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Analysis of Interactive Solar Energy Web Maps 
for Urban Energy Sustainability

Maps and geographic information systems (GIS) have become vital tools for decision-making, communication, and out-
reach in the domain of urban energy sustainability. One emerging example involves interactive online maps that allow 
users to assess rooftop solar energy potential on a building of interest. These maps are interesting in two ways: they are 
new forms of technology in and of themselves, and they have only become relevant with the changes in renewable energy 
technologies that allow individuals to participate in this new economy of energy production. The purpose of this study is 
to describe and analyze the cartographic representation and functionality of urban-scale solar energy maps in the United 
States. Using competitive analysis, we assess twelve interactive online maps to understand their: (1) design, (2) usage of 
visual variables and interaction operators, and (3) content, purpose, and goals. Across these three types of assessment, we 
find both a wide variety as well as some consistent themes. Our results also show that some maps followed cartographic 
conventions (Brewer 2016; Slocum et al. 2009) while others did not. Through our analysis we develop a set of best prac-
tices that can be used to improve the effectiveness and widen the functionality of online solar energy maps. In particular, 
we make recommendations on how to develop future online, interactive renewable energy maps in a way that keeps the 
end user in mind while communicating relevant information to a broader range of stakeholders involved in urban energy 
sustainability (homeowners, utility operators, city officials, and urban planners).

K E Y W O R D S :  web maps; urban planning; solar energy; content analysis; competitive analysis

I N T R O D U C T I O N
Maps and geographic information systems (GIS) 
have become vital decision-making, communication, and 
outreach tools for local decision-makers. Advancements in 
interactivity and data sharing have improved their abili-
ty to generate and disseminate knowledge. An emerging 
application domain for maps and GIS is energy sustain-
ability planning, which has two broad dimensions. One 
involves mapping the types and quantity of urban ener-
gy consumption to target energy efficiency investments 
and policy efforts (Webster et al. 2013). The second in-
volves mapping renewable energy potential to identify and 
manage issues related to new forms of energy generation 
(Calvert et al. 2013; Resch et al. 2014). The former dimen-
sion is familiar to urban stakeholders, while the latter is a 
new domain to them; only recently have renewable energy 
technologies advanced sufficiently that these stakeholders 

can now participate directly in energy production. Energy 
sustainability planning web maps need to be designed for 
a public audience but provide complex information and 
calculations to their users.

Advancements to photovoltaic (PV) technologies are 
re-configuring stakeholder relations and bringing new so-
cial and technical challenges and opportunities to cities. 
Prospective developers now search within cities for PV 
electricity generation opportunities located near demand 
centers. Initially due to government incentives and now 
due to falling costs, homeowners find the PV business case 
to be compelling and are interested in becoming electrici-
ty producers as well as consumers (so-called “prosumers”). 
Both of these groups are primarily interested in site-spe-
cific production potential and the economic performance 
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of PV systems, called solar potential. Solar potential is de-
fined as the amount of solar energy that reaches a surface 
over a defined time interval influenced by terrain, shad-
ows, and atmospheric factors on a surface (called solar ir-
radiance), limited by the efficiency of the technology avail-
able to convert it into usable energy (Angelis-Dimakis et 
al. 2011). As these technologies become easier to install, 
utilities, willingly or not, need to adapt their infrastruc-
ture and operation practices to accommodate these new 
forms and sites of generation; they are interested in where 
new generation is likely to emerge and how power flows 
through the city will be affected. At the same time, urban 
planners must consider potential zoning issues to manage 
system siting and access to solar resources. City officials, 
meanwhile, have the responsibility of ensuring that PV 
development does not exacerbate, and perhaps even helps 
to improve, existing issues within the city such as poverty, 
environmental injustice, and cultural heritage.

Interactive web maps have the potential to facilitate and 
perhaps coordinate informed decisions within and be-
tween these stakeholder groups. Indeed, urban-scale en-
ergy resource mapping has become increasingly common, 
marked by the rise in online energy maps in cities across 

the world (see Kanters et al. 2014), as well as through 
growing literature on the subject (e.g., Calvert et al. 2013; 
Resch et al. 2014; Freitas et al. 2015). Studying best prac-
tices in terms of map design and functionality is critical to 
improving the decision-making and outreach capacity of 
these tools and, in turn, to providing urban stakeholders 
with the tools they require to facilitate the transition to 
renewable energy in a rapid and responsible way.

The purpose of this study is to describe and analyze the 
cartographic representation and functionality of available 
solar energy web maps developed by and for cities with-
in the United States. We have two main objectives: first 
to add to the literature on cartographic design, represen-
tation, and interactivity of publicly available interactive 
maps using competitive analysis; second, to contribute to 
the literature and practice of energy geography and plan-
ning through benchmarking the development and use of 
geospatial technologies in urban-scale PV production. Our 
results are based on an analysis conducted in June 2016. 
We conclude by identifying “best practices” from which 
to establish guidelines and future areas of research that 
might improve the development of urban energy maps.

