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H I G H L I G H T S  

• A comprehensive analysis framework for roof-mounted solar PV systems is developed. 
• The estimated roof area for Västerås municipality is 5.74 km2. 
• Different scenarios are considered for the potential installation of PV systems. 
• The potential capacity is 727-956 MWp and annual yield is 626-801 GWh for Västerås. 
• 504 km2 usable roof area and 65-84 GWp installed capacity are estimated for Sweden.  
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A B S T R A C T   

Solar photovoltaic energy, driven mostly by the residential and commercial market segments, has been growing a 
lot in recent years in Sweden. In response to the commitment towards sustainability goals, this paper explores the 
potential of roof-mounted solar photovoltaic projects. This paper focuses on: roof area estimation, potential 
installed capacity, and potential electricity generation, at the single municipal scale and at the national scale. The 
following categories of different building types have been investigated: residential buildings, industrial buildings, 
buildings of social function, buildings of business function, buildings of economic/agricultural function, build-
ings of complementary function, and buildings of other unknown functions. The analysis starts from Västerås, a 
typical Swedish municipality and ranking seventh among the largest cities in Sweden. An estimate of 5.74 km2 

available roof area potential is calculated, by considering factors such as building purposes, roof orientations, 
shadows and obstacles. The total potential installed capacity is calculated, assuming the installation of com-
mercial photovoltaic modules, and design parameters for flat roofs such as inter-row distances and tilt angles. 
With the inputs of meteorological parameters and geographical information, the potential yearly electricity 
generation is calculated. The results reveal 727, 848, and 956 MWp potential installed capacity and 626, 720, and 
801 GWh annual electricity production for Västerås on pitched roofs and flat roofs with three scenarios, 
respectively. The extrapolation of the methodology to the entire of Sweden yields a total of 504 km2 usable roof 
area and 65, 75, and 84 GWp installed capacity. Finally, we reveal a new understanding of usable roof area 
distribution and of potential installed capacity of roof-mounted solar photovoltaic systems, which can largely 
help evaluate subsidy scale and solar energy policy formulation in Sweden.   

1. Introduction 

Solar applications in Sweden have matured to become technically 
viable and economically feasible sources of sustainable energy [1]. This 
is due to the development of global solar applications, and subsidy 
stimulation from the authorities. In Sweden, there are various national 

subsidy schemes to encourage new installations that implement photo-
voltaic (PV) technology as part of the goal of zero net greenhouse gas 
emissions by 2045; the introduction of the direct capital subsidy system 
in 2009 is worth highlighting here [2]. This national incentive pro-
gramme has also been fueled by declining solar system prices, high 
popularity among the public, growing interest from utilities, and 
ongoing reformation work by the authorities to simplify the rules for 
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micro-producers. The 2019 installed capacity of solar PV was 698 MWp 
[3], which accounted for 0.4% of total electricity consumption. A 
strategy proposed by the Swedish Energy Agency suggested that 5–10% 
of electricity consumption could come from PV in 2040 [4]. Given this 
scenario, an increased focus on research and development within the 
solar PV sector is anticipated. 

In 2018, the residential single-family houses and commercial facil-
ities were the biggest market segments (65% of the market share of 
installed capacity) in Sweden. Meanwhile, centralized solar stations 
represented a very small share (8%) [5]. An interesting segment of solar 
PV markets is the one corresponding to building-integrated and 
building-applied projects. Installing solar PV systems on building roof-
tops increases the generation of renewable electricity without occupying 
additional land area [6]. Furthermore, due to Sweden’s vast territory 
and sparse population, many of the roofs might be large enough to fit 
solar PV systems. Understanding the potential of roof solar PV genera-
tion and its spatial variations is critical for utility planning, accommo-
dating grid capacity, deploying financing schemes, and formulating 
future adaptive energy policies [7]. 

Policymaking for the successful development of solar markets relies 
heavily on the assessment of the roof surface area available for equip-
ment installation. Energy policymakers use this information to evaluate 
opportunities and challenges, and to decide if more and new types of 
subsides are needed. For example, in the early stage, incentives on a 
large scale drive a sharp increase in PV capacity, which in turn leads to 
fiscal deficit, and forces governments to slash renewable energy sub-
sidies. Examples are Greece [8], Spain [9], and China [10]. To avoid 
these negative consequences in Sweden—although the solar PV industry 
“boom-and-burst cycle” [9] would less likely happen here, considering 
the less desirable meteorological conditions—a rational evaluation of 
available roof area and subsidy scale is still necessary. 

To integrate the potential geographical evaluation, technical evalu-
ation, and subsidy feasibility analysis for solar PV systems, this study 

presents a Geographical Information System (GIS)-based comprehensive 
methodology with energy system modeling techniques. The paper is 
organized as follows: Section 2 describes previous related studies. Sec-
tion 3 describes the study area and data input. Section 4 presents the 
methods of estimating the geographical potential of roof-mounted solar 
PV, as well as the technical potential, which includes the estimation of 
potential installed capacity, and solar PV energy conversion. The 
method of extrapolating from Västerås scale to Sweden scale is shown as 
well. Section 5 reveals the results and discusses the historical incentives 
scale as well as potential challenges. Thereafter, the scope and limita-
tions of the paper are presented. Section 6 draws conclusions. It is worth 
noting that solar cells can be integrated into building façades as well, but 
this is not considered in this research. The potential of ground-based PV 
parks is not included in this study either. 

2. Literature review of related work 

Spatial information technologies, particularly GIS, have been widely 
used in evaluating the feasibility of solar power stations in a given re-
gion, and in identifying optimal locations. GIS is a powerful tool for 
performing spatial analysis integrating geographical spatial data for a 
comprehensive feasibility assessment of solar energy potential at the 
regional scale. Estimation of PV potential is challenging, but indis-
pensable for relevant renewable energy policymaking. The evaluation of 
adequate available roof surfaces is one of the most crucial stages in the 
implementation of roof-integrated PV applications [11]. 

Previous research studied the spatial distribution of PV applications 
and the determinants. Snape [12] revealed the evolution of the spatial 
and temporal distribution of PV adoption in the UK. The spatial distri-
bution highlighted the number of systems installed, the capacity of 
systems, the percentage of households with rooftop PV for every spatial 
unit, and the evolution over time. The pronounced pattern of distribu-
tion was found to coincide with announcements of feed-in tariff policy. 

