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ABSTRACT

ANALYZING PHOTOVOLTAIC POTENTIAL USING A GEOGRAPHIC
INFORMATION SYSTEM: A CASE STUDY OF PRINCE WILLIAM COUNTY
PUBLIC SCHOOLS
Brandy E. Holstein, MS
George Mason University, 2015
Thesis Director: Dr. Kevin Curtin

This thesis researches the potential of rooftop photovoltaic installations on public
school buildings using insolation maps and data created using geographic information
systems. Electricity is a fundamental need; however, the environmental repercussions
from the combustion of fossil fuels have led to increasing use of renewable energy
sources. Utilizing renewable energy technologies at public education facilities provides
unique educational opportunities through public demonstration projects, field trials, and
enhanced curriculum, in addition to reducing pollutants and providing a measure of
energy security. The flat-roofed middle school and high school buildings in Prince
William County, Virginia are ideally suited for harnessing solar power, and each building
is analyzed using the Solar Analyst extension in ArcGIS to calculate incoming global
solar radiation using atmospheric parameters observed in nearby Sterling, Virginia. This
quantitative analysis combined with qualitative information from Prince William County
viii

Public Schools identifies Parkside Middle School and Potomac High School as the most
appropriate sites for photovoltaic systems. The findings of this research: a) demonstrate
the ability of Solar Analyst to model insolation over a complex topography; b) investigate
insolation results from location-specific parameters and over different time periods; and
c) identify prospective public school locations in Prince William County for distributed
generation photovoltaic installations.
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CHAPTER 1: ELECTRICITY DEMAND

Electricity is a basic mechanism for development in the twenty-first century.
Energy, in the form of electricity, fuels basic needs such as space heating, cooking,
lighting, and refrigeration (Department of Energy, U.S. Energy Information
Administration [EIA], 2010b; Moomaw et al., 2011). In the industrialized world,
electricity provides these basic needs, as well as conveniences for communications,
education, entertainment, industry, and transportation. These conveniences have helped
the human race thrive and adapt to a wide variety of diverse environments. As Earth’s
population has increased, so has the demand for electricity; however, electricity demand
has risen at a higher rate than population growth (Department of Energy, U.S. Energy
Information Administration [EIA], 2010c; Moomaw et al., 2011). During 1990, the
average per capita electricity consumption worldwide was 1,964 kilowatt-hours (kWh)
(Figure 1). By the end of the year 2008, the per capita consumption had increased to
2,603 kWh. This phenomenon demonstrates the role of electricity in economic
development (EIA, 2010b; International Energy Agency [IEA], 2010; Moomaw et al.,
2011). As seen in Figure 1, both the Middle East and Asia/Oceania regions more than
doubled their per capita electricity intensity from 1990 to 2008. Comparing a welldeveloped country’s electricity use to a developing country’s electricity use shows the
positive relationship between electricity intensity and economic development. The per
1

capita electricity consumption increased less than 13 percent throughout the United
Kingdom, while China’s developing economy inflated energy intensity more than 370
percent over the 18-year period from 1990 to 2008 (Figure 1). Increasing electricity
consumption has formed the cornerstone of the industrialized world and is the prevailing
mode of energy transmission.

Figure 1. Regional per capita electricity consumption in 1990 and 2008 (EIA, 2010b)
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1.1

Emissions from Conventional Electricity
While electricity powers economic development and subsequently improves

quality of life, the conventional methods of supplying electricity have resulted in negative
impacts on our environment and ever diminishing fossil fuel resources (EIA, 2010b; IEA,
2010; Moomaw et al., 2011). The majority of electricity generation throughout the world
is produced from the combustion of coal, natural gas, and petroleum. These fossil fuels
generated over 7,136 billion kWh in 1990 and which nearly doubled to over 12,861
billion kWh in 2008 (EIA, 2010b). As shown in Figure 2, in 2007, over 67 percent of the
world’s electricity was produced from fossil fuels; composed of 42 percent from coalfired generation, 20 percent from natural gas, and 5 percent from petroleum fuel oil;
while nuclear power supplied almost 14 percent and large-scale hydropower generated 16
percent of electricity throughout the world (EIA, 2010b).
Fossil fuels historically and presently account for the majority of electricity
generation in power-hungry countries. Table 1 lists each world region’s net electricity
generation in billion kWh from fossil fuel combustion, as well as the top two countries’
net generation from fossil fuels within each region, for the year 2008. The United States
led the world’s nations in fossil-fueled generation, producing almost 3,000 billion kWh of
electricity; however, the highest net generating region was Asia & Oceania with China
generating approximately half of the region’s over 5,000 billion kWh of electricity (EIA,
2010b).

