. Figure 5.28 (B) shows the classified shadow risk map that divides 

shadow probability into quartiles. From this classification, areas with 8.3% and 16.7% 
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shading probabilities are classified as appropriate sites, resulting in a potential area of 

approximately 1,122 m
2
. Overall, among the small groups of dormitory buildings, the 

southwest and eastern buildings are least affected by shadows, while the northern and 

northwest buildings are affected the most. The main building rooftop has more shadows 

along the northern side due to shadows caused by the complex roof structure.  

 

Figure 5.28 - Shadow masks of the V1 buildings. A: Unclassified shadow mask; B: Classified shadow 

mask. 

According to the classified shadow mask, as well as observed roof structure of the 

FED Hall, appropriate roof areas with less than 25% of shadow probability are 

highlighted in Figure 5.29. These potential areas have an overall dimension of about 

4,912.8 m
2
. Each small building rooftop has an area of about 160 m

2
. The average annual 

incoming solar radiation of these areas is approximately 1,153.7 kWh/m
2
, while the 

minimum radiation output is about 885.5 kWh/m
2
. If solar panels have a conversion 

efficiency of 15%, the average annual electricity output would be about 173 kWh/m
2
. 

According to Figure 5.29, if areas with shadow probabilities of 25% to 50% are included, 

this would enlarge the final site dimensions, as highlighted in black in Figure 5.29 with a 

final area of 5,474.6 m
2
. The corresponding average annual radiation would be 1,151.2 
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kWh/m
2
, indicating that areas with shadow risks greater than 25% but less than 50% 

could be selected as potential sites for solar panel installation. 

 

Figure 5.29 - Areas on Village 1 roofs with less than 25% and 50% of shadow risks 

5.2. Macro-scale Analysis 

In order to select potential optimal sites for solar panel farms in the City of Waterloo, a 

multicriteria analysis was applied. This section first provides results of the multiple 

criteria analysis and corresponding weights selected by AHP. The selected sites are then 

evaluated based on an on-site feasibility assessment and groundtruth observations.  

5.2.1. Multicriteria Analysis 

Criteria selected for the macro-scale analysis include slope, aspect, solar radiation, 

distance to water, distance to road networks, distance to transmission lines/pipelines, 

environmentally sensitive areas, distance to pit and quarry sites, sand content, land plan, 

and distance to residential areas. Yearly accumulated solar radiation map was generated 

with ArcGIS Solar Analyst and shown in Figure 5.30. As described in Section 4.1.1, the 

macro-scale calculations of solar radiation were similar to the micro-scale calculations, 

applying the same atmospheric and time interval settings. Solar radiation map used in the 
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macro-scale analysis also applied clear-sky conditions, since relative spatial variations of 

insolation were similar under both clear-sky and overcast scenarios (i.e., although 

absolute values differ, spatial patterns remain the same). According to Figure 5.30, red 

highlighted areas have high levels of incoming radiation, whereas green areas have low 

levels of radiation. The yearly-accumulated solar radiation map was reclassified to a 

raster layer ranging from 0 to 1 (i.e., unsuitable versus suitable) in the MCA.   

 

Figure 5.30 - One-year accumulated solar radiation map of the City of Waterloo 

Results of the processed criteria are shown in Figure 5.31. Terrain slope was 

calculated from the DEM data and differences in land elevation. Almost 80% of the areas 

have a terrain surface less than or equal to 2% of gradient. In this study, the MCA model 

was tested with threshold gradient values of 3%, 4%, and 5% individually. Results from 

these three settings showed no significant difference; therefore, a final threshold setting 

of 4% was selected as a mid-range value.  In other words, areas with a gradient greater 

than 4% were considered to be unsuitable for PV array installation. Since land surfaces 

facing towards the south have the most solar exposure in the northern hemisphere (e.g., 

Chaves and Bahill, 2010), areas facing the southwest to southeast were classified to 1 

(suitable areas) and other orientations were classified to 0 (unsuitable areas).  
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Distance to road networks, water sources, transmission lines, and quarry/pit sites 

were calculated using the Euclidian tools and Fuzzy Membership. From a system 

performance perspective, road networks should not be directly adjacent to the potential 

site to avoid dust risk, while from an economic point of view, proximity to roads is 

desirable for ease of access, construction, and maintenance. Therefore, a maximum road 

distance threshold was set as 10 meters (Figure 5.31 (C5)). Since road density in the City 

of Waterloo is relatively high, distance to roads greater than 50 meters did not result in 

any potential sites identified in the MCA analysis. Maximum distance to water sources 

for solar panel cooling and cleaning purposes was set at 200 m (Figure 5.31 (C4_1)). 

Maximum distance thresholds were tested from 100 m to 300 m, but did not have 

significant impact on the MCA results. For distance to transmission lines, closer 

proximity was desirable and a 1-km maximum distance threshold was set in the MCA 

(Figure 5.31 (C6)). When considering dust risk, the farther away from industrial quarry 

sites the better. Hence, a minimum threshold distance of 50 m was set in the MCA 

(Figure 5.31 (C8)). To test the sensitivity of the selection result with various minimum 

distances to quarry sites, 30m to 40 m thresholds did not affect the MCA results. 

Environmentally sensitive features such as ESA and water bodies were excluded 

from the solar panel site selection process. These were classified into a binary data format 

with suitable and non-suitable classifications (1 or 0, respectively) (Figure 5.31 (C4_2) 

and (C7)). Only sandy soil or topsoil with a sand content of greater than 50% was 

considered to pose as a significant source of dust risk to PV panels. Land use 

classification was a more complicated consideration compared to other criteria due to the 

number of available classes. This study considered agricultural land and open space uses 

as the most accessible or suitable land use for siting ground-mounted solar panels based 

on ease of accessibility and land vacancy (or lack of pre-existing land uses).  Such areas 

were deemed to be the most easy to acquire with the best odds of being suitable for solar 

panel placement, which could be further evaluated with acquired groundtruth data. Last, 

based on the density of residential houses in the City of Waterloo, a 100-m buffer of 

residential areas was created to maintain a distance of accessibility to the potential solar 

panel sites and namely to exclude immediate boundary areas. 
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Figure 5.31 - Processed criteria layers used in MCA. C1: Classified slope layer; C2: Classified aspect 

layer; C3: Transformed solar radiation layer; C4_1: Transformed distance to water layer; C4_2: Binary 

water source layer; C5: Transformed distance to roads layer; C6: Transformed distance to pipelines layer; 

C7: Binary ESA layer; C8: Transformed distance to quarry sites layer; C9: Binary sandy layer; C10: 

Binary land accessibility layer; C11: Residential area buffer layer. 
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The ranking results of the present study are shown from Figure 4.2 to 4.4. In the last 

column, final weights for economical and efficiency criteria are listed. Based on this 

weight assignment, sensitivity analysis by changing weights of important criteria was 

conducted. The sensitivity analysis resultant maps under seven scenarios are shown in 

Figure E1 to Figure E3 in Appendix E. In particular, Scenario B is the base setting of this 

study. The MCA results were classified into four classes, highly suitable (i.e., areas with 

priorities), moderate suitable, marginal suitable, and unsuitable. This study considered 

highly suitable areas as potential installation sites. It is noticeable that locations of 

suitable sites are consistent, and the only alteration is sizes of the selected sites.  In 

Scenarios A, B, and C, the upper level of criteria were added different weights. 

According to Figure E1 (Appendix E), as the weight of efficiency increases, scales of 

suitable sites are enlarged from 10.1% to 13.5%. Within Scenarios B, D and E, 

comparison between slope and aspect or solar radiation
1
 was tested. In Figure E1 (B) and 

Figure E2, as the importance of solar potential increases, overall percentage area of 

potential sites shrinks from 11.4% to 8.7%. During Scenarios B, F, and G, as the 

importance of proximity to transmission lines compared to distance to road networks 

decreases from 6 to 2, the suitable sites shrink slightly with a decreasing rate of 1%. 

After the MCA, four large potential sites with the highest scores were selected by 

filtering out small discrete areas, as shown in Figure 5.32 (A). The first and second sites 

are located in the northwest of the city with the final score of 0.6 and 0.62, respectively. 