Nomenclature 

αroof slope angle of the roof (◦) 
αflat slope angle of the flat roofs (◦) 
αpit slope angle of the pitched roofs (◦) 
Aroof surface roof area (km2) 
Abase base area (km2) 
Am

base building base area of the mth municipality (m2) 
ASE

pv usable area for roof-mounted PV systems in Sweden (km2) 
m length of the ridge (m) 
p length of counter beam (m) 
q length of the hanging beam (m) 
Uori utilization factor of orientation 
Uind

ori utilization factor of orientation for industrial buildings 
Unonind

ori utilization factor of orientation for non-industrial buildings 
Rfla flat roof percentage (%) 
rfla orientation role for flat roofs 
Rupit applicable orientations for solar PV installations (%) 
rupit orientation role for applicable orientations 
Rnpit not-applicable orientations for solar PV installations (%) 
rnpit orientation role for not-applicable orientations 
Rs, Rsw, Rse, Rw, Re orientation of South, South West, South East, 

West, and East, respectively (%) 
Rn, Rne, Rnw orientation of North, North East, and North West, 

respectively (%) 
Uso utilization factor due to shadows and obstacles 
Uind

so utilization factor due to shadows and obstacles for 

industrial buildings 
Unoind

so utilization factor due to shadows and obstacles for non- 
industrial buildings 

Unonind
abs absolute reduction on non-industrial buildings (%) 

Uind
abs absolute reduction on industrial buildings (%) 

β tilt angle of PV module (◦) 
βopt optimal tilt angle of PV module (◦) in scenario A 
θz solar zenith angle (◦) 
α solar altitude (or elevation) angle (◦) 
γ solar azimuth angle (◦) 
δ earth’s declination (◦) 
ϕ latitude (◦) 
ω hour angle (◦) 
l width of a solar PV panel (m) 
d distance between the front row and the back row of PV 

panels (m) 
mu municipality,mu = 1,2,3⋯,290 

Acronym 
DSM Digital Surface Models 
GIS Geographical Information System 
LiDAR Light Detection and Ranging 
HVAC Heating, ventilation, and air conditioning 
PF Packing Factor 
PV Photovoltaic 
SCB Statistics Sweden 
ZIP Zoning Improvement Plan  
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Balta-Ozkan et al. [13] investigated the regional distribution of PV 
deployment in the UK and its determinants, by employing the spatial 
econometric method. Their research showed that accumulated capital 
(represented by home ownership) and financial savings—rather than 
income—were the key drivers for PV uptake in the UK. Kwan [14] used 
Zoning Improvement Plan (ZIP) code level data to examine the influence 
of local environmental, social, economic, and political variables on the 
distribution of residential solar PV arrays across the US. In terms of 
spatial performance, the south-western region and the state of Florida 
underperformed in number of housing units with solar PV installations. 
California was expected to have an ideal combination of environmental, 
economic, social, and political characteristics for promoting solar PV. 
The author indicated that solar insolation, cost of electricity, and 
amount of available financial incentives were important factors influ-
encing adoption of residential solar PV systems. Sun et al. [15] used a 
high-resolution grid map of solar radiation combined with geographical 
restriction factors to evaluate the comprehensive potential of solar PV 
generation in Fujian province, China. This study presented a GIS-based 
approach to facilitate the feasibility analysis of geographical and tech-
nical potential, based on which the economic feasibility was studied 
under two feed-in tariff scenarios. He and Kammen [16] used the hourly 
solar radiation data from 2001 to 2010 from 200 representative loca-
tions to develop provincial solar availability profiles. The authors 
combined GIS modeling and solar photovoltaic simulation. The results 
found a potential stationary solar capacity from 4,700 GWp to 39,300 
GWp, distributed solar of about 200 GWp, and annual solar output 
reaching 6,900 TWh to 70,100 TWh. With a homogeneous approach, 
considerable efforts have been made in the case of Israel [17], Slovakia 
[18], Andalusia (Spain) [19], Bangladesh [20], Piedmont Region (Italy) 
[21], Pennsylvania (USA) [22], Germany [23,24], Greece [25], and 
Karachi (Pakistan) [26]. 

In addition, several researchers have demonstrated that the use of 
Light Detection and Ranging (LiDAR) point cloud data significantly 
improved the identification of rooftop geometries and thus the estima-
tion of PV electricity generation. Nguyen et al. [27] provided a meth-
odology for the application of LiDAR point cloud data to analyze PV 
deployment on the regional scale. Based on the proposed methodology, 
the authors determined and quantified the challenges in solar PV 
deployment assessment. Szabo et al. [28] extracted the building and roof 
models of buildings from LiDAR data and drone surveys. The multi-
resolution segmentation of the digital surface models (DSM) and 
orthophoto coverage were conducted to identify buildings and roof 
planes. This approach was then validated and applied to 50 buildings in 
Debrecen, Hungary. A similar study was also applied in the Chao Yang 
District of Beijing, China, by Song et al. [29]. To estimate solar PV po-
tential, the authors developed an approach to simulate the monthly and 
annual solar radiation on rooftops at an hourly time step. The approach 
combined rooftop retrieval from remote sensing images and DSM. Then 
the approach was applied in one Chinese district to calculate the usable 
rooftop numbers, available rooftop area, and the annual PV electricity 
potential. Similar research, with the use of LiDAR data to model build-
ings and energy systems, was conducted in Georgetown (Malaysia) [30], 
Arizona (USA) [31], and Seoul (South Korea) [32]. 

Vector cartographic maps, digital cadastral services, and state 
geographic information systems are reference sources used in evaluating 
potential buildings for the installation of PV systems [33]. These re-
sources provide information about buildings’ footprints and certain 
useful data such as height or classification of building type (e.g. resi-
dential, commercial, or industrial buildings). In some cases, all these 
data are used together with digital surface models of the urban area. 
Moreover, aerial images are a good complement for checking objects, 
which form the urban model [28]. When the solar potential is calcu-
lated, the results are influenced not only by each building’s situation, 
but also by the size and typology of the roof (flat or tilted). In this sense, 
these data can be adequate to provide an overview of the study area, 
with proper assumptions. Considering the general characteristics of the 

buildings, it is possible to estimate the number of roofs of different types, 
determine the parameters which are needed to determine solar PV ca-
pacity potential. In order to evaluate building roofs at the city scale, it is 
fundamental to have a 3D urban model with LiDAR point cloud data 
[34]. However, an important aspect to consider is that the extent of the 
studied area is sometimes limited by the available data [33,35]. Re-
searchers such as Lingfors and Widén studied the Swedish counties of 
Blekinge [36], Skåne [37], and Dalarna [38]. They used the consistent 
methodology through these reports to estimate usable area and potential 
solar energy conversion for Västmanland County where Västerås mu-
nicipality belongs to. The authors presented the order of magnitude of 
the potential [39]. To our knowledge, a rigorous and comprehensive 
assessment of roof PV geographical and technical potential in our 
studied region has not been published. Furthermore, how to evaluate the 
current solar PV policies and how to optimally use money is still not self- 
evident. Sweden’s problems and experiences are by no means unique. 
Indeed, necessary and sufficient information, in particular scientific and 
technical information, is needed as a firm ground to create evidence- 
based policies about the appropriate investment of public funds. To 
address these inadequacies, a two-step procedure is conducted in this 
paper. First, this paper estimates the potential for exploiting solar energy 
resources in urban environments, including the geographical and tech-
nical potential of the suitable area with the aid of GIS spatial analysis 
functions. Second, this paper discusses subsidies for PV projects, to 
facilitate the feasibility analysis of investments for policymakers, in-
vestors, and energy planners in Sweden. 