B AC KG R O U N D
Generally speaking, research in energy mapping has 
focused on the development of spatial decision support  
system (SDSS) tools (e.g., Calvert et al. 2013; Resch et al. 
2014) at the expense of studying the tools themselves. This 
is especially the case for urban solar energy. The most re-
cent review of SDSS development by Freitas et al. (2015) 
examines the data and models used to develop urban-scale 
solar energy maps. Although critical to building effective 
maps, they do not focus on cartographic representation or 
functionality for the user. Kanters et al. (2014) provide the 
only review of front-end components of solar energy web 
maps, comparing them in terms of content displayed to the 
user: for example, the range of solar energy technologies 
considered by each map, or the land-use and land-cover 
categories used to limit the location of solar PV systems. 
In these studies, maps were assessed from an engineer-
ing and economic perspective. There is need to expand on 
these analytical approaches, and to evaluate the capacity of 
online solar energy maps to facilitate informed decisions 
by also taking into account how the tools make informa-
tion available to the end user.

One method to achieve this is competitive analysis, which 
is often used to evaluate currently available software, 
hardware, or web products to inform future designs and to 
identify best practices. A competitive analysis is designed 
to be the first step in understanding services across a range 
of products. The results of this type of analysis can provide 
“ad hoc guidelines for approaches that seem to work and 
others that should be avoided” (Nielsen 1992, 14). Within 
cartography, Roth et al. (2015) used this method to evalu-
ate currently available web maps for assessing sea and lake 
level differences, with the goal of examining best practices 
to create a map of their own.

This study also draws on content analysis, a systematic ap-
proach used to examine and compare modes and symbols 
of communication (Rose 2012). Content analysis relies on 
identifying a set of codes (Krippendorff 2013). These codes 
offer a systematic lens through which to examine a com-
mon set of themes. Ideally, once the codes are determined, 
anyone trained in the coding scheme will be able to assess 
the same sample set or apply the codes to a new sample 
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(Muehlenhaus 2010). Content analysis, however, does not 
allow the analyst to understand why the map was designed 
in a particular way or how a map reader cognitively en-
codes the information presented (Lutz and Collins 1993).

Content analysis has become a popular method in car-
tographic research, beginning with Edsall (2007), who 
used it to evaluate “maps in the wild” that had impacts 
on political discourse in the United States. He was fol-
lowed by Muehlenhaus (2013), who used content analy-
sis to evaluate the propagandist nature of political maps. 
Additionally, Muehlenhaus identified the appropriate use 
of visual variables, widely viewed as the building blocks of 
cartography, across his sample (Bertin 1983; MacEachren 

1995). Kessler and Slocum (2011) were the first to use 
content analysis to compare cartographic design. They 
evaluated how design has changed and whether map de-
sign improved during the 20th century. The codes used 
in their study were derived from cartographic guidelines 
outlined in Slocum et al. (2009). Their analysis evaluated 
cartographic representation elements including: the title, 
legend, projection used, visual hierarchy, symbology, let-
tering, basemap, inset maps, and scale. Our study used 
competitive analysis and is informed by past studies using 
content analysis. It not only describes the similarities and 
differences across different maps (i.e., benchmarking), but 
extracts best practices that should be considered for future 
map designs (i.e., establishing guidelines).

M E T H O D S
This study applies competitive analysis in order to 
achieve three main goals:

1.	 evaluate the design of interactive online solar 
energy maps;

2.	 assess the usage of their visual variables and map 
interaction operators; and

3.	 analyze the content, purpose, and goals of each 
map related to facilitating planning of potential 
rooftop solar projects.

We assessed the design of cartographic representation and 
map interaction in twelve interactive solar energy web 
maps (Table 1). Maps were included in the sample if they 
illustrated installed solar energy systems and/or allowed 
an individual to calculate solar energy potential. All of the 
maps were large-scale maps of urban or suburban locations 
in the United States. Additionally, all of the maps assessed 
in this study are web maps (e.g., not a static map such 
as an image). Three of the maps were developed in the 
now-outdated ActionScript for Flash developed by Adobe. 
The other nine were developed in JavaScript.

Of the twelve maps, two had the same design for multi-
ple locations: Google Project Sunroof and Mapdwell Solar 
System. In these cases, the same design template was ap-
plied to multiple cities. We grouped these maps according 
to their developer, and assessed only one location each. 
The other ten maps were all designed for specific locales. 
Six of the maps were designed by Critigen. These were not 
considered to be one map as in the case of Google and 

Mapdwell, since Critigen’s designs varied widely between 
cities. The remaining four maps were developed by local 
governments or local nonprofits.

Five groups of codes were developed for this study to as-
sess: (1) map design, (2) use of visual variables, (3) use of 
map interaction operators, (4) the capability to allow a user 
to assess the solar potential of a particular building, such as 

Map Name Developer

Google Project Sunroof Google

Green Riverside City of Riverside

LA County Solar Map Critigen

MadiSUN Solar Energy Map Critigen

Mapdwell Solar System Mapdwell

Metro Orlando Solar Map Critigen

New Orleans Solar Calculator Critigen

New York City Solar Map Sustainable CUNY

Salt Lake Solar Map Salt Lake City

San Diego Solar Map Critigen

San Francisco Energy Map Critigen

Tallahassee Interactive Solar Map City of Tallahassee

Table 1. Solar energy maps in the United States evaluated in 
this study.
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their own home, and (5) ability to view information about 
currently installed systems. With the exception of the first 
code group (map design), which used a Likert scale to rate 
design quality, these codes were primarily qualitative and 
assessed the presence or absence of a particular visual vari-
able, map interaction operator, or capability. Code group-
ings 1 and 2 enabled an assessment of maps according to 
cartographic principles, while code groupings 3–5 enabled 
an assessment of the efficacy of the tools to facilitate and 
coordinate informed planning decisions within and be-
tween urban stakeholder groups.