The first site is at the edge of the city boundary occupying an area of 164,136.47 m
2
 

(Figure 5.32 (B)), and the second site is located close to the Columbia Lake, which is the 

largest area of about 393,520 m
2
 (Figure 5.32 (C)). The third and fourth potential sites 

(shown in Figure 5.32 (D)) are located at the edge of the southwest city boundary, and 

these two sites are located in close proximity to each other. Their dimensions are 

88,635.61 m
2
 and 9,110.02 m

2
, respectively. Site 3 has the highest score among these 

four sites, which is 0.69, while Site 4 has the second highest score of 0.65. In order to 

verify the feasibility of using these sites for solar panel placement, an on-site assessment 

was conducted to collect groundtruth data and observations.  

                                                        
1
 As mentioned in Section 4.3.1, topographic aspect and solar radiation potential were treated 

equally.  
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Figure 5.32 - Selected sites for solar panels installation in the City of Waterloo. A. Locations of four 

selected sites; B. Selected Site 1; C. Selected Site 2; D. Selected Site 3 and Site 4 

5.2.2. On-site Feasibility Assessment 

The feasibility assessment of the selected site was performed by collecting ground truth 

information. This information was obtained by visiting the sites in the Waterloo Region 

and recording observations with a camera. Figure 5.33 shows four maps. Map A of 

Figure 5.33 shows a satellite image of the first potential site (Site 1) with the boundary 

highlighted in green. The red arrow points in the direction of shooting the photo shown in 

Figure 5.33 (C), while the blue arrow points in the direction of taking the photo shown in 

Figure 5.33 (D). Figure 5.33 (B) shows a Google street view picture taken from direction 

1 and a 2.5 m spatial resolution SPOT image of the corresponding street-view position. 

The Google street view image was captured in August 2011, which clearly verifies the 

agricultural land use of this site, as well as the relatively flat terrain. The eastern side of 
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the crop field is bordered by residential land use, as shown in Figure 5.33 (D). Both 

photographs were taken on March 17, 2013, with snow cover visible in both pictures. 

Another interesting observation is the proximity of an electricity line closely situated to 

the site, which would be advantageous for facilitating energy transmission for a new solar 

energy installation.  

 

Figure 5.33 - On-site view from two directions for Site 1 validation. A. Selected Site 1 with two labeled 

observation directions 1 and 2; B. Google street view of Site 1 from direction 1, and satellite image with 

street-view position; C. Photo taken from direction 1; D. Photo taken from direction 2 

The on-site feasibility assessment helped to identify advantages and disadvantages 

of the site for potential future solar plant development (summarized in Table 5.1). The 

primary advantage offered by the site is flat topography, which benefits solar panels by 

minimizing shadow effects by ambient objects. The second advantage of this site is its 

proximity to a transmission line that helps to reduce energy loss during transmission. 

Third, this site encompasses an area of approximately 0.16 km
2
. A solar farm can range 

Direction1 Direction 2 

1 

2 
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from a few acres to hundreds of acres in size. For example, the SPV#1 Korat, a 6 MW 

solar farm in Don Chomphu, Thailand, was built on a 0.136 km
2
 land. Another example 

is a 1,000 km
2
 solar farm in Scotland with a capacity of 200,000 MWp (Megawatts peak). 

Therefore, Site 1 is large enough in size and dimensions to accommodate a substantial 

solar plant installation. The site’s rectangular shape is also conducive and desirable for 

ease of installing and maintaining an array of solar panels. Last, this site is located at the 

edge of the City of Waterloo boundary; thus it is located away from the city center yet 

relatively close to residential areas where the energy can be used. Since the land use is 

predominantly agricultural cornfield, current private ownership and occupation of the 

land may also limit future prospects of developing a PV farm. Since residential houses 

and potential consumers of solar energy are located close to the site, visual aesthetics of a 

PV farm may be a concern to the local community. The close proximity of the site to 

local communities may also endanger the facility to vandalism or conflicting land use 

(e.g., recreation). Average annual solar radiation of Site 1 is about 1,184.5 kWh/m
2
 

Table 5.1 - Advantages and disadvantages of selecting Site 1 as a solar panel installation site 

Pros Cons 

Flat land surface and topography Corn field (agricultural land use) 

Proximity to transmission lines Proximity to residential houses 

Relatively large area   

Ideal shape/ compactness   

Located far from city center  

 

For the second potential site (Site 2) considered in this study, corresponding 

groundtruth observations and maps are shown in Figure 5.34 with a Google street view 

shown in Figure 5.34 (B). The street view shows that several trees are located along the 

northern boundary of the site. Photographs taken from the on-site assessment show more 

information about the surrounding land use and local environment. The first site view 

picture is shown in Figure 5.34 (C), and the direction and position from which the picture 

was taken is highlighted in red in Figure 5.34 (A). Although the picture was taken on a 

winter day with heavy snow cover, the cropland and agricultural land use is still evident. 

A grove is also identified along the eastern side of the cropland area, while the western 

side of the cropland is occupied by residential land use, which was identified as open 
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space in the land use data. The direction and position from which the photo was taken are 

shown in blue in Figure 5.34 (A). Both groundtruth photographs verify that the potential 

site is flat in topography and the areal dimensions are also quite suitable for solar PV 

placement. The presence of a nearby transmission line was also verified during the on-

site assessment. 

 

Figure 5.34 - On-site view from two directions for Site 2 validation. A. Selected Site 2 with two labeled 

observation directions 1 and 2; B. Google street view of Site 1 from direction 1, and satellite image with 
street-view position; C. Photo taken from direction 1; D. Photo taken from direction 2 

Based on groundtruth observations, advantages of selecting this site for solar PV 

installation can be summarized as follows: 1) the flat topography reduces shadow effects; 

2) close proximity of the site to transmission lines can avoid energy losses during 

transmission; 3) areal dimensions of the site is suitable for macro-scale ground-mounted 

PV panel installation; and 4) the compact dimensions of the site is conducive for PV 

array installation. However, ownership of the agricultural cornfield should be considered 

Direction 1 
Direction 2 

1 2 
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for future decisions relating to land use planning. This selected site also occupies a large 

area of groves and trees at the northern Columbia Lake, which should be eliminated due 

to environmental concerns. Since the site is located in close proximity to residential land 

use and water bodies, the aesthetic and recreational value of the land may be important 

considerations when developing this site. Average annual solar radiation of this site is 

about 1,183.5 kWh/m
2
. The advantages and disadvantages of the site for solar panel 

installation are summarized in Table 5.2. 

Table 5.2 - Advantages and disadvantages of selecting Site 2 as a solar panel installation site 

Pros Cons 

Flat land surface or topography Agricultural corn field and groves 

Proximity to transmission lines Proximity to residential houses 

Large land area/size Proximity to ESA/water bodies 

Ideal shape/ compactness  

Figure 5.35 shows on-site pictures taken for the third and fourth sites (Site 3 and 4) 

identified for solar panel installation. In Figure 5.35 (A), the third and fourth sites are 

highlighted in red and orange, respectively. Since no streets are located around these two 

sites, a Google street view picture was not available. Figure 5.35 (B) shows a photo taken 

at the northern Site 3 with the position and direction of taking this picture highlighted in 

Figure 5.35 (A).  Since the picture was taken on April 9
th
, 2013, snow cover was melting 

with more bare ground visible. Several transmission lines located within the selected site 

were readily observable. Pictures shown in Figure 5.35 (C) and (D) were taken within the 

Site 3, as shown in Figure 5.35 (A) marked in blue and green, respectively. Site 4 can 

also be seen in pictures shown in Figure 5.35 (C) and (D). Site 3 was identified as 

cropland land use, while Site 4 was identified to be an active landfill site. Unlike Sites 1 

and 2, both Sites 3 and 4 have more variable topography and the area is not flat, while 

Site 3 has a more level land surface than Site 4. Referring to the slope map shown in 

Figure 5.31 (C1), the gradient of Site 3 is less than 4%, whereas Site 4 has a steeper 

surface due to the landfill structure. Even though the slope in this area is relatively steep, 

the land surface is more or less south facing. Based on ground truth observations, it was 

observed that a newly developed commercial area is currently being constructed along 

the eastern side of the sites.  
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In order to verify the suitability of the landfill site for solar energy development, 

more information about the Waterloo landfill was acquired from its municipal website. 