3. Study area and data input 

3.1. Site description 

The selected study area is Västerås (59.61◦ N, 16.54◦ E, elevation =
21 m appx.), located around 100 km west of Sweden’s capital, Stock-
holm (Fig. 1). Västerås is predominantly known as an industrial city, and 
the founder city of ASEA (predecessor of ABB) electrical industries. In 
2019, there were approximately 154,000 inhabitants [40]. The study 
area includes Västerås city, Irsta, Tillberga and the other fourteen lo-
calities, representing the total built environment. This municipality has 
a total land area of around 69 km2 [41], covering both the compact and 
central parts of Västerås as well as the remote countryside, which might 
be more suitable for distributed solar PV systems. 

3.2. Data input 

The availability of high-quality GIS data plays the strongest role in 
determining the methodology used for this research. The geographic 
data in the case of Västerås are obtained from Lantmäteriet [42], the 
land survey authority of Sweden. The data collection and updating are 
conducted by Lantmäteriet performing photogrammetric measurements 
in aerial photos and through collaboration agreements with the mu-
nicipalities. The datasets include real estate classification, building, land 
use, and urban maps. All the data are saved in vector format with the 
specified geographical information. In this study, the building data are 
the main focus. A “building” in the Real Estate Register’s Building sec-
tion is defined according to the Planning and Building Act as “a durable 
construction consisting of roofs or roofs and walls, which is permanently 
placed on land, or partly or completely underground, or is permanently 
placed on a certain place in water and is intended to be designed so that 
people can stay in it“ [42]. Our dataset contains 59,403 buildings, with 
location and shape information, e.g. attribute name, data type, data 
length, and description. The gross land area of buildings is 9.67 km2. 

The measurement data of buildings were stored as closed polygons, 
representing the building as they look in reality. All polygons are 
surface-shaped, and they have a collection position and a mean error in 
the plane and in height if there is a height value. The building layer 
shows the extent of the buildings as polygons on the horizontal plane. 
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The properties were measured with satellite positioning, which can be 
accurate to within a few centimeters [43]. Depending on altitude and 
image quality, measurement accuracy may vary slightly, but in general 
the position in plane has an average accuracy of 5 m [43]. About 4% 
deviation exists in the form of deficiency or redundancy at the national 
level [43]. 

Building types indicate which purpose the building is used for. 
Detailed building purposes in this study include: residential buildings, 
industrial buildings, buildings of social function, buildings of business 
function, buildings of economic/agricultural function, buildings of 
complementary function, and buildings of other unknown functions 
[43]. Residential buildings are predominantly used for permanent or 
leisure living, e.g. detached houses, chain houses, townhouses, and 
apartments. Industrial buildings predominantly contain the manufac-
ture of products or processing of raw materials. Buildings of social 
function predominantly contain activities used by citizens in society, e.g. 
fire station, defense construction, health center, or religious community. 
Buildings of business function are mainly used for business, e.g. hotel, 
office, trade, restaurant, or parking garage. Buildings of economic/ 
agricultural function are predominantly used for agriculture. Buildings 
of complementary function are buildings belonging to other buildings 
for residential purposes, community function, business or industry, e.g. 
outbuildings, garage, carport, cistern, warehouse, boathouse, or shed. 
Other buildings are those with unknown purposes. 

The data used for area extrapolation are obtained from Statistics 
Sweden (SCB) and are freely accessible. PVsyst software (V6.87) is used 
for calculating solar PV electricity generation. Other data related to this 
study are specified in the corresponding context. 

4. Methodology 

This study presents a GIS-based approach combined with energy 
system modeling to facilitate the feasibility analysis of geographical and 
technical potential for roof-mounted solar PV systems. The methodology 
is comprised of three phases. The first phase is to evaluate the 
geographical potential for exploiting solar energy sources of building 
rooftops, including residential buildings, industrial buildings, buildings 
of social function, buildings of business function, buildings of economic/ 
agricultural function, buildings of complementary function, and build-
ings of other unknown functions, in a Swedish municipality, Västerås. A 
step-by-step procedure has been developed for estimating total rooftop 
solar PV potential, which involves geographical data division and clas-
sification, gross area calculation, roof orientation analysis with sampling 
method, and roof shadows and obstacles analysis with utilization fac-
tors. The second phase is to evaluate the technical potential for installing 
solar PV systems. For flat roofs, the solar panels inter-row distance and 
the tilt angles are designed based on three scenarios. The third phase is 
to extrapolate the methodology from a municipal scale to the national 
scale, to reveal the potentially usable roof area and installed capacity of 
the entire country. A methodology flowchart can be found below 
(Fig. 2). 

4.1. Roof surface area and utilization factors 

4.1.1. Roof base area and surface area 
The geographical potential for solar PV installation is defined as the 

usable roof area, that receive the solar radiation for the PV facility. In 
order to reduce the gross surface area to the realistic usable surface area 

(a)

(b)
Fig. 1. (a) The vector map of Västerås with all 
buildings (The blue lines represent the administra-
tive boundaries. The light green areas are the urban 
areas with high population density and infrastructure 
of the built environment. The light orange polygons 
represent the building roofs outlines), (b) A zoom-in 
area, i.e. Stenby Tunbytorp, in Västerås, and (c) its 
Google Earth ProTM satellite image with the property 
boundaries from our dataset (purple lines represent 
the property boundaries and black dots represent the 
property break points).   
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for solar PV systems, both absolute reductions and relative reductions 
are made. Absolute reductions apply to the area that should be sub-
tracted directly from the surface area. This is due to their special pur-
poses (cultural-heritage values) and difficulty of getting building 
permits. Relative reductions—such as those due to orientation, shadows 
and obstacles—should be processed with different utilization factors 
(see Sections 4.1.2 to 4.1.3). 

For every building polygon with a unique code, we use the “Calculate 
Geometry” tool in ArcGIS software to calculate its base area. This tool 
allows us to access the geometry of the features in a layer, based on the 
coordinate values and lengths. 

The buildings in Sweden have different roof shapes, such as gable 
roof, mansard roof, flat roof, shed roof, and butterfly roof [44,45]. Since 
the available vector data are not three-dimensional, some assumptions 
about the pitched-roof slope angle must be made. In Sweden, gable roofs 
are the most common roof type for residential buildings, buildings of 
complementary function, and buildings of economic/agricultural func-
tion; gable roofs have an average slope angle of 24-31◦. Mansard roofs 
rank second most widely-used, with an average slope angle of 28–30◦

[45]. The other types have a slope angle between 0 and 9◦. To simplify 
the calculations, an assumption about pitched-roof slope angle is ob-
tained from Lingfors and Widén [36,37] and Kamp [45]. We assume that 
all buildings with pitched roofs have an ideal shape (Fig. 3). Their 
average slope angles are assumed to be 30◦. In addition, industrial 
buildings, which are 0.99% of the total building number and 16.67% of 
the total base area in our dataset, are assumed to be flat [36,37,45]. 
Therefore, the roof surface area for the pitched roofs is calculated as 
follows. 