Two independent coders trained in the coding scheme 
assessed each map based on the first three code groups. 
Before coding, they discussed the codes, and agreed on 
code definitions based on the cartographic literature. 
Code groups 4 and 5 were assessed by a single coder. Only 
one coder was necessary here because these were simple 
assessments of the presence and absence of content af-
forded to the user and did not require any triangulation of 
interpretation.

MAP DESIGN

To assess the adherence of the maps to cartographic prin-
ciples, we began with the codes outlined by Kessler and 
Slocum (2011) and updated them for the purpose of this 
study. Because their study focused on static maps, while 
ours focused on interactive maps, some codes were re-
moved while others were added. The codes for evaluating 
the design of the maps are shown in Table 2. Because the 

Table 2. Codes for design assessment.

Code Explanation

Symbology Design Logical design decisions were made (e.g., a logical progression of colors was used).

Visual Hierarchy
The map has suitable visual hierarchy. Is thematic information emphasized over basemap information? 
Is there a suitable hierarchy for marginalia elements?

Symbology Coordinates 
with Basemap

Does the thematic information coordinate with the basemap in terms of color harmony and 
readability?

Readability Is the lettering and other text readable?

Legend Design Is the legend clear? Does the legend account for all of the symbology on the map?

Splash Page Is the splash page useful and aesthetically pleasing?

Tutorial Is there a tutorial? Is it useful? Is it aesthetically pleasing?

Pop-ups/Sidebar If there are popups or a sidebar, are they useful and well designed?

Figure 1. The visual variables (based on Slocum et al. 2009).
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codes were applied using a nine-value Likert scale, the 
scores from the two coders were averaged into a single as-
sessment. The two coders were both trained in cartograph-
ic design principles (e.g., Brewer 2016; Slocum et al. 2009) 
and assigned codes based on Kessler and Slocum’s (2011) 
similar study. Some of the codes allowed “not applicable” 
as a potential code when a particular element was not 
present in the maps. Applying a code of “not applicable” 
was based on unanimous agreement among the coders.

VISUAL VARIABLES

The visual variables, first described by Bertin (1983), are 
seen as the building blocks of cartographic representation. 
There are nine widely accepted visual variables. The vari-
ables of hue, saturation, and lightness all are color vari-
ables, while the other six variables are: size, shape, spacing, 
orientation, arrangement, and perspective height (Figure 
1; Slocum et al. 2009).

The coders independently coded for the use of the visual 
variables. A variable was coded as being included in the 
map only if used to depict thematic content (e.g., solar en-
ergy potential); if not used, or used only in the basemap, 
the variable was coded as being excluded. Any differences 
in the coding of the visual variables were discussed until a 
consensus agreement was made on the presence or absence 
of the visual variable.

INTERACTION OPERATORS

The interaction operators are the counterparts to the vi-
sual variables for interactive maps. There are seven-
teen interaction operators (Table 3; see also Roth 2013). 
Understanding which operators are consistently used 
across a specific type of map can illuminate to the car-
tographer or web designer what types of interactivity are 
expected by users, and which interactions are useful to de-
velopers and designers.

Independently, the coders examined each of the maps, as-
sessing which operators were included in the map or in-
terface design. Following the coding, the coders assessed 
agreement and discussed differences. Any differences were 
reevaluated jointly until the coders came to consensus 
about their usage.

DECISION -SUPPORT AND SYSTEM 
ASSESSMENT FUNCTIONALITY

The maps in this study allowed users to assess solar poten-
tial (a planning task), retrieve information about currently 
installed systems, or both. As such, two sets of codes were 

Code Explanation

Import Load a dataset into a map

Export
Produce a map for use outside of the 
visualization

Save
Store the changes a user may have made in 
a visualization for later use

Edit Alter the data underlying the map

Annotate
Add markings or text to the map or map 
interface

Reexpress
Change the type of thematic map used to 
display the data

Arrange
Rearrange the location of the views in a 
coordinated view

Sequence
Produce maps in sequence, such as small 
multiples

Resymbolize
Alter symbolization (e.g., change colors, 
adjust classification scheme)

Overlay
Reorder or toggle layers (similar to a GIS 
table of contents)

Reproject Change the map projection

Pan Change the center location of the map

Zoom Change the scale or resolution

Filter
Query the map to show only the results from 
the query

Search
Enter a specific term to identify an answer 
(e.g., search for an address in a map)

Retrieve
Identify details by clicking or brushing over 
contents of a map (e.g., a popup display)

Calculate Compute an answer based on an input

Table 3. Interaction operators (from Roth 2013).
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developed. The first assessed solar potential by rooftop 
(Solar Planning assessment codes, Table 4). These codes 
were designed to understand the extent to which tools 
could facilitate informed decisions. Toward this end, we 
paid particular attention to the range of criteria that would 
influence decisions (e.g., cost, savings, production poten-
tial, and environmental benefits) and how information 
is calculated (e.g., ability to draw a potential system on a 
rooftop, or print out a report for a solar installer).