The official map available for the landfill is shown in Figure 5.36. The Waterloo Landfill 

with an area of approximately 1.26 km
2
 includes the original landfill area and the north 

and south expansion areas. From Figure 5.35 (A) and Figure 5.36, it was determined that 

the northern Site 4 is the original landfill site, whereas a small part of the area towards the 

south is the newly expanded landfill site being developed to receive municipal waste. 

 

Figure 5.35 - On-site view from three directions for Site 3 and Site 4 validation. A. Selected Site 3 with 

three labeled observation directions 1, 2, and 3; B. Photo taken from direction 1; C. Photo taken from 

direction 2; D. Photo taken from direction 3 
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Figure 5.36 - Map of the Waterloo Landfills (Region of Waterloo, 2012) 

The advantages and disadvantages of Site 3 for being developed into a potential PV 

site are summarized in Table 5.3. Benefits include a flat land surface providing ideal 

topographic conditions for PV panel installation. The location far away from residential 
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land use also reduces concerns related to aesthetics and/or recreation. However, since the 

site is located close to commercial land use, it may be more susceptible to vandalism 

from passersby. The neighboring landfill site may also contribute more dust pollution, 

which may reduce PV panel efficiency. Three transmission lines are located inside the 

chosen site, which may benefit energy transmission and reduce losses. However, with the 

presence of lattice towers, solar panel installation should avoid such structures. Average 

annual solar radiation of Site 3 is about 1,184.8 kWh/m
2
. 

Table 5.3 - Advantages and disadvantages of selecting Site 3 as a solar panel installation site 

Pros Cons 

Flat land surface or topography Proximity to commercial land use 

Located away from residential houses Dust risk from landfill 

Proximity to transmission lines Lattice towers on the site 

Table 5.4 summarizes the advantages and disadvantages of Site 4. As previously 

discussed, the slope of this site is almost southern oriented and thus ideal for maximizing 

solar exposure. Similar to Site 3, Site 4 is located in very close proximity to transmission 

lines, which is vital for saving energy transmission costs from a future solar power 

installation. Also, this site is located far away from residential houses. Although this area 

is currently an active landfill site, once the landfill life cycle is completed, the former 

dump may be an ideal site for conversion into a site for a PV farm operation.  Examples 

of where former landfills have been successfully converted into solar projects include the 

Forbes Street Landfill project in Rhode Island and the Hickory Ridge Landfill project in 

Conley, Georgia. The Forbes Street Landfill project has approximately 13,000 solar 

panels installed over 0.12 km
2
 of the 0.89 km

2
 site (Rupp, 2013). For the Hickory Ridge 

project, within over 0.19 km
2
 of the total area, an integrated 1 MWp PV array is located 

on the southwest and southeast slopes of the landfill in an area approximately 0.04 km
2
 

(HDR, Inc., 2013). If successfully implemented, Site 4 has potential to be developed into 

a PV farm that could cover about 0.09 km
2
 of area. Average annual solar radiation of Site 

4 is about 1,216 kWh/m
2
, which is much greater than other sites. 
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Table 5.4 - Advantages and disadvantages of selecting Site 4 as a solar panel installation site 

Pros Cons 

Southern facing slope and topography Developed landfill area 

Former landfill solar project potential  

Proximity to transmission lines   

Located far away from residential houses   

5.3. Survey 

The questionnaire survey was designed to acquire information about how solar 

companies in Ontario select potential sites for solar PV installation. Factors and adopted 

data in solar panel site selection by the participated companies and the present study are 

compared. During the survey, three responses were received from Company A, B, and C, 

and the response rate is 15%. Two of the companies service residential customers for the 

roof-mounted installations. Grid-connected solar systems were identified as more popular 

with customers, since no batteries are required and less maintenance costs are entailed. 

One of the companies surveyed is a solar panel manufacturer, and their customer types 

include the installer, developer, farmer, and small and large contractors. 

Table 5.5 summarizes the data used, factors considered, and challenges faced during 

solar panel installation projects cited by the three companies. The three companies are 

arbitrarily referred to as Companies A, B, and C to protect their identify for 

confidentiality reasons. All three companies regularly referred to Google maps and 

Google street view for preliminary site assessment. However, Company A also referred 

to building survey plans in diverse forms, such as CAD drawing maps. Building survey 

plans include information such as interior/exterior buildings/rooms/yards dimensions.  

The main client type of Company B is residential. In addition to using Google maps 

and Google street view for preliminary site assessment work, they also employed satellite 

and aerial photo images for initial screening of sites and to conduct site measurements for 

more detailed assessment. Company C indicated usage of Google maps and GIS datasets 

online or from municipalities for acquiring initial site observations. Detailed on-site 

measurements were then conducted or else building survey plans were consulted for more 

detailed analysis.  
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Table 5.5 - Survey results of data used, factors considered, and challenges faced during solar panel 

installation projects by three Ontario solar energy companies 

 Company A Company B Company C 

Data Google maps/street view  Google maps/street view  Google maps/street view 

Building survey plans  Satellite & photo imagery GIS datasets  

 Site measurements Site measurements 

  Building survey plans 

General 

Factors 

Building dimensions Available surface area Building dimensions 

Shadow effect Tree & building shadows Shadow effect 

Snow impact Roof surface orientation Obstructions (e.g., 

chimneys, vents, etc.) 

Height of the array  
(Flat roof) 

Minor factor: building 
height 

 

Tilt angle   

Pitch    

Loads   

Operating temperature 

(e.g., air gap) 

  

Challenges Good building survey  Good building survey  Extra weight of panels 
to roof 

Accurate structural 

analysis 

Accurate structural 

analysis 

Proper mounting to 

avoid leaks 

Efficient array design 

and setup  

Considerate planning  

 Skillful execution of 

installation work 

 

In terms of factors taken into account for solar panel site assessment, the companies 

surveyed in this study all mentioned availability of surface area/dimensions and shadow 

effects as primary considerations. Company A also considered the impact of snow cover 

on system performance during wintertime. In order to avoid obstructions caused by solar 

arrays, the height of PV arrays on a flat roof and tilt angle of the arrays were considered 

in the primary assessment. Company A also considered roof pitch of the flat building roof, 

as well as roof load or mass. For panel performance, the increasing operating temperature 

caused by air gaps or deflector impacts was another concern expressed by Company A.  

Other than the dimension and shadow effects, Company B considered roof surface 

orientation for the optimal site selection in order to maximize solar exposure. Building 

height was cited to be a minor factor. For Company C, considerations included structures 

or obstructions such as chimneys, vents, skylights, etc. on the rooftop. 
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In order to install PV panels correctly, both Companies A and B found that lack of 

good building survey plans and accurate site data adversely affects the accuracy of the 

site structural analysis of potential sites. In addition, building and design code compliant 

arrays are considerably challenging to install, since an efficient PV array system could 

cost more than a less efficient system. For Company B, primary challenges were 

identified as planning of array installation location and support locations, as well as 

skillful execution of installation work. However, according to Company C, since the 

building structure is not designed for supporting the extra weight of solar panels, roof 

upgrades were considered to be much more important than the installation itself. 

Therefore, appropriate evaluation of roof support and extra prohibitive costs of 

significant roof reinforcement can be challenging and deter potential clients from 

proceeding with a solar project. Another challenge cited by Company C was the 

avoidance of leaks with properly mounted solar panels or damage to rooftop structure 

during the installation process. Usually solutions are to use new technology that does not 

penetrate the roof or use highly trained installers and have someone double-check every 

penetration. After the installation, two inspections during the first 4-year of service was 

provided by one of the companies, while another installer had data monitoring on their 

systems, performing maintenance as required by automatic email reports. 