Aroof = 2⋅m⋅q = 2⋅
p

cosαroof ⋅q =
Abase

cosαroof (1)  

where Aroof is the surface roof area, Abase is the base area, αroof is the slope 
angle of the roof. m, p, and q are the length of the roof ridge, counter 
beam, and hanging beam. The calculations give the total area of ideal 
ceiling surfaces. 

In practice, not all roofs are usable, due to orientation. Moreover, 
roof surfaces are limited by shadows and various obstacles such as 
skylights and chimneys. The vector data in our study can be used to 
determine the available roof area because it identifies the different types 
of buildings, their surface outlines, numbers and other attributes. 
However, unlike three-dimensional remote sensing technologies (e.g. 
airborne LiDAR), the vector data fail to automatically identify: (1) the 
orientations of the pitched roofs; (2) the shadows cast by neighboring 
structures, buildings, trees, or other parts of the roof itself; and (3) the 

roof obstacles, e.g. chimneys, heating, ventilation, and air conditioning 
(HVAC), elevator shafts, dormers, antennas, or other elements. Quan-
tifying these factors is essential to evaluate their influence on the 
availability of radiation and consequently on the potential for solar PV 
system installation. Analysis for reducing ideal roof surface (see Sections 
4.1.2 to 4.1.3) is conducted to calculate the total usable roof surface. 

4.1.2. Roof orientation 
In this study, we employ the sampling method to determine roof 

orientations. To obtain the orientation data, we take the district within 
the First Ring Road of Västerås municipality as the sample. In this dis-
trict, the buildings have the function of residential, social, business, 
economic and complementary. Industrial buildings are excluded 
because there are no industrial buildings within the First Ring Road of 
Västerås municipality. First, we separate the whole sampling area into 

Fig. 2. The methodology flowchart in this study.  

Fig. 3. The ideal building that is assumed as non-industrial building in the 
calculation. 
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22 sub-areas by district, and assign a code to each satellite image from 
Google Earth ProTM. Second, we separate the roofs into units, i.e. one 30 
m * 10 m roof area is one sample unit. Third, we count units by different 
orientations. The length and angle are measured based on the Google 
Earth ProTM measurement feature. The roof azimuth values are 
measured clockwise. The orientation statistics are shown in Table 1. As 
the roof orientations are obtained from sampling, the sampling error 
could unavoidably incur. 

In the case of pitched roofs, 58.54% usable pitched roofs (Rupit =

0.59) (including the orientation of South, South West, South East, West, 
and East) and 17.34% flat roofs (Rfla = 0.17) are considered for solar PV 
system installation. Their orientation roles are considered to be rfla = 1, 
rupit = 1, since they are usable for further calculations. North-facing 
(Rnpit = 0.24) (including North, North West, and North East orienta-
tion) roofs are disregarded for solar PV system installations. Thus, 
considering building orientations, the fraction of oriented roof area can 
be computed as follows, using the following approach [46]: 

Uori = Rfla⋅rfla + Ru pit⋅ru pit + Rn pit⋅rn pit (2)  

where Uori is the utilization factor of orientation, Rfla is the flat roof 
percent, rfla is the orientation role for flat roofs, Rupit is the percent of 
applicable orientations for solar PV installations, rupit is the orientation 
role for roofs with applicable orientations, Rnpit is the percent of not- 

applicable orientations for solar PV installations, and rnpit is the orien-
tation role for roofs with not-applicable orientations. Rupit = Rs + Rsw +

Rse + Rw + Re, and Rnpit = Rn + Rne + Rnw; Rs, Rsw, Rse,Rw, Re, Rn, Rne, Rnw 

are the percent with the orientation of South, South West, South East, 
West, East, North, North East, and North West, respectively. Notably, the 
sampling takes place only on non-industrial buildings. 

4.1.3. Shadows and obstacles 
Shadows and obstacles analysis is the second essential step of solar 

PV system potential estimation. The shadings caused by nearby build-
ings and/or vegetation, and the presence of obstacles such as chimneys, 
HVAC, and elevator shafts, should be eliminated as much as possible to 
minimize calculation inaccuracies [47]. Different researchers used 
different utilization factors employed in different regions; utilization 
factors as summarized in Table 2. The utilization factor is described and 
calculated as the total usable roof area for solar PV system installation 
divided by the total roof surface area. Values may range from 0.5 to 0.8, 
as shown in several studies (Table 2). 

The studies on Swedish cases showed that approximately 25–30% 
[36,37] of total roof area is reserved for dormers and other uses, 
considering the effect of shading from nearby trees and buildings. Tak-
ing a conservative estimate, the fraction of industrial buildings and non- 
industrial buildings for solar PV system are given by Eqs. (3) and (4) 
[45]: 

Uind
so = 1 − 0.3 = 0.7 (3)  

Uno ind
so = 1 − 0.25 = 0.75 (4)  

where Uind
so is the utilization factor due to shadows and obstacles for 

industrial buildings. Uno ind
so is the utilization factor due to shadows and 

obstacles for non-industrial buildings. 

4.2. Installed capacity potential 

4.2.1. Configurations on pitched roofs and flat roofs 
When designing a solar PV system that is installed on pitched roofs, 

Table 1 
The roof orientation statistics within the First Ring Road district of Västerås 
municipality (excl. industrial buildings).  

Roof orientation Number of buildings Percentage (%) 

North (0◦) 207  16.96 
North East (45◦) 57  4.67 
East (90◦) 206  16.88 
South East (135◦) 30.5  2.50 
South (180◦) 210  17.20 
South West (225◦) 60  4.92 
West (270◦) 208  17.04 
North West (315◦) 30.5  2.50 
Flat 211.6  17.34  

Table 2 
The fraction of usable roof areas for solar PV system in previous studies (non-exhaustive).  

Reference Year Location Factor and building types (UF = Utilization Factor; RF = Reduction Factor) 

Kjellsson [48] 1999 Sweden Obstacle RF = 0.1 and Shading RF = 0.1 (Small houses, private facilities, and unspecified). 
Obstacle RF = 0.1 and Shading RF = 0.15 (Apartment buildings and public facilities). 
Obstacle RF = 0.2 and Shading RF = 0.1 (Industry). 

IEA [49] 2002 Selected IEA 
countries 

UF = 0.4 for roof area, UF = 0.15 for façade area (Residential, agriculture, industry, commercial, and other 
buildings). 

Ghosh, S., Vale, R., & Vale, B. [50] 2006 Auckland, New 
Zealand 

UF = 0.296, 0.231, 0.296, 0.218, 0.468 (Five residential blocks). 