3

renewables 2.47%
wind 0.88%
geothermal 0.30%
solar 0.03%
other 1.25%

large hydro
15.98%

nuclear
13.80%
fossil fuels
67.77%

Figure 2. Fuel percentages of world net electricity generation in 2007 (EIA, 2010b)

These conventional energy sources supplied over 97 percent of the world’s
demand for electricity, along with emissions of carbon dioxide (CO2), a greenhouse gas.
The combustion of coal, the dominant fuel for electricity production, emits approximately
double the CO2 as natural gas and 33 percent more than petroleum, plus other pollutants
(sulphur oxides, nitrous oxides, particulates, and mercury) that contribute to air, land, and
water degradation (Kutscher, 2007; Department of Energy, U.S. Energy Information
Administration [EIA], 2011). Current concerns about accelerated climate change are a
4

Table 1. Net electricity generation from fossil fuels
2008 Net Generation

Asia & Oceania
China
Japan
North America
United States
Mexico
Europe
Germany
United Kingdom
Eurasia
Russia
India
Middle East
Iran
Saudi Arabia
Africa
South Africa
Egypt
Central & South America
Argentina
Brazil
World

(billion kWh)

5,229.074
2,618.558
667.904
3,270.743
2,926.731
190.892
1,909.144
364.290
290.237
941.731
665.115
658.767
717.120
196.771
191.948
478.530
226.472
108.501
315.401
76.176
54.953
12,861.740

result of anthropogenic emissions of greenhouse gases, with more than half produced
from the burning of fossil fuels (Pacala & Socolow, 2004; EIA, 2010b; Tollefson, 2010;
Jacobson & Delucchi, 2011).
Total emissions of carbon dioxide from the consumption of fossil-fueled
electricity production vary dramatically between countries, as shown in Figure 3. As of
2008, China led the world with over 6 billion metric tons of carbon dioxide emissions
from coal and natural gas consumption; in comparison, the 27 countries of the European
5

Union combined emitted 2.7 billion metric tons, less than half China’s emissions and less
than the almost 3.4 billion metric tons of the greenhouse gas that the United States
emitted that year (EIA, 2010c). In addition to these negative environmental impacts, coal,
analogous to all fossil fuels, is a finite resource and predictions indicate that with current
extraction technologies, the world’s recoverable coal supply may be exhausted within
119 to 129 years (EIA, 2010b; World Coal Association, 2010).
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Countries Emitting more than 100 million metric tons of CO 2
1.
2.
3.
4.
5.
6.
7.
8.
9.

5,000
1,000
100

China
United States
Russia
India
Japan
Germany
South Africa
United Kingdom
South Korea

6,024
3,390
1,332
1,091
641
501
405
326
315

10.
11.
12.
13.
14.
15.
16.
17.
18.

Canada
Ukraine
Australia
Iran
Poland
Indonesia
Italy
Turkey
Mexico

315
306
294
273
230
229
222
188
169

19.
20.
21.
22.
23.
24.
25.
26.

Saudi Arabia
France
Spain
Kazakhstan
Thailand
Netherlands
United Arab Emirates
Uzbekistan

Figure 3. Carbon dioxide emissions by country
Emissions are from the combustion of coal and natural gas for electricity (EIA, 2010b)
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158
151
136
134
129
128
118
105

Amid the concurrent concerns of global warming and diminishing fossil fuel
supplies, the utilization of renewable sources of energy with minimal net carbon
emissions is essential. To meet the growing demands for electricity, it is necessary to
employ clean, inexhaustible sources of power to support the dual needs of economic
growth and population increase. The sun is the primary source of energy on Earth, and
this free, vast supply of power can be harnessed in diverse forms and through a variety of
methods. One method, photovoltaic (PV) cell technology, actively converts solar energy
into electricity that can be used on-demand, stored in batteries, or transferred back to the
power grid to supply the needs of others, without emitting greenhouse gases or other
polluting by-products. Photovoltaics are particularly well suited to relieving demand on
the electricity grid during the productive daytime hours when the insolation from the Sun
is at its peak intensity. Energy consumers whose electricity demand is predominantly
during daylight hours can take advantage of PV by using it on-demand and feeding any
excess into the grid, without the need for battery storage. An obvious potential market for
PV are K-12 educational buildings, with electricity loads greatest during peak solar hours
and large, usually flat, roof systems.
This thesis researches the potential application of distributed solar systems on
education buildings in the Prince William County Public School (PWCS) District. This is
accomplished using the Solar Analyst extension in ArcGIS to calculate incoming global
solar radiation for the middle and high school buildings in Prince William County
(PWC), Virginia. Solar Analyst is a tool in the Spatial Analyst extension in ArcGIS that
uses a hemispherical viewshed algorithm to calculate gobal solar radiation for both point7

specific and area-specific models (Fu & Rich, 1999; Esri, 2013). The findings of this
research: a) demonstrate the ability of Solar Analyst to model insolation over a complex
topography; b) investigate insolation results from location-specific parameters and over
different time periods; and c) identify prospective public school locations in Prince
William County for distributed solar installations to reduce demand from the electrical
grid.
The following section reviews the literature in the areas of the use of
photovoltaics and modeling insolation. This is followed by a description of the study
area, Prince William County in the state of Virginia, and then an explanation of the
methodology used to identify appropriate school locations for potential photovoltaic
installations. The results calculated from Solar Analyst are then analyzed and one school
is examined as a case study. The final chapter explores these results and the implications
for photovoltaic installations at Prince William County Public Schools, as well as
recommendations for future research.
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CHAPTER 2: SOLAR TECHNOLOGIES