Even though the surveyed companies mostly serviced residential customers, all of 

the companies provided their perspective on considerations for ground-mounted PV panel 

placement. In particular, from an environmental perspective, Company A speculated that 

ground-mounted solar panels may lead to potential soil loss. It was suggested that an 

appropriate landscape orientation should be determined. In addition, an ideal landscape 

orientation can help to reduce snow cover and reduce shadow effects. Company B 

suggested proper zoning for subsidy programs and proximity to grid infrastructure as 

essential factors for site selection of a ground-mounted PV array.  Company C indicated 

that ground-mounted systems are limited to building on certain types of land (i.e., non-

productive land) and proximity to electrical transmission infrastructure as primary 

considerations.  
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5.4. Chapter Summary 

This chapter introduced potential solar panel installation site selection results at the micro 

and macro scales and presented responses from a questionnaire survey of three Ontario 

solar companies. For the micro-scale analysis, solar radiation availability was considered 

as the main criteria for selecting optimal sites for rooftop-mounted solar installations, 

while the macro-scale analysis considered additional factors, such as environmental 

criteria in its site assessment.  

For the micro-scale study, monthly and yearly solar radiation maps of selected 

buildings on the University of Waterloo campus were adopted for spatial solar radiation 

variation analysis and standard deviation maps were generated for temporal solar 

variation analysis. In order to easily identify shadows on building rooftops, a shadow 

mask for each building was generated. According to the solar radiation maps and 

corresponding shadow masks of five campus buildings, it was observed that building roof 

edges and lower elevation rooftops tend to receive less incoming solar radiation 

compared to other parts of the rooftop. In addition, roof obstructions cause significant 

shadows to be cast over surrounding areas and disrupt incoming solar radiation from 

being received. Furthermore, southern parts of the rooftops receive a greater amount of 

solar radiation throughout the year due to the solar incidence angle. Similarly, for tilted 

rooftops, the south-oriented roofs receive more radiation than other parts of the building 

roof structure. Therefore, roofs with a southern exposure without obstructions were 

considered as sites with the highest potential for rooftop solar installations.   

For the macro-scale site selection study, apart from incoming solar radiation, other 

factors such as environmental, economic and efficiency factors were taken into account 

when considering ground-mounted solar installations. After ranking these factors using 

AHP and integrating them in an MCA, four potential sites located at the periphery of the 

city were identified. All of the sites were large enough in terms of area and dimensions to 

be suitable for siting centralized ground-mounted PV plants or so-called solar farms. The 

MCA was supplemented with groundtruth observations to better inform the site selection 

process. An on-site feasibility assessment involved obtaining observations and verifying 
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land use type, transmission lines, slope and aspect, as well as inspecting the surrounding 

environment. Sites 1, 2 and 3 were identified as cropland, whereas Site 4 was located on 

a landfill site. Sites 1 and 2 were both located on relatively flat land, while Sites 3 and 4 

were situated on a relatively rugged terrain. Since Site 3 and 4 are south-oriented, 

sunlight can still strike the land surface. From a land use change perspective, converting 

completed landfill sites to solar farms provides long-term environmental benefits in 

comparison to converting cropland or agricultural fields. Therefore, among the four 

selected sites, Site 4 is the most ideal site for ground-mounted solar panel installations. 

A questionnaire survey was distributed to 20 Ontario solar companies to consider 

current business practices in the thesis project. Three companies responded to the survey, 

indicating Google maps/Google street view as commonly used references for preliminary 

site analysis. They also used different data sources for analyzing rooftop structures, such 

as building survey plans and GIS datasets. Even though factors taken into account during 

the site selection process varied, the primary factors considered by all solar companies 

were site dimensions and shadow effects which was consistent with the criteria used in 

this study. Accurate roof structural analysis and appropriate solar panel installation 

practices were commonly cited as primary challenges for any solar energy project.  
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Chapter 6. Discussion and Conclusions 

The first section of this chapter discusses limitations regarding the data used in the micro-

scale analysis, and compares it with data considered by solar companies surveyed in this 

study. Differences in the solar panel site selection process between surveyed solar 

companies and considerations from this GIS study were also compared. This section 

concludes with discussing the findings from the site selection analysis of UW campus 

buildings. In the second section of this chapter, limitations and summary findings of the 

macro-scale level study are discussed. Finally, the third section discusses limitations of 

this research and future work that could be carried out for improving the solar panel 

installation process.  

6.1. Micro-scale Analysis 

6.1.1. Data  

Availability of incoming solar radiation and shadow effects were the primary 

considerations when assessing potential solar panel installation sites on building rooftops. 

The solar radiation calculation was implemented by the area solar radiation tool in 

ArcGIS associated with elevation data as the primary input. The elevation raster was 

derived from LiDAR point cloud data collected in 2006. Since the data were collected six 

years ago and several new buildings on the UW campus have since been constructed, 

including Environment 3 (EV3), it was not possible to model shadow impacts of these 

new buildings and to factor them into the analysis. A source of error in this study is dated 

DEM data and the lack of accurate and up-to-date building plans that include the new 

EV3 building. Moreover, obstructions on or around rooftops may change as time 

progresses, including surrounding vegetation and tree growth, which will also change 

shadow effects on rooftops. 

The accuracy and quality of collected LiDAR data were not investigated in this 

study. The data have known geometric errors due to systematic and random errors from 

the instrument during the collection phase by Optech. Geometric calibration could not be 

performed without available ground control points (GCPs) for reference. Consequently, 
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the elevation and georeferencing of buildings may not be very accurate, which may result 

in errors in the solar radiation estimations. Fortunately, information about rooftop 

structures could still be achieved from recorded elevation information, which allows for 

reliable assessment of spatial patterns of incoming solar radiation. In other words, 

although the absolute heights of buildings were not recorded correctly during the LiDAR 

data collection phase, the relative comparisons of the buildings’ roofs were correct. Based 

on these heights, roof structures can be easily recognized and analyzed. All of the 

analyses at the micro-scale level were based on solar radiation maps deduced from 

LiDAR data.  

In the survey of Ontario solar companies conducted for this study, it was found that 

it was commonplace for companies to refer to Google maps/street view for preliminary 

observations of potential sites. However, on-site measurements provide the most accurate 

information about rooftop structures, allowing for more detailed assessment of potential 

sites for solar panel installation. Building survey plans are also commonly used for 

detailed assessment of roof structures. However, these can be difficult to obtain. If on-site 

measurements cannot be performed, or accurate building survey plans are unavailable, 

this study has shown that using LiDAR data can provide another means of assessing roof 

structures.  

To better assess the application of GIS techniques and remote sensing for solar panel 

site selection, advantages and disadvantages of Google maps compared to LiDAR data 

are summarized in Table 6.1. Google maps provide the easiest way for people to view the 

building roof without any costs, whereas LiDAR data are expensive to acquire. Applying 

Google maps is much faster and accessible than LiDAR data for the preliminary 

assessment, since LiDAR point clouds require calibration and processing before being 

used for analysis. In addition, the Google street view provides a direct view of houses, 

especially those with pitched roofs, which enables more information in the preliminary 

analysis. Nevertheless, trees and other structures can obscure the view of houses and 

pitched rooftops. Moreover, Google street view is only available for areas were 

roads/streets are accessible and may not be regularly updated.  
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Table 6.1 - Advantages and disadvantages of using Google map/Google earth and LiDAR data for solar 

panel site selection 

Google map/Google street view LiDAR data 

Pro Pro 

Easy access and zero cost Available elevation & geographic position 

raw data 

Much faster access for preliminary assessment Able to build 3D model for visualization 

Direct and high-resolution view of houses by 

Google street view 

High spatial resolution dataset 

3D view by Google earth  No cloud cover  

Con Con 

Limited display of Google street view High cost for data acquisition 

Availability of data based on road accessibility Expertise required  

No elevation or raw data available Software for processing 

Inconsistency of data at various spatial scales   

Outdated data issues   

Cloud cover   

Google maps unavailability of some regions  

 

Furthermore, LiDAR data do not show visual images of the area of interest, but only 

its elevation and geographic location information that can be used to build a 3D model. 