Pillai, I. R., & Banerjee, R. [51] 2007 Pune, India UF = 0.3 (Residential area having hospitals, nursing homes and hotels). 
Izquierdo, S., Rodrigues, M., & Fueyo, 

N. [52] 
2008 Spain UF = 0.216 ~ 0.4335, Mean = 0.346 (All urban buildings). 

Ordóñez, J., Jadraque, E., Alegre, J., 
& Martínez, G. [19] 

2010 Andalusia, Spain UF = 0.740 for flat roof, 0.974 for pitched roof (Detached and semi-detached houses). 
UF = 0.796 for flat roof, 0.983 for pitched roof (Town houses or row houses). 
UF 0.654 for flat roof, 0.789 for pitched roof (High-rise buildings). 

Wiginton, L. K., Nguyen, H. T., & 
Pearce, J. M. [7] 

2010 Ontario, Canada UF = 0.3 (Urban and suburban areas: residential, commercial, and institutions). 

Vardimon [17] 2011 Israel UF = 0.3 (all buildings) 
UF = 0.5 (large buildings only) 

Bergamasco, L., & Asinari, P. [21] 2011 Piedmont Region, 
Italy 

Obstacle UF = 0.7 and shadowing UF = 0.46 (Residential and industrial buildings). 
Obstacle UF = 0.9 and shadowing UF = 1 (Industrial buildings). 

Yue, C. D., & Huang, G. R. [53] 2011 Taiwan UF = 0.4 (Urban areas: residence, commerce, industry, gas station, school, civic institute, health services, 
and admin agency). 

Karteris, M., Slini, T., & 
Papadopoulos, A. M. [54] 

2013 Thessaloniki, 
Greece 

UF = 0.5 ~ 0.75 (Urban area). 

Singh, R., & Banerjee, R. [55] 2015 Mumbai, India UF = 0.28 (Urban sites: residential buildings, commercial buildings, offices, educational amenities, medical 
amenities, social amenities, transport and communication, and industrial use). 

Khan, J., & Arsalan, M. H. [26] 2016 Karachi, Pakistan RF = 0.35 (Urban area: residential buildings, commercial buildings, mosque, and educational institutes 
etc.).  
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the solar PV modules’ angle is supposed to be parallel to the roof plane 
[24]. For the pitched roofs in five different orientations, a 30◦ tilt angle 
is applied for solar PV modules, which equals to the assumed roof angle. 
Different orientations give different electricity yields (kWh/kWp). 

However, for PV modules that are free-standing on flat roofs, 
determining the appropriate spacing between each row of PV modules is 
important, since the electricity yield can be affected by mutual-shading. 
In this study, 17.34% of the non-industrial buildings and 100% of the 
industrial buildings have flat roofs, where the mutual-shading effects 
should be considered, by setting appropriate PV panel tilt angles and 
inter-row spacing distances. Therefore, three scenarios, i.e. scenario A, 
scenario B, and scenario C, are investigated for flat roofs. In scenario A 
and scenario B, the PV modules are mounted in rows and oriented to true 
South. In scenario C, the PV modules are installed with East-West 
orientation and low tilt angle. 

For solar modules mounted facing south, mutual-shading effects are 
caused by the preceding row of PV modules, and this effect applies to all 
rows except the first row. At a high latitudes like Västerås, the sun is 
relatively low in the sky, which causes a longer shadow between adja-
cent solar rows. This means that the land area needed for PV in-
stallations of a given capacity is larger than that needed at lower 
latitudes, if shading is to be avoided. On the winter solstice in the 
northern hemisphere, solar radiation is at its minimum, which requires a 
theoretically maximum inter-row distance, to avoid mutual shading 
(Fig. 4(a)). On the summer solstice in the northern hemisphere, solar 
radiation is at its maximum, which requires a theoretically minimum 
inter-row distance (Fig. 4(b)). Scenario A and scenario B investigate two 
different combinations of tilt angle and row distance, in response to 
different inter-row shading effects. 

In scenario A, the mutual-shading effect is minimized by employing a 
longer row distance. The solar panels are assumed to mount at a fixed tilt 
on flat roofs. The tilt angle is determined in order to maximize the 
incidence of solar radiation exposed on the PV array for a specific period 
of time. Then the distance between two consecutive rows is calculated to 
avoid the mutual shading in winter solstice at noon. When this prereq-
uisite is respected, mutual shading would never occur throughout the 
year at noon. The following equation (Eq. (5)) gives the optimal tilt 
angles in scenario A [56], which was developed based on the SMHI 

mesoscale model STRÅNG [57]. 

βopt = − 0.1101ϕ2 + 14.003ϕ − 404.77 (5)  

where βopt is the optimal tilt angle of PV module. ϕ is the latitude. 
The Packing Factor (PF) used in the literature [58] defines the ratio 

between the PV array and the total ground area required for PV array 
installation (Fig. 5). It considers the aforementioned mutual-shading 
effects and determines the distance between rows in each case. How-
ever, rule-of-thumb PFs cannot be used, because they vary widely 
depending on specific location and mode of installation [59]. 

According to Martín-Chivelet [58], the PF is given by the following 
Equation (6): 

PF =
l
d
=

(

cosβ +
sinβ
tanα cosγ

)− 1

(6)  

where β is the tilt angle of the PV array, α is the solar elevation defined 
by Eq. (7) and γ is the solar azimuth. 

cosα = sinδsinϕ + cosδcosϕcosω (7)  

where δ is the earth’s declination, and ω is the hour angle. 
These two equations are applied at noon of the winter solstice. 

Consequently, the row distance in scenario A can be defined. The esti-
mated optimal module tilt angles, the PFs for winter design, and the 
latitudes exhibit the following relationships (Fig. 6). 

In scenario B, we look for the combination of tilt angle and row 
distance that gives the higher electricity generation per roof area (higher 
value of kWh/m2 for a given area), higher potential installed capacity 
(tighter inter-row distance), and lower shading losses. With the same 
meteorological parameters and latitude, when the module tilt angle is 
decreased, the shadow cast by the front row is decreased. Therefore, a 
smaller row distance can be achieved which indicates greater potential 
installed capacity on a given area (kWp/m2). However, a smaller tilt 
angle does not necessarily give a higher annual electricity generation i.e, 
specific yield (kWh/kWp). In order to get the optimal combination of tilt 
angle and row distance, a 35 kWp solar PV system in 10 rows is pre-
defined as the reference system. Parametric simulations are run in 
PVsyst software (V6.87) using the most accurate simulation method that 

Fig. 4. (a) (b). Different inter-row distance designs and the mutual-shading effects during winter and summer season.  
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considers shadings according to modules orientation and strings 
definition. 