In 2007, solar energy supplied less than 0.03 percent of the world’s electricity
(2010a), a sharp contrast to the potential for solar energy generation around the world. On
average, the surface of the earth receives 342 W/m2 of power from the sun; enough in one
hour to supply one year of the world’s energy consumption (Ramachandra & Shruthi,
2007; IEA, 2010). The National Aeronautics and Space Administration’s (NASA)
Atmospheric Science Data Center has measured the ground level solar insolation over a
22-year period to illustrate this potential, with worldwide annual insolation from 1983 to
2005 illustrated in Figure 4 (NASA, Atmospheric Science Data Center, 2011). Incoming
solar radiation varies according to geographic location (latitude), time of day (solar
zenith), season (solar declination), and local weather (atmospheric diffusion), with the
highest levels of insolation occurring along the Equator at solar noon on the vernal and
autumnal equinoxes (Department of Energy, Office of Energy Efficiency & Renewable
Energy [EERE], 2011). At locations not lying along the Equator, the highest incoming
solar radiation levels occur on the summer solstice (approximately June 21 in the
northern hemisphere and December 21 in the southern hemisphere) at solar noon (EERE,
2011). The daily average incident solar radiation on the continental United States during
the 22-year period illustrated in Figure 4 ranged from 3.5 to 5.5 kWh/m2; more than
sufficient insolation for electricity production from photovoltaic panels.
9

Figure 4. Daily surface insolation values averaged over 22 years (NASA, 2011)

2.1

Light to Electricity
Sunlight is composed of packages of energy, called photons, whose wavelengths

correlate to levels of electromagnetic energy. When photons are absorbed by
semiconductors, such as silicon, the electromagnetic energy is transferred to the
material’s electrons, enabling them to move freely and create an electrical current when
connected to a load (EIA, 2011). This photovoltaic effect is the principle that allows solar
10

cells to produce electricity from light. Multiple PV cells are combined into PV modules,
which are then interconnected to form PV arrays in order to generate larger levels of
electricity. Once an electrical current has been generated, it flows from the PV array as
direct current (DC) to the attached load, or through a power conditioner to convert the
DC electricity to the alternating current (AC) form that is more widely used in the United
States (EERE, 2011). This electricity can then be immediately consumed, fed back into
the electricity grid, or stored in on-site batteries for later use. All additional equipment
attached to a PV array composes the balance-of-system (BOS) components and a PV
system or installation includes the PV cells/modules/arrays with the BOS components.
A PV cell can be made from any material that has semiconductor properties.
While the majority of PV cells are manufactured from wafers of crystallized silicon or
more recently, thin film amorphous silicon, advances in thin film solar cell research have
produced PV cells composed of inorganic alloys from elements such as copper, cadmium,
gallium, indium, selenium, sulphur and tellurium. In addition, experimental research is
introducing the use of organic semiconductors and the injection of light absorbing dyes
into a nanoporous semiconductive material. Table 2 lists different types of PV cells with
reported laboratory (R&D) efficiencies, commercial efficiencies (real-world conditions),
and the percent of the manufacturing market, if known.

11

Table 2. Types of solar cells and their characteristics
PV Cell

sc-SI

R&D
Efficiency

Type

Silicon monocrystalline 25% (4)
wafer

mc-SI

Silicon multicrystalline
/ polycrystalline wafer
ribbon-SI
Silicon ribbon
multicrystalline wafer
Heterojunction Crystalline silicon
c-SI
wafer layered by a-SI
a-SI
Thin film, amorphous
silicon
Multijunction Thin film, a-SI with
a-SI
alloy materials
CdTe
Thin film, cadmium
telluride
CIS
Thin film, copper
indium disulfide
CIGS
Thin film, copper
indium gallium
disulfide/diselenide

20.3% (4)

Commercial
Efficiency

Market
Share

13-20%
42.2% (1)
(1, 2, 3, 4, 5)
11-15%
(1, 3, 4, 5)
11% (1)

45.2% (1)

23% (4)

18+ % (5)

5.2% (1)

10.1% (4)

6-9%
(1, 2, 3, 5)

4.2% (5)

2.2% (1)

12-13% (4)
16.5-16.7% 10-11%
(2,4)
(1,4)
8.6-10%
(1,4)
19.9-20.1% 13.1% (4)
(2,4)

Sources: (1) Raugei & Frankl, 2009; (2) Makrides et al., 2010; (3) IEA, 2010b;
(4) Arvizu et al., 2011; (5) EvoEnergy, 2013