The second set of codes related to assessing the geograph-
ic distribution of currently installed systems (Viewing 
Current Solar Systems codes, Table 5). Understanding the 
spatial distribution and other factors about currently in-
stalled systems may encourage potential PV buyers to in-
vest in a system. For this, we developed a set of codes to 
assess the capability to provide relevant information about 
where other solar PV systems had been installed through-
out the city, the name of the installer, and the size of the 
installed system. Additionally, some maps allowed users to 
submit information about their own system as a form of 
data crowd-sourcing.

Code Explanation

Solar Surface
Shows a surface of solar irradiance 
either across the whole map or on 
rooftops

Assess Potential by 
Address

Allows user to assess potential for 
PV by entering an address

Draw Potential 
System

Allows user to draw a polygon 
in the location and shape of a 
potential solar system

Click on Building for 
Potential

Allows user to click directly on a 
building to get solar potential for 
that structure

Assess Cost or 
Savings

Allows user to assess the cost or 
savings of a system once they have 
clicked on a building or drawn a 
polygon

Assess Production 
Potential

Allows user to view the production 
potential of a system once they 
have clicked on a building or 
drawn a polygon

Assess Environmental 
Benefits

Allows user to assess the 
environmental benefits of a 
potential system once they have 
clicked on a building or drawn a 
polygon

Savings Based 
Planning

Allows user to determine how much 
they want to save in order to plan 
their potential system

Investment Based 
Planning

Allows user to determine how much 
they want to invest in order to plan 
their potential system

Generates Report for 
User

Gives the user a report they can 
print and possibly show to a solar 
installer

Connect to Solar 
Installer

Connects the user with potential 
solar installers in the area

Table 4. Solar Planning assessment codes.

Code Explanation

View Installed 
Systems

Allows user to view locations and 
information about currently installed 
solar systems located within their 
location

Size (kW) The kW size of the installed system

Output (kWh/year)
The energy output per year for an 
installed system

Cost The cost of the installed system

Savings
The yearly or monthly savings of an 
installed system

Installer The installer of the solar system

Add System to Map
Allows the user to add their own 
solar system to the map via a web 
form

Table 5. Assessment codes for Viewing Current Solar Systems.
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R ES U LT S

MAP DESIGN

The design of the maps varied across the sample 
(Figure 2). Some maps had consistently high scores across 
the design codes (e.g., Mapdwell Solar System [Figure 3] 
and Google Project Sunroof), and some scored consistent-
ly poorly across the design codes (e.g., San Francisco Solar 
Energy Map). Ideally a map would perform well across 
all codes. Many of the maps in the sample had a mix of 
high and low scores. For example, the Metro Orlando 
Solar Map scored poorly on the design of the actual map 

Figure 2. Design code scores.

Figure 3. The Mapdwell Solar System scored very well on the 
design codes.
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(symbology, visual hierarchy, symbology coordinates with 
basemap, and readability); however, the legend and other 
marginalia were well designed.

VISUAL VARIABLES

Understanding how the visual variables are used in a set 
of maps helps to identify what elements are necessary or 
expected in a map (Figure 4). The most commonly used 
visual variable was hue (n=11). Hue is useful for illustrating 

both qualitative and quantitative data; however, when used 
for quantitative data, it needs to imply order through the 
colors. Six of the maps used hue appropriately (e.g., Figure 
5), while five of the maps did not. When hue was used in-
correctly it was through the use of color schemes that did 
not imply order while illustrating quantitative data (e.g., 
spectral color schemes or random color choices). Lightness 
is a quantitative visual variable and was used appropriately 
in all cases. In some of these cases, it was used in isolation 

Figure 4. Usage of the visual variables. Several visual variables (spacing, orientation, arrangement, and perspective height) were never 
used and thus are not shown.

Figure 5. In the MadiSUN map, hue (qualitative) is used to 
illustrate differences in the ownership of solar installation projects.

Figure 6. The Green Riverside map uses shape and hue 
(qualitative) to illustrate the different types of solar installations in 
the city.
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and in others it was used with 
hue to redundantly illustrate 
differences. Saturation is a 
diff icult visual variable to 
parse out from the other as-
pects of color and was only 
used redundantly with hue 
or lightness. On five maps, 
point symbols marking cur-
rently installed solar sys-
tems used the variable shape 
to designate different types 
of installations, sometimes 
in combination with hue as 
a redundant visual variable 
(Figure 6). Two maps used 
size. Though it is a quanti-
tative visual variable, on the 
San Francisco Energy Map 
size was used to illustrate a 
qualitative difference: types 
of solar installations. On the 
LA County Solar Map, size 
was used in combination 
with hue as a redundant vi-
sual variable to illustrate rooftop solar irradiance. In this 
case, it was used correctly to show quantitative differences.

INTERACTION OPERATORS

The results from the assessment of the interaction opera-
tors are illustrated in Figure 7. The interaction operators 
import, pan, and zoom were used in every web map ana-
lyzed in this study (n=12). The search and retrieve opera-
tors were each used in all but one of the maps (n=11): the 
Tallahassee Interactive Solar Map did not have a search 
box, and the Salt Lake Solar Map was the only map to 
not use the retrieve operator (often a mouse-over or click 
resulting in more information in the form of a pop-up or 
sidebar).