The south-facing configuration is generally suitable for maximizing 
the electricity generation by PV modules; meanwhile the effects of inter- 
row shading are presumed to be great. To realize effective electricity 
production with less shading, an East-West orientation with low tilt 
angle (scenario C) is designed as a comparison to scenario A and sce-
nario B. As studied by [60,61], a combination of East-West orientation 
with low tilt angle is becoming a growing trend on flat roofs, which 
allows for a more economic land-use and greater installations on a given 
ground area. In the design of scenario C, the PV modules are mounted on 
flat roofs with low tilt and East-West orientation (Fig. 7). 

This configuration can generate less electricity per installed kWp 
comparing to South-oriented system, because it receives lower radiation 
on PV modules. However, East-West oriented PV installation can be 
fitted more tightly together on flat roofs, compared to South-oriented PV 
installation that requires to be spaced further apart to avoid mutual 
shading. Therefore, such installation allows for a maximum coverage of 
roof area with insignificant mutual shading. It is of interest to compared 
scenario B and scenario C as two commercial solutions; meanwhile, 
scenario A is more likely to be employed in theoretical design. 

4.2.2. Potential capacity and energy conversion 
Solar PV electricity production is determined based on three main 

Fig. 5. Schematic diagram of the required distance between rows of solar panels in scenario A. The light and dark yellow parts represent the solar elevation angles.  

Fig. 6. The scatter plot of latitudes with the optimal module tilt angles and Packing Factors in scenario A.  
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parameters: solar radiation of the area, size of the solar PV system, and 
the performance ratio of the system. In this paper, Jinko Solar PV 
modules (JKMS 350M-72V Maxim) are employed. The size and tech-
nology of the modules and cells are given in Table 3 (PVsyst V6.87). 

To minimize the mutual shading in the bottom and achieve greater 
electricity output, panels are assumed to be in landscape orientation 
[62,63]. Based on the module data (Table 3), geographical data, and 
technical assumptions (Table 4), the potential installed capacity and the 
total potential electricity generation of Västerås municipality can be 
calculated for different scenarios, and summarized in Section 5.1. 

We employ a 5% reduction on yearly electricity production in Swe-
den, due to the snow on PV panels [45,64]. 

4.2.3. Extrapolation for the entire country 
From SCB, we extract the data of building numbers and ground space 

area of buildings of different building types. The data from the land 
survey authority of Sweden (Lantmäteriet) and SCB suggest minor 
differences. 

Based on the method in Section 4.1, the total usable roof area of 
different building types in Sweden can be calculated based on Eq. (8). 

ASE
pv =

∑290

mu=1

(
Am

base⋅Uabs

cosαroof ⋅Uori⋅Uso

)

(8)  

where ASE
pv is the usable area for roof-mounted PV systems in Sweden, 

mu = 1, 2, 3⋯,290 (290 municipalities), Am
base is the building base area 

of the mth municipality, Uabs is the absolute reduction factor due to the 
cultural and religious purpose of buildings, αroof is the slope angle of the 
roof, Uori is the utilization factor of orientation, Uso is the shadows and 
obstacles factor. The values of the above parameters and the applicable 
building types can be found in Table 5. 

Fig. 7. East-West orientation configuration with low tilt angle in scenario C (screenshoot from PVsyst).  

Table 3 
Jinko Solar PV modules (JKMS 350M-72V Maxim) technical parameters.  

Characteristics of a PV module (Jinko Solar, JKMS 350M-72V Maxim) 

STC Power Rating 350Wp 

Technology Si-mono 
Module size (Width × Length) 0.992 × 1956 m2 

Rough module area 1.94 m2 

Number of cells 72 
Max. power point voltage 39.3 V 
Max. power point current 8.89 A 
Power temper. coefficient − 0.38%/◦C 
Efficiency (/ Module area) 18.03% 
Efficiency (/ Cells area) 20.5%  

Table 4 
Technical assumptions for solar PV energy generation in PVsyst (V6.87).  

Ohmic losses 1.50% 
Soiling losses 3.00% 
Balance-of-System efficiency 86.46% 
Module quality loss − 0.8% 
Inverter efficiency 98.26% (ABB PRO-33.0-TL-OUTD-400)  

Table 5 
The summarized parameter values and their applicable building types.  

Parameter Value Apply to building type 

Unonind
abs  

90% (Section 
4.1.1) 

100% of non-industrial buildings 

Uind
abs  100% (Section 

4.1.1) 
100% of industrial buildings 

αflat  0◦ [36,37,45] 100% of industrial buildings and 17.34% of non- 
industrial buildings 

αpit  30◦ [36,37,45] 82.66% of non-industrial buildings 

Uind
ori  100% (Section 

4.1.2) 
100% of industrial buildings 

Unonind
ori  

75.88% (Section 
4.1.2) 

100% of non-industrial buildings 

Uind
so  70% (Section 

4.1.3) 
100% of industrial buildings 

Unoind
so  75% (Section 

4.1.3) 
100% of non-industrial buildings  

Table 6 
The usable area, potential installed capacity, and electricity generation for 
pitched roofs.  

Roof 
type: 
pitched 
roofs 

Usable 
area 
(km2)  

Tilt angle 
of PV 
modules 
(◦) 

Specific 
yield 
(kWh/ 
kWp) 

Potential 
installed 
capacity 
(MWp) 

Potential 
yearly 
electricity 
generation 
(GWh) 

East  1.06 30 820 191 149 
South 

East  
0.16 30 966 28 26 

South  1.08 30 1023 195 190 
South 

West  
0.31 30 966 56 51 

West  1.07 30 814 193 150 
Total  3.68 N/A N/A 664 565  
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5. Results and discussion 

5.1. Estimation of solar photovoltaic potential in Västerås 

The estimated roof area for solar PV systems in Västerås is 5.74  km2, 
with 1.12 km2 area of industrial buildings and 4.63 km2 area of non- 
industrial buildings. For building types, it is investigated that 3.68 
km2 are pitched roofs, and 2.06 km2 are flat roofs. 

For the pitched roofs, different orientation gives different electricity 
yields, which range from 814 kWh/kWp (West-oriented) to 1023 kWh/ 
kWp (South-oriented). The total potential installed capacity is estimated 
to be 664 MWp and yearly electricity generation 565 GWh. The results 
are presented in Table 6. 

For scenario A of the flat roofs, a 5.9-meter row distance is calculated 
with 39◦ tilt angle. The potential installed capacity is estimated to be 63 
MWp and yearly electricity generation 60 GWh (Table 7). 

For scenario B of the flat roofs, the simulation results of a 35 kWp 
system (Fig. 8) suggest a 20◦ tilt angle and 2-meter row distance that 
gives the lowest shading losses. This design is also consistent with 
existing commercial solutions, for example, IBC Solar suggested 1.6- 
meter and 10◦, 1.8-meter and 15◦ on flat roofs for the South-oriented 
solar PV systems in Germany [65]. In this particular scenario, the los-
ses due to mutual-shading effect are estimated to be 5.3%. The potential 
installed capacity is estimated to be 184 MWp and yearly electricity 
generation 155 GWh (Table 7). 