2.2

Photovoltaic Installations
Photovoltaics are in use throughout the world in off-grid and grid-connected

systems. Off-grid stand-alone photovoltaic systems can provide electricity for lighting,
communications, and cooking, replacing fuel oils and biomass, for the billions of people
who do not have access to the electricity grid. According to the International Energy
12

Agency, approximately 1.4 billion people do not have access to electricity and over 2.7
billion rely on traditional biomass (Arvizu et al., 2011). Rural electrification programs,
such as IEA’s Photovoltaic Power Systems Programme, Light Up the World Foundation,
and the United Nations Development Programme, have supported the installation of PV
systems in developing countries, such as Bangladesh, Cambodia, Ecuador, Lebanon, and
Sudan (Arvizu et al., 2011; Hill & Curtin, 2011; United Nations Development
Programme, 2011). Grid-connected PV systems are either distributed systems installed to
provide power to a specific customer, with the excess power fed back into the electric
grid or stored on-site for later use, or large centralized systems that function as power
stations. These grid-connected systems provide environmentally friendly power that
reduces the reliance on fossil fuels for electricity.
At the beginning of 2013, at least 100 GWh of electricity was being produced
worldwide by PV installations, supplying approximately 0.5 percent of the world’s
electricity demand; a 1,667 percent increase from the 0.03 percent generated in 2007
(Figure 2) (EIA, 2010b; International Energy Agency [IEA], 2013). As listed in Table 3,
at the end of the year 2012, Germany led the world with over 32 GW of installed PV
capacity, fulfilling 5.57 percent of the country’s electricity demand (IEA, 2013). Italy had
the second highest installed capacity, 16.25 GW, and the highest percent of electricity
demand met at 5.75 percent (IEA, 2013). While the United States had almost half of
Italy’s installed PV capacity, only 0.25 percent of the demand in the U.S. is powered by
photovoltaics (IEA, 2013). While electricity produced by PV installations has
dramatically grown from 2007 to 2012, there is vast room for expansion.
13

Table 3. Top 10 countries for total installed PV capacity
Installed PV

Capacity
(GW)

Demand
Met

Germany

32.411

5.57%

Italy

16.250

5.75%

United States

7.221

0.25%

Japan

7.000

0.77%

China

7.000

0.14%

Spain

5.100

2.79%

France

4.003

0.78%

Belgium

2.567

2.52%

Australia

2.400

1.23%

Czech Republic

2.085

3.07%

Capacity installed by the end of 2012 (IEA, 2013

2.2.1

Photovoltaics in the United States
In the continental United States, the National Renewable Energy Laboratory

(NREL) calculated that the daily average insolation, measured as insolation incident on
collectors tilted to the local latitude, ranges from 3.5 to more than 6.5 kilowatt-hours per
square meter (Roberts, 2012). Figure 5 illustrates this average insolation, with the highest
insolation predominately in the traditionally sunny states of California, Nevada, Arizona,
and New Mexico and the lowest solar potential in the continental U.S. in the state of
Washington. The areas in the states of Maryland and Virginia, in the greater Washington
D.C. region, have an average daily insolation value of 4.5 to 5 kWh/m2.
14

Figure 5. Average annual insolation for a flat PV collector tilted to latitude (Roberts, 2012)

In 2008, over 70 percent of the United States’ electricity was produced from fossil
fuels while approximately 3 percent was produced from a mix of alternative sources,
including photovoltaics (Department of Energy, U.S. Energy Information Administration
[EIA], 2010a; IEA, 2013). Figure 6 identifies the percentage of electricity generated in
2008 from the different fuel sources. The conventional fuels of fossil fuels, nuclear
power, and large hydropower comprised over 96 percent of electricity generated in 2008
in the United States (EIA, 2010a). Solar power, consisting of both photovoltaic and solar
15

nuclear power
19.56%

hydropower
6.22%
solar 0.05%
msw 0.43%
geothermal 0.36%

other
3.51%
fossil fuels
70.72%

biomass
0.93%
wind
1.35%
other 0.39%

Figure 6. United States electricity generation in 2008 by fuel source (EIA, 2010a)

thermal power, accounted for only 2 out of over 4,000 gigawatts of electricity generated.
Each subsequent year saw an increase in the total number of photovoltaic systems, with
solar power responsible for 0.22 percent of the country’s electricity generation in 2012, a
346 percent increase from 2008 (EIA, 2010a; IEA, 2013).
The PV generation capacity further increased from 7.221 GW in 2012 (Table 3) to
12.1 GW of solar power in 2013 (Kann et al., 2014). The state with the highest number of
PV installations and electricity generation capacity was California, with the capacity to
produce 5.7 GW, almost half of the total capacity in the United States (Kann et al., 2014;
Solar Energy Industries Association, 2014b). Figure 7 shows that 93 percent of the
cumulative PV capacity in 2013 was installed in only ten states, representing Northern,
16

Southern, Eastern, and Western states. Four of these states are located along the East
Coast, not in the sun-drenched southwest of the country, proving that PV can successfully
produce electricity in diverse climates. North Carolina (557 MW) leads the mid-Atlantic
states near Virginia, distantly followed by Maryland (186 MW) and Delaware (59 MW)
(Solar Energy Industries Association, 2014a). Washington D.C. and Virginia have each
installed 9 MW of photovoltaic capacity, as of 2013 (Solar Energy Industries
Association, 2014a).