The export operator was only found in three of the maps in 
the study, typically generating a downloadable report that 
the user could bring to a solar installer for more informa-
tion. Resymbolize, in the form of an opacity change, was 
used in three of the maps. More than half of the maps al-
lowed for the overlay operator (n=7). In most cases this op-
erator was used to toggle the display of a solar irradiance 

surface. In the remaining cases, all of the layers had a 
toggle function that acted much like a traditional desktop 
GIS’s table of contents. The filter operator, allowing the 
user to filter the visible results based on their own input, 
was found only in the Mapdwell Solar System. Finally, 
the calculate operator was used in eight of the maps (e.g., 
Figure 8), typically for calculating solar potential for a 
rooftop.

Figure 7. Usage of the interaction operators. Several interaction operators (save, edit, annotate, 
reexpress, arrange, sequence, and reproject) were never used and thus are not shown.

Figure 8. Google’s Project Sunroof allows users to calculate their 
own solar potential by searching for an address.
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PLANNING FOR SOLAR

In allowing a user to calculate solar potential on a roof-
top, a map may prompt a user to realize the economic and 
environmental benefits of installing solar PV systems. We 
analyzed the twelve maps for their capability to allow users 
to assess solar potential for a rooftop (Figure 9). Across the 
sample, the maps afforded users several means by which to 
do so. Four maps provided the user with a surface of solar 
irradiance (Figure 10). In three maps, the user could as-
sess solar by address by entering an address and receiving a 
calculated assessment of PV potential. The draw code as-
sessed whether a map afforded the user a tool to draw the 
ideal size and location for solar PV on a rooftop (Figure 
11). This functionality was found in five maps, which then 
calculated PV potential for the user-drawn polygon. These 
same five maps also afforded users the option to simply 
click on a structure and calculate PV potential for an entire 
roof area.

A number of the maps provided users with potential 
cost ($), savings ($), production (kW), or environmental 

savings (CO2 reductions) after they either searched for an 
address, clicked on a building, or drew a potential system 
on a rooftop. Five maps allowed users to assess potential costs 
and savings of systems they searched for or drew. Six maps 

Figure 9. Results of the Planning for Solar assessment. Note that this study did not investigate how irradiance was calculated.

Figure 10. The Salt Lake Solar Map, illustrating the solar 
irradiance across the entire city.
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provided estimates on production potential in kW. This is 
a useful metric because it does not require the developer 
to account for the changing prices of energy. Finally, five 
maps afforded the user the ability to understand the envi-
ronmental benefits of their potential installation in terms of 
reduced CO2.

Some maps in the sample were designed to allow the user 
to input their desired potential savings (n=3), up-front in-
vestment (n=4), or both (n=2), instead of simply being given 
information based on their search or drawing. Savings-
based planning allowed users to indicate the amount they 
wanted to save in order to identify the system size needed, 
and in some cases (e.g., Mapdwell), the roof location to get 
them the best “bang for their buck.” In the case of tools 
that focused on up-front investment, users could type in 
the amount they wanted to spend and the system calculat-
ed the size that was possible under that budget constraint. 
This type of functionality is different than assessments 
of savings, cost, production, or environmental benefits in 
that it does not force the user to draw first and assess cost 
and savings second: users can tell the tool how much they 
can afford or how much they want to save in order to find 
out what type of system they might be able to install.

In helping users make the next step towards installation of 
a rooftop PV system, several tools generate a report to bring 
to a solar installer or to share with others (n=6), and/or 

connect users to solar installers in their area through hyper-
links located in the web map (n=7).

CURRENT SYSTEMS ASSESSMENT

The results from the current systems assessment are il-
lustrated in Figure 12. Of the maps in the sample, nine 
maps provided users with the capability to view current-
ly installed systems in terms of the size of the system in 
kilowatts (e.g., Figure 13). Significantly fewer of those, 
only three, provided insight into the total output over the 
course of the year. Only one map provided the cost (Metro 
Orlando Solar Map), while one showed the savings (LA 

County Solar Map) 
of the installed sys-
tems. Several maps 
(n=6) provided users 
with the name of 
the installer. Since 
users may want to 
under s tand more 
than simply where 
currently instal led 
systems are located, 
cost, sav ings, and 
installer may be im-
portant factors for 
potential future pro-
sumers. Finally, five 
maps provided users 
the abi l it y to add 
their own system to 
the map.

Figure 11. The New York City Solar Map’s calculations after 
drawing a potential system with the draw tool.

Figure 12. Assessment results for the Viewing Current Solar Systems codes.
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The LA County Solar Map scored best on providing users 
with information about current systems (Figure 14). While 

this map did not score well in the design codes described 
earlier, it afforded a lot of functionality for its users.

D I S C U S S I O N:  B ES T  P R AC T I C ES  F O R  S O L A R  E N E R GY  W E B  M A P S
Solar energy web maps afford users the tools to as-
sess PV potential in a rapid, meaningful way. The results 
of our analysis suggest that good map design and useful 
map functionality are not necessarily correlated: maps 
scoring high on design did not necessarily score high on 
functionality, and vice versa. Depending on intent of the 
map, adherence to particular functionality codes differed. 
Some maps focused on allowing users to calculate elec-
tricity production potential, while others focused on pro-
viding users a map of currently installed systems. Because 
both of these functionalities are useful in decision making, 
it would be helpful for future designs to have both capa-
bilities. After analyzing maps for their adherence to codes, 
we identified several best practices.