Although Google Earth enables users to have a 3D view, similar to LiDAR data, the basic 

free version of Google Earth does not provide access to the raw elevation information. 

Since Google maps apply a pyramid structure to display different satellite images for the 

same site based on the required spatial resolution at a particular scale, satellite images 

with different resolutions may show different levels of detail for the same location due to 

different dates of acquisition. For example, images for a specific region could be taken in 

August 2011, but a larger-scale image could be taken in October 2011. Changes during 

this time period would be missing or inconsistent between scale levels, such as a newly 

constructed facility. Spectral differences in images may also affect data compatibility, 

such as an image captured on a sunny versus cloudy day. Information shown in the maps 

will be inherently different. Since LiDAR measures distances by illuminating a surface 

with an optical laser beam, cloud cover is generally not a concern. 
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6.1.2. Factors 

As previously described, solar radiation availability and shading effects are two main 

factors for determining optimal sites in the micro-scale building site assessment, while 

shading effects were taken into account during the solar radiation calculation. However, 

incoming radiation estimates may not be accurate, since the estimates are highly 

dependent on weather conditions, while in this study, only clear sky conditions were 

considered. As a result, potential energy production was estimated based on an ideal 

circumstance, and actually results would be less than the estimates. 

The solar radiation model in ArcGIS requires several parameter settings, which can 

impact output radiation estimates. In particular, the day interval setting of the monthly-

accumulated solar radiation calculation was set as seven days, and hour interval was set 

as one hour. The smaller the interval is, the more accurate the solar radiation is estimated. 

For example, a seven-day interval calculation applies one-day solar radiation results to 

represent results of the other six days within a seven-day period, and ignores variations 

existing in the seven days. However, the processing time will increase dramatically due 

to the required iterations, especially when the spatial resolution of the input elevation data 

is high. The time interval was tested with a variety of settings, including daily interval 

settings, as well as half-hour and one-hour settings. The test results did not show apparent 

differences, suggesting that the default seven-day and one-hour settings would be 

sufficient and help to achieve a balance between accuracy and processing time. The sky 

size parameter specifies the resolution of the viewshed, sky map, and sun map rasters that 

are used in the radiation calculations. Since sufficient resolution is required to adequately 

represent all sky directions and sun positions, the larger the sky size is, the more accurate 

calculation is achieved; however, calculation time increases considerably. A resolution of 

1,400 cells per side was adopted in this study, which was set high enough for sun tracks 

to be achieved with a 7-day interval (ESRI, 2011).  

The remaining two parameters in this model that will lead to a significant difference 

in radiation estimation calculations are the diffuse proportion and transmissivity 

parameter settings. As mentioned in Section 4.1.1, different combinations of the two 

parameters will lead to different solar radiation values estimated. However, comparing 
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the solar radiation maps under overcast and clear-sky conditions shown earlier in Figure 

5.1 as an example, spatial patterns of solar radiation of the area of interest were almost 

the same. That is, roof surface areas receiving high solar radiation or affected by shadows 

are consistent between overcast and clear-sky conditions.  The only differences of 

different conditions were the ranges of solar radiation values (Appendix B). Therefore, 

the two parameter settings do not appear to have a significant impact on the site selection 

findings.  

According to Table 5.5, the solar companies surveyed in this study consider a range 

of factors in the site selection process. Most of the criteria relate to solar radiation 

availability and shadow effects, which are consistent with the adopted methodology of 

this study. However, some factors considered by the solar companies, including the solar 

array height and space between arrays were not incorporated into the GIS analysis based 

on a number of constraints. For some buildings, array height is usually limited with a 

specific value for ventilation.  The total amount of solar radiation received at the Earth's 

surface varies seasonally. Solar radiation flux reaches its maximum during the summer 

months, which in turn, will have a higher impact on the yearly optimum tilt angle. It is 

also important to consider that a minimum structural setback from roof edges should be 

applied for safety. This factor was discussed in this study but was also not considered by 

the companies included in the survey.  

Roof load and penetration were not considered in this study due to a lack of detailed 

roof information. According to Finamore et al. (2002), the flat rooftop of FED Hall 

cannot support PV panels if snow or rain covers are not removed. For roofs that can only 

support thin and lightweight PV panels, roof penetration may be required during the 

installation process for improved stabilization. However, penetration can also increase the 

probability of roof leakage. Apart from using this approach to stabilize the panels, 

mounting with concrete or steel bases that use weight to secure the panel system in 

position is also a commonly adopted approach. Given that the optimal site for receiving 

solar radiation is chosen, the next stage should entail an evaluation of roof structural 

capacity. A full building assessment should consider the necessity of additional roof 

reinforcement before making recommendations for solar panel installation.  
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Finally, a remaining factor that was not considered in this study was snow cover. In 

the wintertime, snow cover on solar panels is a concern for areas usually affected by 

heavy snowfall and may significantly reduce electricity output. Flat rooftops are usually 

more affected than pitched roofs. Heavy snow cover leads to extra weight to the building 

roof and snow cover also prevents solar panels from receiving sunlight. Snow removal 

maintenance is seldom provided during the wintertime, thus roof load capacity should be 

considered prior to solar panel installation.  Snow cover was not considered in this study, 

since it was difficult to model and to mask out covered regions of rooftops accurately 

during wintertime conditions, and also the accumulated snow on solar panels varies when 

solar panel tilt changes. 

6.1.3. Micro-scale Selection 

In this study, areas consistently receiving large amounts of radiation throughout the year 

were selected as optimal sites for solar panel installation. Patterns of building electricity 

demand and usage should be considered in the assessment. For example, the PAC main 

rooftop receives the highest monthly radiation of approximately 174 kWh/m
2
 in summer, 

especially in June and July, whereas it receives little radiation in the winter. If the PAC 

consumes more energy for heating in the wintertime but less power during the summer, 

solar panel installation on the main rooftop may not meet seasonal energy demands. 

However, the generated solar energy during summer may assist with powering air 

conditioning units for cooling. Heavy snowfall during wintertime may also cause snow 

cover on solar panels and reduce solar exposure. Similarly, the FED Hall main rooftop 

receives the highest amount of solar radiation during the summertime but relatively less 

radiation during winter. Therefore, if more electricity is required for powering air-

conditioners during summer months, rooftop mounted solar panels may be quite useful 

for assisting to meet seasonal energy demands. 

Shadow masks were created for each building to distinguish shadow-cast regions of 

building rooftops from exposed areas. The shadow mask shows the probability of 

shadows being present or absent on average throughout a year. For each month, a 

threshold for distinguishing shaded and unshaded areas was selected based on differences 
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in solar radiation intensity, which was analyzed using the solar radiation histogram and 

corresponding solar radiation map and aerial imagery for spatial interpretation and 

analysis. The selected thresholds for separating shaded/unshaded areas are subjective due 

to the fuzziness between shaded and unshaded areas. A threshold with small solar 

radiation values considers more areas as suitable sites than a threshold set with a large 

solar radiation. Solar radiation values greater than the defined threshold were categorized 

as unshaded, whereas values less than the threshold represented a shaded scenario. After 

determining a threshold for each month, a shadow mask was then generated. Since areas 

with a shadow probability of less than 25% have less than three-month shadow risks, and 

these low shadow probabilities only occur in the winter months, when solar radiation 

intensity is the weakest, classifying these areas as unshaded is reasonable. As the shadow 

probability increases, solar radiation receiving amount reduces dramatically. 

With the monthly- and yearly-accumulated solar radiation maps and classified 

shadow mask, suitable sites on each building rooftop were easily identified. According to 

the radiation maps and shadow mask of the PAC building, it was determined that the 

main, eastern, and southern rooftops were the most suitable site for mounting solar panels. 

If energy demand is higher in the summer, the northern and western rooftops (labeled in 

Figure 5.6) are additional sites that could be considered for PV array installation. 

The two EV buildings have a more complicated roof structure than the PAC 

rooftops due to the presence of structural obstructions, such as stacks. Since the EV 

rooftop has a pyramidal glass roof (i.e., skylight), as well as stacks and two roof 

constructions, available space for solar panel installation is limited compared to the PAC. 