AZ

NJ

NC
CA

NV
MA
HI
CO
other

NY
NM

Figure 7. Top 10 states’ installed PV capacity in 2013 (SEIA, 2014b)
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2.2.2

Photovoltaics on Educational Facilities
While solar technologies can be utilized in a variety of locations, higher density

areas are unique in their ability to accommodate distributed arrays of solar cells on the
roofs of commercial, public, and government buildings. Installations of solar panels on
rooftops are only limited by the available roof area and the shading effects of neighboring
buildings. These distributed generation systems have the potential to significantly reduce
a building’s demand of electricity from the grid during the daylight hours, roughly
corresponding to the highest occupancy hours and peak demand periods of many
buildings. The benefits of installing a photovoltaic system include cost savings, reduced
greenhouse gas emissions, educational opportunities, security during rising electricity
costs, and a backup source in times of emergencies and grid failures (Hanson, 2014; The
Solar Foundation, 2014). Public school settings, in particular, offer the academic
environment and access to successfully demonstrate solar energy applications by
increasing the public’s awareness and education of photovoltaics (Close, Pang, Lam, &
Li, 2006; Hanson, 2014; The Solar Foundation, 2014).
Internationally, Japan and Germany led the way in installing PV systems on the
roofs of public school buildings. Japan initiated its PV for Public Facilities program in
1992, installing 196 systems within five years, and its eco-schools program in 1997 to
demonstrate, educate, and further research of rooftop solar power systems (Brown &
Hendry, 2009). Germany’s Sonne in der Schule (Sun in Schools) program installed PV
systems on 330 schools and its example led German utility companies to sponsor over
1,000 systems on school rooftops (Brown & Hendry, 2009). Most recently, the United
18

Kingdom announced in 2014 its campaign to install PV systems on the rooftops of
Britain’s 24,000 schools (Barker, 2014).
In the United States, more than 3,700 public and private elementary, middle, and
high schools have installed photovoltaic systems, ranging in capacity from less than 5 kW
to more than 1 MW, with a cumulative generation capacity of over 490 MW in 2013 (The
Solar Foundation, 2014). As with total PV capacity (Figure 7), California also has the
highest installed capacity for K-12 schools with almost 218 MW. Table 4 lists the 2013
rankings of the top ten states and states in the Washington D.C. metro area. The state of
Maryland, ranked 9th, has installed over 26 times the PV capacity at K-12 schools than
Virginia, ranked 31st with a cumulative capacity of 321 kW in 2013. Figure 8 identifies

Table 4. Installed K-12 school PV capacity (The Solar Foundation, 2014)
Rank

State

kW

1

California

217,636

2

New Jersey

91,410

3

Arizona

66,288

4

Massachusetts

25,400

5

Nevada

15,215

6

Pennsylvania

10,892

7

Ohio

8,526

8

Connecticut

8,428

9

Maryland

8,349

10

New York

7,316

29

Washington D.C.

432

31

Virginia

321
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public middle and high schools with PV installations located in the Washington D.C.
area. The PV generation capacity at these identified schools ranges from 2.6 kW to 400
kW and averages 105 kW. At the school district level, Montgomery County, Maryland
has a combined capacity of 976 kW at six schools and D.C. has a combined PV capacity

Figure 8. Public middle and high schools with PV in the study area (The Solar Foundation, 2014)
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of 482 kW at four schools. The PV system at Francis Scott Key Middle School
(Montgomery County, Maryland) has a capacity of 92 kW and produced 117,338 kWh of
electricity in 2013, offsetting approximately 7 percent of that year’s gross electricity
consumption (Montgomery County Public Schools, 2015). In Washington D.C., the
smaller demonstration PV system at Washington Mathematics Science Technology
Public Charter High School has a capacity of 5 kW and generated 6,096 kWh of energy
in 2013 (The Foundation for Environmental Education, 2015).

2.3

Modeling Solar Insolation
The decision to install a PV system on a school rooftop includes multiple