MAP DESIGN

The codes identified in this research can act as guidelines 
for future interactive solar energy map designers (Table 
2). Specifically, four codes are particularly useful to en-
sure these maps are well designed. These four codes are: 
symbology coordinates with basemap, readability, legend 
design, and design of the popups or sidebar.

Coordinating thematic and basemap layers is difficult. 
While this is not a new issue in cartography (e.g., Spiess 
1970), with easily interchangeable basemaps now available 
in web maps, this is an aspect of design that cartographers 
need to consider when developing urban-scale spatial de-
cision support systems. These interchangeable basemaps 
are often composed of annotated imagery, thus designing 
thematic layers that coordinate well with the underlying 
basemap is a primary determinant of design quality. The 
high level of detail and variety of colors found in imagery 
make it difficult to design thematic layers that contrast suf-
ficiently. Often, simplified basemaps are suggested instead 
(Brewer 2016; Spiess 1970); however, in the case of solar 
energy web maps, imagery provides the resolution required 
to assess modeled results under real-world conditions (lo-
cation, weather, etc.). It is also easy to use in common web 
mapping applications such as Google Maps. Thematic 
layers composed of highly saturated colors are often best 
with imagery because they stand out, despite the challeng-
es they may offer designers. The Mapdwell Solar System 
product does the an excellent job of this, by coordinating 
highly saturated colors with a consistent color scheme. 
The San Francisco Energy map, on the other hand, scored 
poorly in this aspect, as there is little coordination be-
tween the visual hierarchy of the map layers, making each 

Figure 13. The New Orleans map allows users to explore 
information. This map also allows users to input parameters to 
calculate their own solar potential.

Figure 14. The LA County Solar Map provides users with a large 
amount of functionality to understand currently installed systems in 
the area.
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difficult to discern. How to design the visual hierarchy of 
maps where thematic layers are salient enough for effective 
reading (Fabrikant and Goldsberry 2005), without taking 
away from the visual aesthetics or beauty of the map is an 
active question in cartographic research (Kent 2005).

Readable text and good legend design are important on 
both static and interactive maps. Ensuring type is read-
able across all cases of interaction with a web map is pres-
ently a challenge for cartographers (Jenny et al. 2008). 
Additionally, legends now need to be dynamic and adap-
tive alongside the interactive map (Sieber et al. 2005), tak-
ing into account how layers in the map change as the user 
interacts with it (Dykes et al. 2010).

Finally, the interactive solar maps examined in this study 
often included the retrieve operator, which gives the user 
“details on demand” (Shneiderman 1996) when they click 
or mouse over areas of the interface or map. Popups and 
sidebars were well designed when they followed basic de-
sign principles (as described in Tufte 1983): visual hier-
archy, balance, unity, typography, and color coordination 
with the rest of the map interface. The best example of this 
was in the Mapdwell Solar System, which provided users 
with clear designs adhering to cartographic guidelines 
(Slocum et al. 2009).

As maps offer more interactivity, cartographers face new 
challenges in planning for a variety of scales, geographies, 
and changes that a user might make. In this way, the car-
tographer has less control over the design. Adherence to 
underlying data is also a constraint. These maps are scal-
able and thus planning for every type of geography or 
change a user makes is challenging. While designing for 
every case is difficult, it is necessary in these highly inter-
active web mapping environments. Cartographers might 
have more success if they limit the capabilities of these 
web maps by reducing interactivity to avoid having to de-
sign for multitudes of use cases (Tufte 1990).

VISUAL VARIABLES

The maps in this sample used only a subset of the visu-
al variables. Some of the maps used them correctly (e.g., 
quantitative variable for quantitative information) while 
other maps did not. Future maps would do well to en-
sure the correct usage of the visual variables for the type 
of data displayed. Indeed, the more recently deployed 
maps in the study (e.g., Mapdwell and Google) used the 

visual variables more appropriately, suggesting that design 
and use of visual variables are becoming more import-
ant as more of these maps are designed and deployed. In 
many cases, the variables were also used redundantly — 
for example, using size and color to show areas on a map 
that had better or worse solar potential. This redundant 
usage often helps users discern between different features 
(Retchless and Brewer 2015).

MAP INTERACTION OPERATORS

Several map interaction operators were widely used in 
maps of solar energy, including search, retrieve, pan, 
zoom, import, and calculate. These six operators were 
found to be more useful in the case of solar energy web 
maps than the other eleven operators. The search operator 
afforded users the ability to easily find their home within 
the map without panning and zooming. This is necessary 
if the goal is to allow users to assess the energy potential 
of a particular building. The retrieve operator was likewise 
important because it allowed the user to query the map for 
more information. This is necessary for maps that allow 
users to assess solar potential and information about cur-
rently installed solar systems. The pan and zoom operators 
were found in every solar energy web map analyzed in this 
study, permitting users to move around the subject area. 
It is hard to imagine a web map of solar energy potential 
that does not include these capabilities. Finally, an import 
operator is automatically executed in every map at load-
ing time as it brings in the pertinent data layers such as a 
solar irradiance surface or a buildings polygon layer. These 
systems work best with data already loaded and tailored 
to the users’ specific needs. Unlike a traditional desktop 
GIS, web maps are most effective in terms of their ability 
to facilitate informed decisions when their tools, data, and 
functionality focus on a specific case as opposed to afford-
ing the user ultimate control.