According to the shadow mask of the EV buildings (Figure 5.11), among areas available 

for panel installation, most of the northern side of the EV buildings is susceptible to 

overcast shadows over the year, while the southern sides were considered to be suitable 

for solar panel installation. 

The DP Library rooftop has the most complex structure and the most limited space 

for PV panels among the five buildings examined in this study. Due to the greatest 

building height across the campus, its rooftop shows the maximum solar radiation 
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receiving amount in July compared to other studied buildings. Results from this study 

suggested placing solar panels along the southern side of the roof, although the physical 

dimension or available area may be a limitation. The final selected site of the library 

rooftop has an area dimension of 118 m
2
. If a 1-meter setback is required, the final 

dimension would be reduced to about 90m
2
. The 1

st
 floor rooftop of the library is another 

option available for solar panel installation. Comparing the southeastern and 

southwestern sides of the 1
st
 floor rooftop, this study found that the southeast rooftop 

received a greater amount of solar radiation, although less physical space was available. 

For FED Hall, the southwest slanted roof received consistent incoming radiation 

throughout the year and was determined to be a suitable location for PV installation. The 

main/central rooftop can also be considered for solar panel installation, since a high level 

of radiation is received during summer months. From the shadow mask results, areas with 

a shadow risk less than 25% include the main roof, southeast and southwest tilted roofs, 

and northwest lower rooftop. When the constraints are weakened to 25% to 50% shadow 

risk, selected sites on the northwest lower roof are included, increasing by 31 m
2
. 

However, the average annual solar radiation reduces as the constraints are weakened. 

The V1 student dormitory was the final case study at the micro-scale level of 

analysis. From the results presented in Section 5.1.5, a group of rooftops on the south of 

the site consistently received high incoming solar radiation throughout the year, 

demonstrating good potential for solar panel installation. As previously mentioned, new 

vegetation or tree growth will change shadow effects, especially along building 

perimeters or rooftop edges. Therefore, rooftops shaded by trees may vary from season to 

season. As shown in the radiation maps, these roofs have small stacks, which cause 

shadows. If the height of solar panel installations is set high enough, it may be possible to 

avoid shadow effects. For the center main rooftop, although its large areal dimension is 

suitable for panel installation, the complex roof structure and obstructions would likely 

cause significant shadow effects. According to Figure 5.28 (B) and 5.29, areas that are 

temporarily affected by shadows from a chimney on the southern main rooftop are 

considered as suitable site due to a loose shadow threshold selection. If shadow 



 

 

104 

thresholds are set rigorously with high solar radiation values, most southern areas of the 

main rooftop will be eliminated.  

6.2. Macro-scale Analysis 

6.2.1. Data and Factors 

This study applied MCA to select suitable sites for solar panel installation in the City of 

Waterloo. Similar to solar radiation estimation for the micro-scale building level, 

estimation for the macro-scale area was also obtained using digital elevation information 

and the ArcGIS radiation tool. The elevation data of the City of Waterloo was a 10 m 

spatial resolution DEM (Appendix A). Compared to the LiDAR data used in the micro-

scale analysis, the DEM data have a relatively coarse spatial resolution. In addition, the 

DEM data only contain elevation information of the bare earth. Therefore, land surface 

features were not considered in the solar radiation, slope and aspect calculations. 

However, since only open space and agricultural land uses were considered as accessible 

lands for solar panel placement, building height information was not critical to this study. 

As a result, trees may be selected as ideal installation sites, which should be filtered out 

by subsequent analysis with land use data or aerial imagery. In light of the significant 

processing time required for solar radiation calculations, higher spatial resolution datasets 

may not have been desirable or beneficial to this study. 

Compared to criteria used in the previous micro-scale study, this analysis only 

included important criteria when considering the study area location. As previously 

mentioned, the solar radiation calculation tool in ArcGIS already accounts for 

atmospheric effects, site latitude and elevation, land surface steepness and compass 

direction, daily and seasonal shifts of the sun angle, and effect of shadows cast by 

surrounding topography. Therefore, topography, including slope and aspect, may not 

have been critical to consider in the MCA. However, considering the importance of 

topography on solar radiation spatial variability, slope and aspect were still nevertheless 

included, although perhaps redundant. As regards to their relative importance, since 

amount of solar radiation received is dependent on solar panel tilt rather than topographic 
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slope after installation, assigning less weight to topographic slope compared to solar 

potential and topographic aspect was reasonable.  

Weather conditions were not considered due to their instability and unpredictability 

and the difficulty with modeling cloud patterns. In reality, atmospheric conditions could 

range from overcast sky, clear sky, partly cloudy sky, direct sunlight, to uniform sky. As 

mentioned in previous sections, even though radiation values vary depending on the sky 

conditions, relative spatial variation or pattern of radiation was deemed to be more 

essential to the site selection process than obtaining accurate absolute radiation values. 

Therefore, the solar radiation of the study area was calculated under clear-sky conditions.  

Since radiation values were not used for estimating total energy supply from 

potential sites, an energy demand-supply balance calculation was not included in the final 

site analysis. Population density for energy demand estimation was not included, since 

the study was not an economic assessment of potential sites, but focused primarily on 

physical, environmental, and land use criteria for site selection. Since the goal of this 

study is to determine optimal sites within the city, configuration of final solar panel 

installations was treated as a subsequent consideration. The detailed visual impact to 

surrounding residential communities was also not considered to be an important criterion, 

although this could be studied separately as a viewshed analysis. Further development of 

the site for solar energy generation would also require consultation with neighbors, as 

well as additional urban planning and land zoning details. It is important to note that 

factors such as flood pathways, dams, and cultural heritage sites were not included in the 

analysis, since land cover and land use were more critical in the site assessment. 

For dust risk assessment in the MCA, the sand content in soil, proximity to pit and 

quarry sites, and distance to roads were considered. Locations with pit and quarry land 

uses within the study area were excluded. Since adjacent roads can increase dust 

pollution in the air, potential solar installation sites should maintain a certain distance 

from road networks. Since the road density in the City of Waterloo is relatively high, a 

buffer of more than 50 m would exclude most parts of the city. Roads located far away 

from the site would be costly to construct. Given such considerations, a buffer radius of 
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10 m around major roads was adopted in this study. Wind speed was also considered to 

be an important factor contributing to dust. However, due to unavailability of detailed 

wind speed data, this criterion was not considered in the final analysis. 

6.2.2. Macro-scale Selection 

MCA is an approach used to assist decision makers to choose between alternative choices 

according to criteria, some of which may be conflicting or controversial. This context 

often leads to an absence of an absolute optimal or perfect solution. Theoretically, this 

method formulates recommendations, while decision makers maintain their freedom to 

make choices. In the sensitivity analysis of weight assignments, the geography of areas 

with the highest scores remains the same. Only the area size changes during the analysis, 

while the location of selected sites is relatively consistent, since the relative importance 

between or among criteria were retained during the test. For example, for the higher level 

criteria, since efficiency is the basis of economic benefits of a PV project, efficiency was 

considered to be more important than economic, and relative weight of efficiency was 

tested ranging from 2 to 4. If more various levels of relative importance, such as 1/4 to 4 

between economic criteria and efficiency, were added to the sensitivity analysis, 

locations of selected sites may be changed. However, importance of criteria was set based 

on solar panel site selection requirements according to previous research studies and 

answers from the surveyed companies, and thus, the tested value ranges in this study 

were reasonable.   

After the site selection process in this study, the assessment considered ground truth 

information and observations. The ground truth data provided information about the 

current land use type, surrounding environment, and verification of certain criteria. Since 

secondary data about a potential site could be out of date, on-site inspection is necessary 

to acquire current status information. For example, current information about 

transmission lines, new road construction, and new residential houses and commercial 

buildings proved to be useful to the site selection process. 