quantitative and qualitative factors, and the first consideration should be identifying
potential rooftop installation sites by modeling the incoming solar resource. Modeling
solar radiation is a complex process that relies on many factors and interactions,
including latitude, solar hour angle, terrain elevation, albedo, surface orientation and
inclination, shadowing, and atmospheric attenuation from liquid and solid particles, gas
molecules, and water condensation in the form of clouds (Suri & Hofierka, 2004;
Montero et al., 2009). Various models have been developed to calculate global solar
radiation at the earth’s surface. These models generally fall into the following categories:
manual theoretical calculations, estimates from satellite data, geostatistical methods, or
geographic information system (GIS) models (Kumar & Umanand, 2005; Ramachandra
& Shruthi, 2007; Alsamamra, Ruiz-Arias, Pozo-Vázquez, & Tovar-Pescador, 2009).
Manual methods include directly measuring the global solar radiation at
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meteorological stations or indirect measurements using obtained meteorological
parameters in theoretical and empirical formulas (Kumar & Umanand, 2005;
Ramachandra & Shruthi, 2007). These formulae rely on theoretical constants or
coefficients and measured or derived parameters to calculate global solar radiation. The
British Standards Institution developed the BS 5918 model that enables the calculation of
the annual solar radiation for a location, but requires such data as the annual mean daily
irradiation on a flat surface and the annual mean daytime air temperature (Gadsden,
Rylatt, & Lomas, 2003). A study in India calculates the average monthly global solar
radiation with parameters such as extraterrestrial radiation, specific humidity, mean
temperature, and sunshine duration (Ramachandra & Shruthi, 2007). Other models exist
that are limited to clear-sky conditions only: Hoyt’s model, Atwater and Ball’s model,
Excell’s model using the Fourier series representation, Bhaskar Choudhury’s model, and
Chapman’s model (Kumar & Umanand, 2005). In general, manual models are time
consuming, require multiple parameters that are not easily accessible, can be expensive
(meteorological devices and/or data), and are not easily automated (Gadsden et al., 2003;
McKenney et al., 2008; Ruiz-Arias et al., 2010).
A second method of modeling solar radiation is from satellite data. Geostationary
satellites are able to provide continuous measurements of earth’s radiance over large land
areas, but photovoltaic applications require finer spatial resolution for analysis and roofintegrated solar applications involve the complex topography of building elevations
(Tovar-Pescador et al., 2006; Alsamamra et al., 2009; Dean, Kandt, Burman, Lisell, &
Helm, 2009). Models based on satellite data cannot be more than estimates since
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incoming solar radiation undergoes complex interactions as it travels through earth’s
atmosphere and decomposes into direct beam radiation, diffuse sky radiation, and
reflected surface radiation (Mondol, Yohanis, & Norton, 2008; Montero et al., 2009).
However, the Perez model provides more accurate radiation data by calculating the
diffuse component from the total incoming radiation value by accounting for cloud
coverage attenuation (Gadsden et al., 2003; McKenney et al., 2008; Mondol et al., 2008).
More recently, Numerical Weather Prediction models have been developed that use raw
satellite data in a series of time-intensive, complex computations to simulate the
interactions between incoming solar radiation and the earth’s atmosphere to calculate
surface radiation data (Alsamamra et al., 2009). While models using satellite data are
becoming more accurate, they are still an extremely data-intensive and time-demanding
modeling process that may not provide the necessary resolution for smaller, decentralized
solar energy applications.
Statistical models are another method of modeling solar radiation that use spatial
interpolation to identify statistical relationships between global, direct, and diffuse
radiation based on measured observations from weather stations (McKenney et al., 2008;
Alsamamra et al., 2009; Ruiz-Arias et al., 2010). Deterministic interpolation methods,
including splines, polynomial regression, and weighted averages, are based on
mathematical degrees of similarity between unknown and known data locations
(Alsamamra et al., 2009). Spline and partial spline functions have been developed to
model solar radiation in Australia, Canada, and Bavaria (McKenney et al., 2008). First- to
fourth-order polynomial regression equations have been fitted to solar radiation data in
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Canada, the United States, Australia, Scotland, Northern Ireland, and Cyprus (Mondol et
al., 2008; Ruiz-Arias et al., 2010). Stochastic interpolation models use both mathematical
and spatial auto-correlation relationships between known observations to predict data at
unknown locations (Alsamamra et al., 2009). The most popular form of stochastic
interpolation is the family of kriging techniques, including universal kriging, co-kriging,
and residual kriging (McKenney et al., 2008; Alsamamra et al., 2009). Kriging methods
have been used to estimate solar radiation in Turkey, Saudi Arabia, and Spain
(Alsamamra et al., 2009). While statistical models offer a less complicated method to
calculate the complex interactions of solar radiation, they result in less accurate
estimations, require location-specific parameter calibrations, and currently cannot
represent complex topographical environments, such as the varying elevations of school
buildings (Tovar-Pescador et al., 2006; Alsamamra et al., 2009; Ruiz-Arias et al., 2010).
A final method, geographic information system (GIS) models, maps ground level
insolation using location information and topographic features from a digital elevation
model (DEM). Derived or measured topographic features such as surface orientation,
elevation, and latitude are combined with meteorological data into a spatially complex
model that results in continuous estimates of solar radiation over the DEM (TovarPescador et al., 2006; Pons & Ninyerola, 2008; Alsamamra et al., 2009; Hofierka &
Kanuk, 2009). GIS solar models have been used to estimate insolation for solar hot water
applications (Gadsden et al., 2003), regional photovoltaic assessments in Europe and
Spain (Suri & Hofierka, 2004; Pons & Ninyerola, 2008; Alsamamra et al., 2009),
complex ground topography in the mountains of Spain (Tovar-Pescador et al., 2006), and
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building-level photovoltaic assessments in the United States, Germany, and Slovakia
(Esri, 2008, 2009; Hofierka & Kanuk, 2009; Shields, 2010). Insolation models have been
developed for various GIS platforms, including Solar Analyst (Fu & Rich, 1999) and
SolarFlux (Dubayah & Rich, 1995) for ArcGIS; Solei (Mészáoš, Miklánek, & Parajka,
2002) for IDRISI; r.sun (Suri & Hofierka, 2004; Hofierka & Kanuk, 2009) for GRASS;
and a solar radiation model in MiraMon GIS (Pons & Ninyerola, 2008). While GIS solar
models can be data-intensive, they enable solar radiation to be visually mapped over
diverse topography and various spatio-temporal scales.
Solar Analyst, a tool in ArcGIS, has been used to obtain solar radiation values for
a wide array of research studies in addition to solar electricity potential, such as
agriculture, forestry, wild fire mapping, and solar thermal applications. Table 5 lists a
sampling of studies that have relied upon Solar Analyst to model insolation, including
five that geographically identify specific areas of high insolation for solar power
applications in Massachusetts (Esri, 2008), Hawaii (Meder & Pennetier, 2008), Vermont
(Van Hoesen & Letendre, 2010), and North Carolina (Mulherin, 2011). The ability to
customize location-specific meteorological variables and the resulting powerful
visualizations are key benefits of choosing Solar Analyst to modeling insolation.
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Table 5. Research and applications utilizing Solar Analyst
Purpose