SOLAR PLANNING TOOLS

Maps that allow users to assess solar potential stood out in 
the sample. The capability to not only view general solar 
potential in a location, but to calculate solar potential 
across a specific rooftop may help with decision making 
and lead to wider implementation of solar energy systems.

Maps that allow users to click on any building to compare 
solar potential, as opposed to those that required the user 
to know a specific address, were especially helpful. This 
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meant users were able to pan and zoom around the map 
and assess solar potential for every structure represented 
on the map. This is useful to a solar energy developer who 
is interested in identifying clients’ buildings with strong 
solar potential, or a utility system operator interested in 
identifying rooftops within a specified distance of a node 
on the electricity grid. Additionally, some of the maps al-
lowed users to draw on a rooftop to assess solar potential 
for an isolated area of the building. This is useful because 
it allows a homeowner to assess potential on only the part 
of the roof where they may want to install a PV system. 
Future maps could include this functionality not only for 
rooftops but also for any area seen fit for solar development 
within the city.

Some maps allowed users to analyze all aspects of system 
potential (cost, savings, energy production, and environ-
mental benefits). Providing site-specific information about 
the multiple benefits of solar is important, because pro-
spective investors (homeowners and third-party develop-
ers) are increasingly motivated to deploy PV systems based 
on both economic and environmental benefits. Although 
these benefits are only a portion of the ultimate PV in-
vestment decision (Graziano and Gillingham 2015), they 
are the perhaps most tangible arguments for installation 
(Islam and Meade 2013). In addition, for some users, cost 
will be the most important decision criterion, while for 
others savings will be the motivating factor.

Another best practice in this grouping was the display of 
options to connect with an installer. By connecting them 
directly with a solar installation company or offering a 
list of companies, map users can more easily realize the 
economic and environmental benefits of a system at their 
location of interest. Those maps that allowed the user to 
print a report might also help in connecting users and in-
stallers. If the goal of these maps is to encourage users to 
think seriously about installing a PV system, providing 
information about all aspects of system potential, benefits 
of solar, costs, and solar installation services is ideal for al-
lowing users to make the most informed decision possible.

None of the maps enable a user to calculate potential for 
multiple rooftops or multiple systems simultaneously; 
clearly, they were designed to inform homeowners or de-
velopers about individual systems. As a means of helping 
to encourage PV adoption in urban settings, informing 
homeowners is necessary but by itself insufficient, given 
that so many other groups have a direct stake in, and 

influence on, the homeowners’ decisions. For a utility op-
erator or policymaker, it is important to be able to retrieve 
production potential and economic feasibility over wide 
areas at multiple sites, since the area of interest for these 
stakeholders is much more extensive. A mapping system 
that allows a user to identify those areas of the city that 
may be considered profitable under a specific set of eco-
nomic conditions (e.g., price of electricity, or tax rebate) 
would be helpful for utilities and planners to anticipate 
new development, and help to foster and manage home-
owner investment decisions. The combination of multiple 
different ways to select areas for solar potential calculation 
is useful. Drawing polygons or selecting a city block can 
allow community or local government groups to identify 
undeveloped land for solar, while selecting specific build-
ings is useful for individuals assessing the potential for 
solar installation on their own building's rooftop.

CURRENT SYSTEMS ASSESSMENT

The likelihood of adopting PV technology is influenced 
not only by favorable characteristics in the built environ-
ment, but also by peer effects. All else being equal, the 
existence of a system installed on a neighbor’s roof is a 
strong determinant in shaping a homeowner’s decision 
to build their own (Graziano and Gillingham 2015). 
Visibility (i.e., proof that these systems can work in the 
area) and social interaction (i.e., conversations between 
neighbors about the benefits and overcoming challenges), 
not to mention the desire to fit into a new sub-group of 
early PV adopters are all part of the “peer effect.” With 
this in mind, online solar maps that include information 
about existing systems (e.g., the LA County Solar Map or 
the Green Riverside Map) are likely to be more effective 
than maps that only provide information about a hypo-
thetical system. Thus, the functionality of simply allowing 
users to view currently installed systems may be sufficient, 
however additional information about nearby solar instal-
lations may also be persuasive. Future research on the ef-
fectiveness of these maps with users would benefit from 
examining what information is most important to users 
about their neighbors’ installed systems. However, provid-
ing information such as this opens questions about privacy 
for homeowners and businesses who have already installed 
solar PV systems. Finally, the ability for a homeowner to 
add their currently installed system provides the user with 
a way to “show-off” their system and may be yet another 
way to encourage both the installation of solar as well as 
use of the map (Floreddu and Cabiddu 2012).
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FUTURE DIRECTIONS

The maps evaluated here provide insight into best practices 
for future solar energy web maps, based on a systematic 
coding system. We have identified several additional ele-
ments that would be worthwhile to incorporate in future 
maps.