Potential sites for ground-mounted solar installations were selected close to the 

periphery of the city. Four of the sites considered in this study had potential for 
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centralized PV power plants to be installed. For the first two selected Sites 1 and 2, their 

locations were close to transmission lines and located away from the city center. The 

terrain is flat, although private land ownership issues may be challenging to install 

ground-mounted solar arrays. During the site evaluation, new residential houses next to 

Site 1 were identified. Houses on the western side of Site 2 were also observed, which 

were originally indicated to be open space on the land use map. As a result, the selected 

sites could be more exposed, which could potentially lead to vandalism and concerns 

about aesthetics. Although Site 2 has the largest areal dimensions, the southern section 

consists of natural green open space and is also bordered by Columbia Lake, which is a 

conservation area. Consequently, the boundary of Site 2 should be further adjusted.  

Sites 3 and 4 differ significantly from Sites 1 and 2 in terms of land use. In particular, 

Site 4 is not a quarry/pit site but an active landfill site, while Site 3 is within 1-kilometer 

radius of the landfills (Figure 5.36). Due to current landfill practices, these two sites 

cannot be used for solar panel placement at present. However, after the landfill life cycle 

is completed, the land could be reclaimed and re-developed as potential sites for clean 

energy technologies, such as solar power. Many examples of using landfills or 

brownfields as PV farms exist around the world today. For example, Hickory Ridge 

Landfill was once a mountain of trash sitting idle on the outskirts of Atlanta, Georgia 

(Snedden, 2011). Now it has been developed with plastic solar panels as shown in Figure 

6.1. A similar solar landfill project is underway in Madison County, New York, where 

the energy generated from eight acres of panels is being used to run the recycling center 

next door (Snedden, 2011). Similarly, industrial contaminated lands or brownfields can 

be used to develop PV farms. For example, the U.S. Department of Energy is currently 

taking bids in Colorado to build a PV farm on a 42-acre former uranium mine site 

(Barber, 2012). 
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Figure 6.1 - A landfill site on the outskirts of Atlanta, Georgia covered 10 acres of land with plastic solar 

panels (Snedden, 2011) 

Landfills have many advantages as potential sites for PV farm projects. In particular, 

the tall structure of landfills enables the area to be unobstructed by shadows and often at 

elevations higher than average tree height (Snedden, 2011). In addition, landfill sites 

provide the advantage of being located near urban areas without sacrificing valuable 

green space that contributes to the overall “quality of life” (Barber, 2012). The stable 

surface of landfills makes it suitable for mounting thin and flexible solar panels (Roberts, 

2010). Furthermore, criteria for a landfill site to accommodate current solar technologies, 

include the site being fairly level with little vegetation cover, being located away from 

ESA, and being adjacent to the local utility power line grid (Barber, 2012). 

Mounting solar panels on landfills has a variety of benefits. First, even though it 

may cost more to develop a PV farm than to clean up the landfill site and to establish a 

new business, solar arrays pay off with low maintenance costs and avoid landfill post-

closure care costs (Roberts, 2010; Snedden, 2011). The usage of renewable solar energy 

also benefits carbon cap and trade credits (Roberts, 2010). The commercial value of a PV 

farm also has long-term benefits. Overall, the design of the solar array cover provides an 

easily maintained, durable, and stable surface that benefits landfill sites by providing 

long-term reliability from energy generation and environmental protection. A solar 

energy cover also helps “communities to pave the road to energy independence with 

creative land re-use and potential for widespread application on many other types of 

brownfields” (Roberts, 2010, par. 15). Overall, compared to Sites 1 and 2, Sites 3 and 4 

may be superior choices for ground-mounted solar panel installation. 
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6.3. Future Work 

According to the limitations discussed in Sections 6.1 and 6.2, improved data sources and 

incorporating more criteria could improve the solar panel mounting site selection process. 

For example, more accurate and calibrated LiDAR point cloud would enable more 

reliable incoming solar radiation amounts to be estimated for each building. Since the 

DEM derived from LiDAR point cloud was interpolated with 0.5 m spatial resolution, a 

better resolution (i.e., 0.2 m) could offer more structural details to be discerned. Although 

the point cloud density of this LiDAR dataset is considerably high, a denser point cloud 

may further improve roof structure analysis and provide more detail about the physical 

form and structure. Although high spatial resolution datasets would require more time to 

process, the accuracy of insolation estimates of the study area could be further improved. 

Availability of other datasets as additional criteria could further improve site 

selection results. For example, in the micro-scale site assessment, building roof load or 

strength of the roof structure could improve the analysis, providing information indicative 

of the ability of the building to support the extra weight of PV panels. Moreover, rooftop 

texture and materials could be assessed. For example, the PAC has significant damages to 

the roof making it unsuitable for solar panel placement (Finamore et al., 2002). In such 

cases, appropriate roof refitting may be required. Before mounting PV arrays on a rooftop, 

solar panels height, tilt and distance between arrays are required to accurately calculate 

solar radiation, so as to avoid shading effects from other panels. When determining the 

shadow threshold for shading probability calculation, a fuzzy logic may be adopted for a 

more accurate representation.  

In the macro-scale site selection, as discussed in Section 6.2.1, some criteria applied 

by previous research studies are not applicable to the City of Waterloo. Nevertheless, 

factors such as land ownership are necessary in the site selection process. As suggested 

by the surveyed companies, land cover and land use majorly limit the site selection; 

therefore, detailed land use plan and land information from the municipal government 

should be obtained. To address the aesthetics of a newly developed PV farm, producing a 

viewshed layer based on the residential houses present could help to address such 
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concerns. For the macro-scale on-site feasibility assessment, a more reliable assessment 

could entail consulting neighbors and conducting a household survey.   

For both micro and macro scales, electricity demand and supply of the building or 

area(s) of interest should be assessed. In order to implement an economic demand and 

supply analysis, assumptions, such as daily or seasonal power usage for lighting, heating, 

etc., are necessary. The specific type of solar panel should then be determined according 

to budget availability and energy output expectations. Sky-condition indicators (i.e., 

transmissivity and diffuse proportion) in the solar radiation calculation can be adjusted 

using monitoring data from local weather stations for accurate solar potential estimation. 

However, a full energy supply-and-demand economical analysis was outside the scope of 

this study.  

6.4. Conclusion 

The rapid growth in the level of greenhouse gas emissions, the increasing amount of 

energy demand, and the increase in fuel prices are the main driving forces for turning to 

renewable sources of energy. Solar energy has few adverse environmental effects 

compared to conventional fossil fuels, such as greenhouse gas emissions or smog-causing 

pollutants, has become a preferred source of energy. The goal of this study was to select 

potential sites for mounting solar panels on both micro- and macro-scales of analysis. In 

order to find out how solar panel site selection is conducted in current business practices, 

a questionnaire survey was conducted involving select solar companies from Southern 

Ontario. This study demonstrated the use of spatial analysis and GIS techniques for 

identifying potential solar panel installation sites at micro- and macro-scales. 

The micro-scale analysis was for roof-mounted solar panel installations. Five 

buildings on the UW campus were selected as case studies. Optimal locations on rooftops 

were determined based on the generated monthly- and yearly-accumulated solar radiation 

maps and shadow masks. In order to generate the solar radiation maps, this study applied 

the ArcGIS area solar radiation analyst associated with elevation data inputs. This model 

accounted for atmospheric effects, orientation, daily and seasonal shifts of the sun angle, 

and shading effect caused by surrounding topography. Ultimately, solar radiation maps 
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provide spatial distribution information of insolation amounts. Shadow masks derived 

from monthly solar radiation maps allow quantitative analysis of shadow effects during 

the year. According to the surveyed solar companies, since a lack of accurate detailed 

building plan and roof structure analysis data were a challenge during the site evaluation, 

spatial analytical method of this study shows another feasible approach for rooftop site 

evaluation.   

The macro-scale ground-mounted solar panel installation site selection was 

conducted by considering a range of criteria. By adopting an MCA approach, 

environmental, economic, and potential generation factors were assessed. After selecting 

the potential solar installation sites for the area of interest, an on-site feasibility 

assessment involving collecting groundtruth data was conducted. In the City of Waterloo, 

four sites were identified as potential sites for ground-mounted solar farm installations. 

The most suitable site was identified as an active landfill, which may be suitable for 

future development into a PV farm project.  