Location

Authors

Year

Soil temperatures

Gunnison Basin,
Fu and Rich
Colorado, United States

Wildland fire fuels
mapping

Moscow Mountain,
Idaho, United States

Falkowski,
Gessler, Morgan,
Smith, & Hudak

2004

Variation in canopy
composition

Mont St. Hilaire,
Quebec, Canada

Arii, Hamel, &
Lechowicz

2005

Solar energy in complex
topography

Sierra Nevada Natural
Park, Andalusia, Spain

Tovar-Pescador,
Pozo-Vázquez,
Ruiz-Arias,
Batlles, López, &
Bosch

2006

Rooftop photovoltaic
potential

Boston, Massachusetts,
United States

Esri (Boston
Redevelopment
Authority)

2008

Rooftop photovoltaic
potential

Honolulu, Hawaii,
United States

Meder &
Pennetier

2008

Solar radiation in built
environments

Xinjiang, China

Li

2009

Concentrating solar
power

Wilayat Duqum, Oman

Charabi & Gastli

2010

Rural solar technologies

Poultney, Vermont,
United States

Van Hoesen &
Letendre

2010

Residential photovoltaic
potential

Durham, North
Carolina, United States

Mulherin (Thesis)

2011

2000

Given the data and GIS-based modeling tools available, this research seeks to use
ArcGIS software’s Solar Analyst extension to model the solar insolation incident upon
public school buildings in the study area of Prince William County, Virginia. The
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literature describes the increasing importance of generating electricity with photovoltaic
installations, a distributed energy technology that many schools in the United States are
choosing to reduce their carbon footprint, decrease the need for and cost of traditional
electricity from the grid, and expand academic opportunities in Science, Technology,
Engineering, and Mathematics (STEM) curriculum. The following chapters describe the
study area, data, and methodology for determining the best candidates for rooftop PV
installations on schools in Prince William County.
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CHAPTER 3: STUDY AREA

The area of study is Prince William County, Virginia. The Commonwealth of
Virginia is located on the eastern coast of the continental United States and is bordered
by the states of North Carolina, Tennessee, Kentucky, West Virginia, Maryland, and the
nation’s capitol, Washington D.C. This portion of the East Coast, Mid-Atlantic region is
illustrated in the first map in Figure 10. Virginia has a four-season climate and is
classified as humid subtropical, with average annual precipitation ranging from 38 inches
in the Northern Virginia region to 47 inches in the Southwestern Mountain climate region
(Virginia Tourism Corporation, 2011). Virginia is home to over 8 million people, making
it the twelfth largest state population (Commonwealth of Virginia, 2015).
Virginians mainly consume electricity for space conditioning and electric end-use
products (Department of Mines, Minerals and Energy [DMME], 2014). In 2012,
107,794,985 MWh of electricity was consumed by Virginians, but electricity producers
located in Virginia generated 70,739,235 MWh, with the deficit imported from other
states in the regional grid network (DMME, 2014). Of the electricity generated in
Virginia, approximately 60 percent came from the combustion of fossil fuels,
approximately 36 percent from nuclear power plants, 2 percent from conventional
hydroelectric, and 3 percent generated from other renewable energy sources (defined by
Virginia statute as any of the following: biomass, geothermal, landfill gas, hydroelectric,
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solar, waste, wave, or wind energy) , as shown in Figure 9 (DMME, 2014).