For scenario C of the flat roofs (see Fig. 7), a 2.5-meter row distance 
and 0.05-meter top spacing are employed. Suggested by [66,65], we use 
the 10◦ as tilt angle. With the same module parameters (Table 3) and 
technical assumptions (Table 4), the potential installed capacity is 
estimated to be 292 MWp and yearly electricity generation 235 GWh 
(Table 7). 

To sum up, 5.74 km2 usable area in Västerås gives potential installed 
capacity as 727 MWp, 848 MWp, and 956 MWp, and potential yearly 
electricity generation as 626 GWh, 720 GWh, and 801 GWh on pitched 
roofs and flat roofs with three scenarios, respectively. This potential 
generation corresponds to 55%-70% of Västerås’ annual electricity de-
mand [67]. It is noteworthy that this does not consider the hourly or 
seasonal electricity supply and demand balance. Around noon in sum-
mer, there would be an excess of PV electricity that has to be exported. 
According to the statistics from Swedish Energy Agency, 14.46 MWp of 
grid-connected systems was installed in Västerås municipality at the end 
of 2019 [68]. Comparing with the potential, this is still a very small 
share. 

5.2. Estimation of solar photovoltaic potential in Sweden 

After applying the method in Section 4.1 to all types of buildings, the 
overall results of roof area of Sweden and the geographical distribution 
of each municipality can be found in Fig. 9(a). The total usable roof area 
of different building types in Sweden is estimated to be 504 km2, with 
327 km2 pitched roofs and 178 km2 flat roofs. 

Based on the method in Sections 4.2.1 and 4.2.2, the potential 
installed capacity across 290 municipalities is calculated. Three sce-
narios (scenario A, B, and C) are designed on the flat roofs. On the na-
tional scale, the total potential installed capacity of solar PV systems are 
65, 75, and 84 GWp on pitched roofs and flat roofs with three scenarios. 
The geographical distribution of potential installed capacity of roof- 
mounted solar PV systems can be found in Fig. 9(b)–(d). To the great-
est extent possible, this study employs updated geographical data and 
statistical data to calculate solar PV capacity potential, and employs 
technical software to simulate solar energy conversion. 

The usable roof area for solar PV installation per capita is 49 m2 for 
Sweden on average, and 38 m2 for Västerås municipality, which are 
within the range of results obtained by other authors. Izquierdo et al. 
[52] reported an available roof area per capita to be 14.0 ± 4.5 m2/ 
capita for Spain. The values ranged from 6.2 m2/capita to 76.4 m2/ 
capita. Wiginton et al. [7], reported a roof area per capita of 70.0 m2/ca 
± 6.2% in the Canadian context, after reduction of constraint factors. 
Analysis of potential installed capacity yielded a value of 6–8 kWp/ 
capita for Sweden and 5–6 kWp/capita for Västerås municipality. 
Considering the total city area and potential installed capacity, 
10.5–13.9 MWp/km2 is estimated as potential capacity density of 
rooftop PV in Västerås. These values are generally higher than results 
such as 2.9 MWp/km2 for Wrocław (Poland) [69], 4.78 MWp/km2 for 
Mumbai (India) [55], and 1.75 MWp/km2 for Lethbridge (Canada) [46]. 
This is because, for example, we use the high-efficiency modules, lower 
tilt angles and shorter array distances in the scenarios of flat roofs. By 
the end of 2019, a record of 287 MWp annual installation was made, 
which brought the total capacity to 698 MWp [3]. However, compared 
with the potential, there is still huge space for the solar PV market in 
Sweden to grow. 

5.3. Discussion: direct capital subsidy 

Since 2009, Sweden offers a direct capital subsidy for the installation 
of grid-connected PV systems, which covered 60% of the installation 
cost in 2009 and 20% in 2020. In parallel to this direct capital subsidy, a 
0.6 SEK/kWh tax deduction for sold electricity was introduced in 2015, 

Table 7 
The usable area, potential installed capacity, and electricity generation for flat roofs in three scenarios.  

Roof type: flat 
roofs 

Usable area 
(km2)  

Tilt angle of PV 
modules (◦) 

PV module 
orientation 

Row distance 
(m)  

Specific yield 
(kWh/kWp) 

Potential installed 
capacity (MWp) 

Potential yearly electricity 
generation (GWh) 

Scenario A  2.06 39 South 5.9 1010 63 60 
Scenario B  2.06 20 South 2 933 184 155 
Scenario C  2.06 10 East-West 2.5 849 292 235  

Fig. 8. The percent of electricity losses using different row distances and tilt 
angles due to mutual shading. Conducted for a 35 kWp PV system mounted in 
rows. Calculated with PVsyst. 
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for up to 30,000 kWh or so much electricity that is purchased per year 
[70]. To meet the increased interest in solar PV in Sweden, the current 
authorities decided in the autumn of 2015 to greatly increase the annual 
budget for the years 2016–2019, by 235, 390, 390, and 390 million SEK, 
respectively. In 2017, the budget was decided to increase even more to 
585.6 million and 1.085 billion SEK to 2017 and 2018. After the revision 
in autumn 2018 and spring 2019, a total of 1.2 billion SEK was allocated 
for 2019. The budget over the years and the historical direct capital 
subsidies are summarized in Fig. 10 [5]. 

As a young and growing industry, the solar PV industry still needs 
access to external funding at various times in Sweden. Subsidization is 
an important tool available within the arsenals of governments for 
supporting their renewable energy industries. By using careful policy 
measures, policymakers have the means to increase the uptake of PV, 
thereby spurring associated innovation and increasing economic 
competitiveness through economies of scale. 

The ambition of Sweden is to become one of the world’s fossil-free 

welfare states. The Government will continue to boost the expansion 
of solar power, serving as a suitable source of energy that could alleviate 
aspects of the current climate crisis [2]. Based on the results in this 
study, the maximum installed capacity on roofs in Sweden has a theo-
retical potential of 65 GWp to 84 GWp. These not-yet-achievable 
amounts highlight critical issues for investors and authorities, despite 
the fact that it is not possible to fully exploit the theoretically available 
roof resources. Meanwhile, the arousing of interest in and the increasing 
of awareness of solar PV projects are substantially accelerating deploy-
ment. The direct capital subsidy program has attracted many investors 
since 2009, which makes the allocated budget from authorities always 
less than the amounts that were applied by solar PV owners. For 
example, an average waiting time of 722 days occurred in 2016. 