The maps using JavaScript, and its wide variety of librar-
ies, were all newer, faster, easier to use, more capable, and 
featured better overall design than Flash applications. 
JavaScript currently has many advantages, including broad 
usage, accessibility of code examples, and avoidance of 
proprietary plug-ins. One disadvantage of JavaScript is the 
need to test and maintain code against different Internet 
browsers, as well as keep it up-to-date, to avoid broken 
map interaction capabilities. Many of the maps in this 
study were designed by contractors for local governments 
and thus are not maintained as often as necessary. Future 
maps would benefit from maintenance, which suggests 
that cities and other stakeholders would need to provide 
an operational budget for these tools. Finally, while we did 
not explicitly evaluate system performance in these tools, 
future evaluations would benefit from evaluating respon-
siveness and performance of these types of tools, because 
users are more likely to continue to use a web application if 
it performs well (Palmer 2002).

Google and Mapdwell have shown that their systems are 
scalable. Both groups have developed design and func-
tionality platforms that are now being implemented in 
several cities. Developing a standardized “plug-and-play” 
platform is critical to expanding the coverage of these 
maps. Templates that can be shared with local government 
officials and other stakeholders provide an easy and quick 
way to increase the number of locations where users have 
access to these types of maps (Brewer 2003). Templates 
can have design choices already made, requiring new de-
velopers to simply plug in their own local data for a quick-
ly developed map (Esri 2013).

The online maps in this study illustrate an improvement 
in the use of cartographic design guidelines in more re-
cently deployed maps (Mapdwell and Google). However, 

continued adherence to cartographic conventions (e.g., 
the correct usage of the visual variables) is suggested for 
better understanding of the mapped information by users. 
Additionally, the design of the interface is perhaps of 
equal importance with the design of the map, and requires 
cartographers and web developers to work together.

Developers of these types of web maps must strike a bal-
ance between providing enough functionality to their 
users in terms of interaction operators, solar planning 
tools, current systems assessment, and web design.

Finally, the online solar energy maps in this study were 
designed explicitly for the homeowner: only a single roof-
top can be analyzed at any one time, and electricity gener-
ation and savings are modeled over an annual timeframe. 
On the other hand, utility companies and urban planners 
would benefit from maps with a different suite of functions 
and outputs. For instance, being able to identify all roof-
tops that would be profitable under a specific tax rebate 
might be helpful for a policymaker to determine optimal 
financial incentives. The capability to model the expected 
power output from multiple rooftops over shorter time
scales might be helpful for the utility company to better 
understand where they may need to upgrade infrastruc-
ture to accommodate future PV systems. Although most 
of these maps have been designed to raise awareness and 
provide homeowners with a pre-feasibility analysis, there 
is great potential to leverage these tools in order to assess 
the spatial interdependencies between homeowners, policy 
makers, and utility companies.

That said, designing online systems for multiple user 
groups is challenging. These maps need to be scalable — 
they cannot be designed for one particular city without the 
ability to change geography within the interactive map. 
However, planning and designing for every type of geog-
raphy or change a user can make is challenging. On the 
one hand, cartographers might have more success if they 
limit the capabilities of these web maps by reducing in-
teractivity to avoid having to design for multitudes of use 
cases (Tufte 1990). On the other hand, in order for these 
systems to be useful, they need to increase their capabili-
ties. Finding a balance is a key area for future research.

CO N C L U S I O N
Rooftop PV systems have become popular ways for 
energy consumers to become energy producers. They offer 

exciting economic opportunities to individuals and envi-
ronmental opportunities to society more generally. Unlike 
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other types of energy, solar has a particular advantage of 
being spatially dispersed and micro-scalable, allowing for 
production of energy in the locations that use it most.

The case of solar energy provides a wealth of mapping op-
portunities for cartographers and GIScientists. It is not a 
spatially homogeneous subject; there are limits on where 
PV systems are viable. Mapping the spatial distribution 
of solar energy is one opportunity for cartographers, but 
with the advent of interactive web maps, we are no longer 
limited to a simple, static representation of solar potential. 
Indeed, we can provide users with opportunities to ex-
plore the map in ways that may influence decision making 
(MacEachren 1994).

Competitive analysis provided a useful way to understand 
current capabilities, with the goal of developing best prac-
tices for these types of maps (Rose 2012). Based on our 
analysis, best practices include:

1.	 adherence to basic cartographic principles;

2.	 flexibility for the user to model “what if ” scenar-
ios, including the ability to delineate their own 
system, and/or to input specific technical and 
economic data;

3.	 sharing information about existing systems; and

4.	 sharing information about credible solar installers.

Designers of solar energy web maps will find these useful 
as future guidelines. This is critical at a time when solar 
web maps are expanding their geographic reach and as the 
technologies appear to be approaching a dominant model 
that, according to our analysis, may not be optimal; as of 
May 2016, Google’s Project Sunroof covered more than 
43 million households in 42 states (Pyper 2016). Looking 
forward, there is both a clear opportunity and a need to 
develop more comprehensive systems, particularly in terms 
of designing for multiple stakeholder groups rather than 
just homeowners. This will require careful collaboration 
between researchers, municipalities, and other stakeholder 
groups such as utility companies and solar developers.
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