This study faced a number of data limitations that if addressed, could potentially 

improve site selection results. For example, a lack of roof strength data was a significant 

limitation to the micro-scale analysis. Access to a detailed municipal land use plan and 

potential energy supply and demand information could potentially improve the macro-

scale analysis. Nevertheless, this study demonstrated a spatial analysis approach that 

integrated remote sensing data and GIS techniques for determining potential sites for 

solar power production. Site selection results proved to be realistic and were verified with 

groundtruth observations. This study demonstrates a proof of concept and workflow that 

can be effectively applied for solar panel site selection at both micro- and macro-scales of 

analysis 
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Appendix A – Digital Elevation Model of the City of Waterloo 
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Appendix B – Solar radiation results by different combinations of transmissivity and diffuse 

proportion values (WH/m
2
) 

 

    Diffuse Proportion 

  0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

T
ra

n
sm

is
si

v
it

y
 

0.1  N/A  N/A  N/A  N/A  N/A  N/A 650.02 - 
260886 

1114.32 - 
368331 

2507.22 - 
694847 

0.2  N/A  N/A N/A   N/A  N/A 1071.48 - 

520962 

3716.17 - 

639188 

2738.2 - 

893143 

6428.87 - 

1769340 

0.3  N/A  N/A  N/A  N/A 1285.62 - 
777317 

1928.48 - 
921779 

2999.85 - 
1167510 

5142.6 - 
1662760 

 N/A 

0.4  N/A  N/A  N/A  N/A 2001.1 - 

1188530 

3001.64 - 

1412950 

4669.22 - 

1794350 

 N/A   

0.5  N/A  N/A 1356.88 - 

1306680 

1920.56 - 

1465060 

2880.83 - 

1680410 

4321.25 - 

2003440 

6721.94 - 

2550750 

 N/A  N/A 

0.6  N/A 967.521 - 

1568720 

1696.55 - 

1762810 

2639.08 - 

1968850 

3958.62 - 

2264730 

5937.93 - 

2708540 

 N/A  N/A  N/A 

0.7 587.828 - 

1926460 

1299.13 - 

2042250 

2267.34 - 

2291650 

3526.97 - 

2566180 

5290.45 - 

296060 

 N/A  N/A  N/A  N/A 

0.8 775.248 - 
2441250 

1744.31 - 
2648190 

2990.24 - 
2919700 

4651.49 - 
3281700 

 N/A  N/A  N/A  N/A  N/A 

0.9 1026.62 - 

3055190 

2309.9 - 

3324080 

3959.82 - 

3683570 

 N/A  N/A  N/A  N/A  N/A  N/A 
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Appendix C – Models for creating the MCA criteria layers 

C1: Slope 

 

C2: Aspect 

 

C3: Solar Radiation 

 

C4: Water Sources 

 

 

No Water: 
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C5: Road Network 

 

C6: Transmission Lines 

 

C7: ESA 

 

C8: Pit and Quarry Sites 
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C9: Sand Content 

 

C10: Land Suitability 

 

C11: Residential Area 

 

Site Selection Using Weighted Criteria:
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Appendix D – Questionnaire 

January 30, 2013 

Dear Sir/Madam, 

Thank you in advance for participating in this survey on solar panel installation. The 

main purpose of this study is to determine the optimal sites for solar panel installation at 

both micro and macro scales of analysis. Micro scale analysis refers to solar panel 

installation on flat/pitched rooftop among several buildings, whereas macro scale 

installation refers to a large region involving rooftop and ground-mounted types.  

In order to obtain information to improve solar panel installation practices in industry, I 

would like to conduct a survey to explore and summarize the commonly used approaches 

and datasets applied by solar companies in Ontario. After collecting the information from 

participants, differences among the current techniques and methods used in this study 

will be compared. In addition, this study will tackle some problems existing in current 

site selection methods regarding solar energy efficacy improvement. 

Sincerely, 

 

Dongrong Li  

Department of Geography & Environmental Management 

Faculty of Environment 

University of Waterloo  

Email: d59li@uwaterloo.ca 

Tel: 1-519-590-5067 

Dr. Su-yin Tan 

Department of Geography & Environmental Management 

Faculty of Environment 

University of Waterloo 

Email: su-yin.tan@uwaterloo.ca 

Tel: 1-519-888-4567 ext.38772 

 
 

 

 

 

 

 

 

 

mailto:d59li@uwaterloo.ca
mailto:su-yin.tan@uwaterloo.ca
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1. Approximately how many customers does your company service on average per 

month? What types of customers (e.g., commercial, residential) do you usually work 

with? 

2. How do you evaluate suitable sites on urban infrastructure and buildings for solar 

panel installation? What location or physical factors (e.g., shadow effects, height, 

building dimensions) are usually considered when determining where panels should 

be installed? 

3. What kind of data or information sources does your company usually use when 

assessing where solar panels should be placed or installed (e.g., Google maps, 

building survey plans, LiDAR data)? 

4. How do considerations change for building rooftop solar panel installation or 

placement compared to ground-mounted installation? 

5. After completion of an installation project, what kind of maintenance does your 

company usually provide to the client? How many years does the maintenance last or 

is provided? 

6. What are the most significant challenges encountered when installing solar panels 

correctly? What countermeasures can be taken to avoid these problems or how are 

they usually dealt with after completing an installation? 

7. Between a grid-connected solar system and a stand-alone system, which is more 

popular with your customers? For the grid-connected solar system, what extra factors 

do you need to consider (e.g., distance to the transmission lines)?  

Thank you for completing this survey!  
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Appendix E – Sensitivity Analysis Results 
 

Table E1. Final weights of sub-criteria under seven scenarios*.  

 

Scenarios A B C D E F G 

Slope 11% 12.9% 13.76% 10.8% 9.3% 12.9% 12.9% 

Aspect 21.3% 24% 25.6% 24.3% 25.5% 24% 24% 

Solar 22.2% 24.9% 26.6% 27.0% 25.0% 24.9% 24.9% 

Water 2.53% 2.85% 3.04% 2.7% 2.3% 2.85% 2.85% 

Quarry 4.57% 5.1% 5.48% 4.8% 4.1% 5.1% 5.1% 

Sandy 4.57% 5.1% 5.48% 4.8% 4.1% 5.1% 5.1% 

Transmission 28.90% 21.5% 17.20% 21.5% 21.5% 20% 16.7% 

Roads 4.70% 3.57% 2.80% 3.5% 3.5% 5% 8.3% 

*Note:  

Scenario A: Efficiency/Economic = 4/1; 

Scenario B (Base run of this study): Efficiency/Economic = 3/1, Slope/Aspect and Slope/Solar 

Radiation = 1/2, and Transmission Lines/ Roads = 1/6; 
Scenario C: Efficiency/Economic = 2/1; 

Scenario D: When Efficiency/Economic = 3/1, Slope/Aspect and Slope/Solar Radiation = 1/4; 

Scenario E: When Efficiency/Economic = 3/1, Slope/Aspect and Slope/Solar Radiation = 1/6; 

Scenario F: When Efficiency/Economic = 3/1, Transmission Lines/ Roads = 1/4; 
Scenario G: When Efficiency/Economic = 3/1, Transmission Lines/ Roads = 1/2. 
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Figure E1. Solar panel installation suitability maps of three simulation runs for the selected criteria of 

Efficiency/Economic. (A) Efficiency/Economic = 4/1; (B) Efficiency/Economic = 3/1; (C) 

Efficiency/Economic = 2/1 

 
 

 

 

 
 

 

 
 

 

 
 



 

 

129 

 
 
Figure E2. Solar panel installation suitability maps of two simulation runs for the selected criteria of 

Slope/Aspect and Slope/Solar Radiation. (A) Slope/Aspect and Slope/Solar Radiation = 1/4; (B) 

Slope/Aspect and Slope/Solar Radiation = 1/6. 

 

 
 
Figure E3. Solar panel installation suitability maps of two simulation runs for the selected criteria of 

Transmission Lines/ Roads. (A) Transmission Lines/ Roads = 1/4; (B) Transmission Lines/ Roads = 1/2. 