As in the early stage, subsidies (particularly in the form of direct 
capital subsidies) are sufficient and necessary to strengthen a newborn 
industry. Examples such as China, Greece, and Spain have shown how 
strong endorsement by the authorities strengthened the solar PV 

Fig. 9. (a) The potential area for roof-mounted solar PV systems, and (b) (c) (d) the potential installed capacity on pitched roofs and flat roofs with three scenarios.  
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industry. In Sweden, similar effects are occurring in the solar PV in-
dustry in recent years. Subsidies have supported approximately 79% 
(337 MWp) of total installed capacity until 2018 [5]. However, subsidies 
should be designed to be realistic and controllable. In the later stage, the 
authorities should gradually withdraw direct financial subsidies. More 
focus should be placed on other forms of incentives, for example, 
strengthen self-consumption by reducing or removing energy taxes for 
prosumers owning a PV system larger than 255 kWp and strengthen tax 
deduction for “green” investments as proposed by some [71]. Otherwise, 
the policy risks brought by the policy might lead to overcapacity and 
subsidy gaps. 

5.4. The scope and limitations 

This study investigates the usable roof area for solar PV systems, 
potential installed capacity, and yearly solar electricity production in 
Västerås municipality. With the extrapolation of methodology, the us-
able area and potential installed capacity for entire Sweden are esti-
mated as well. 

This study only investigates the theoretical designs and values, 
which do not indicate the actual installations. In fact, to reflect the 
actual installation, more factors should be integrated and analyzed, e.g. 
grid capacity and economic factors. The peak power of Mälarenergi 
(city-owned power provider based in Västerås) in winter is around 200 
MW. Vattenfall (Government-owned power provider) owns part of the 
grid and has a peak power of less than 50 MW. In total, the peak power 
shall be less than 250 MW in winter. This value is much lower in sum-
mer. Nevertheless, the estimated solar PV capacity in this study is higher 
than 700 MW, which is far greater than the grid capacity. However, it is 

out of the scope of this work to model how much solar electricity could 
be allocated in the power grid. Moreover, a threshold of 255 kWp system 
could influence if the roofs could be effectively used or not. Solar PV 
systems below 255 kWp are exempt from paying full energy tax (0.353 
SEK/kWh) on the self-consumed electricity in Sweden. Several smaller 
systems owned by one actor, that together passes 255 kWp installed 
capacity, are expected to pay 0.005 SEK/kWh energy tax on the self- 
consumed electricity. For this reason, most installations on roofs are 
smaller than 255 kWp, thereby not effectively making use of all usable 
roof area. Furthermore, a large supply of solar electricity affects the 
intraday trading in Nord Pool (power market for Nordic countries) and 
results in lower prices of the produced PV electricity. This economic 
factor should also be carefully taken into consideration when planning 
the actual installation. However, this work does not consider any factor 
that affects the profitability of PV owners. Future work will incorporate 
a more complex economic analysis. 

In this study, the datasets are from Lantmäteriet (in the case of 
Västerås municipality) and SCB (in the case of entire Sweden). It is 
worth to mention that the sampling method on roof orientations relies 
on statistical data. That particular data is not available at high spatial 
resolutions. In extrapolation, roof orientations are assumed to be ho-
mogeneous for all municipalities in Sweden. The error might incur due 
to this assumption. Nevertheless, the exact measurement of sampling 
error is not feasible, since the true values of roof orientation are un-
known. Besides, it is assumed that all available roofs, except for build-
ings for cultural and religious purposes, are legally suited for the solar 
PV systems. This could overestimate the total potential capacity. 

Comparing to previous results, for instance the study conducted by 
Kamp in 2013 [45] (Table 8), similar methods were employed. How-
ever, we use the most updated data for building area, solar module ef-
ficiency, and solar module size. Furthermore, when dealing with the tilt 
angle and the production losses due to the inter-row shadings on flat 
roofs, we do the analysis based on three scenarios. These scenarios aim 
to minimize shadows over the year and maximize electricity generation 
per area. Last but not least, when calculating the useable area, Kamp 
[45] combined the reduction factors of area and reduction factors of 
production together, which resulted in an underestimation of the usable 
area. An even older study conducted by Kjellsson [48] in 1999 showed 
that a total area of 459 km2 was usable for building integrated photo-
voltaics in Sweden. This area included detached houses, apartment 

Fig. 10. The historical direct subsidy percent and the budgets for solar industry [5].  

Table 8 
Results comparison between this study and previous studies.  

Results Västerås 
case 

Sweden 
case 

Sweden case  
[45] 

Kjellsson  
[48] 

Base area (km2)   9.66 975   

Surface area (km2)   10.70 1086 1091  

Usable area (km2)   5.74 504 319 459 

Potential installed 
capacity (GWp)  

0.7–1 65–84 47.9   
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buildings, premises, industrial buildings, agricultural buildings, and 
holiday houses. 

6. Conclusion 

In this study, results show a significant potential for utilizing solar 
energy on building surfaces in Västerås municipality. A total 5.74 km2 

roof area is identified for solar panels on building rooftops. Secondly, 
this study calculates the technical potential, which estimates the avail-
able solar PV electricity, and the geographical potential, by taking the 
technical characteristics into consideration. The amount of electricity 
that could be produced through the projected roof utilization is calcu-
lated, considering PV inter-row distance design and characteristics of 
panels. The usable roof area translates into a total of 727 MWp - 956 
MWp capacity on pitched roofs and flat roofs with three scenarios, 
respectively. The potential PV annual electricity production from the 
roof-mounted solar applications of Västerås municipality is 626 GWh - 
801 GWh, which corresponds to 55%-70% of Västerås’ annual electricity 
demand. Notably, this is only in consideration of the total electricity 
amount. In order to achieve power balance in real time, hourly power 
demand and supply profiles shall be analyzed. Thirdly, this study ex-
trapolates the methodology from a municipality level to a national level. 
Approximately 504 km2 available roof area is identified, and a total of 
65 GWp - 84 GWp potential capacity is calculated for Sweden. The cur-
rent policies, especially Sweden’s direct capital subsidy, have been 
helping to fulfill the prerequisites for further diffusion of solar PV 
technologies in Sweden. Analysis has shown great photovoltaic poten-
tial, which suggests the need for more careful, realistic, and controllable 
policy measures from the authorities. Further market formation should 
be time-bound and independent from subsidies, in order to stimulate 
market-based entrepreneurship. 

These policy implications are transferable to other countries- both 
developed and developing countries - as well. Solar energy will continue 
to expand over the next few decades both globally and in Sweden. In the 
current stage, the technical barriers in the solar energy industry are 
significantly diminished due to the technology advancements. In coun-
tries where market infrastructure is relatively mature, more focus could 
be placed on the exploitation of potential solar energy resources. 
Countries as early adopters are recommended to continue with in-
centives from authorities. Policy instruments can be multi-forms, such as 
subsidies, loans, tax exemptions, and other financial and non-financial 
support. 

The outcomes of this study will be helpful in providing an established 
reference point for roof PV exploitation at the regional and national 
levels. Further research might usefully consider the temporal diffusion 
patterns of PV uptake interacting with other socio-economic factors. 
Further research could also adopt a more local level analysis to explore 
how the potential of solar PV energy generation could be integrated with 
load profiles of different uses. 
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