Petroleum
0.2%

Nuclear
35.7%

Renewables
4.5%

Natural Gas
29.7%
Coal
28.7%

Hydroelectric
1.2%

Figure 9. Electricity generation in Virginia, 2012 (DMME, 2014)

Electric utilities in Virginia are regulated by the State Corporation Commission
(SCC), following the regulations in the Code of Virginia, Title 56, Chapter 23, the
Virginia Electric Utility Regulation Act. In 1999, the General Assembly of Virginia
amended Chapter 23 to include provisions for nondiscriminatory access for transmission
and distribution to the electric grid (§ 56-578), interconnection standards, and net
metering for distributed generators (§ 56-594) (Virginia Electric Utility Regulation Act,
1999). Independent power producers with a distributed, renewable system may apply to
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their local electricity supplier for net metering to offset their own electricity consumption;
however, if surplus power is generated over each 12 month contract agreement, the net
metering customer is not compensated unless they have also secured a power purchase
contract with their utility company (Code of Virginia Title 56, 2013). Current provisions
set the maximum system size to 20 kW for residential customers and 500 kW for
commercial customers and further limits the cumulative generating capacity of net
metering customers to one percent of the local electric utility’s adjusted peak-load
forecast for the previous year (Code of Virginia, 2013). As of July 2014, there were over
1,700 net metering systems operating in Virginia using one of the following renewable
fuel sources, as defined by Virginia statute: solar, wind, falling water, biomass, energy
from waste, landfill gas, wave motion and tides, or geothermal energy (DMME, 2014).
In addition to net metering laws, in 2007, Virginia enacted a voluntary renewable
portfolio standard (RPS) program (§ 56-585.2) to encourage the utility industries’ use of
renewable energy and support research and development initiatives. These voluntary
goals, outlined in Table 6, are met through owning or purchasing electricity produced
from renewable energy sources and financial support of research and development of
renewable energy technologies (Code of Virginia, 2007). Utility companies must apply

Table 6. Voluntary RPS goals calculated from total electric sales in 2007
Year

2011-15

2016

2017-21

2022

2023-24

2025

RPS
Percent

4%
average

7%

7%
average

12%

12%
average

15%
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to the SCC for approval to participate in this program, with approval only granted if the
utility can demonstrate likely success in meeting the voluntary RPS goals for the years
2022 (12 percent) and 2025 (15 percent), as compared to that utility’s total electricity
sales from renewable sources in the base year of 2007 (Code of Virginia, 2007).
In May of 2014, the Virginia Energy Council, a group composed of stakeholders
from all energy industries in Virginia, was created by Governor Terry McAuliffe through
Executive Order Number Sixteen to update the Virginia Energy Plan (Office of the
Governor, 2014). One objective was to accelerate the development and use of renewable
energy sources, focusing on the underutilized resources of solar and offshore wind
(Office of the Governor, 2014). To meet this objective, the Council’s 2014 Virginia
Energy Plan recommended the creation of the Virginia Solar Energy Development
Authority, with goals to install 15 MW of PV at state and local government facilities and
15 MW at commercial, industrial, and residential facilities by June 30, 2017; increasing
the maximum net metering generation capacity from 1 percent to 3 percent; increase the
size of net metered systems to 40 kW for residential installations and 1 MW for
commercial installations; allow third-party power purchase agreements in all utility
territories; and allow subscription participation in community-sized solar programs
(DMME, 2014).
Two electric utility companies serve Northern Virginia – Dominion Virginia
Power, an investor-owned utility, and Northern Virginia Electric Cooperative (NOVEC),
a non-profit utility company. As of June 2014, NOVEC had installed net metering
connections for 76 photovoltaic systems and Dominion Virginia Power had 969
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renewable energy net metering customers, composed typically of rooftop PV systems
(DMME, 2014; Northern Virginia Electric Cooperative, 2014). In addition to net
metering, Dominion Virginia Power is piloting two solar distributed generation programs
– the Solar Purchase Program and the Solar Partnership Program. The Solar Purchase
Program is an alternative to net metering in that instead of offsetting a customer’s energy
use, all of a customer’s generated energy is sold to Dominion at a special tariff rate
(Dominion Virginia Power, 2014). Dominion is currently running this program as a
demonstration, with a total cap of 3 MW of energy. In the Solar Partnership Program,
Dominion is installing 30 MW of photovoltaic systems on the rooftops or grounds of
commercial and public institutions through lease arrangements, in order to study the
impact of this distributed generation on Dominion’s distribution system (Dominion
Virginia Power, 2014). As the largest investor-owned utility in Virginia, Dominion is
also participating in and meeting the goals of the state’s voluntary RPS program (DMME,
2014; Dominion Virginia Power, 2014).

3.1

Prince William County
Prince William County (PWC) is located in the Northern Virginia region

approximately 35 miles southwest of Washington D.C. and is the third most populous
county in Virginia (Prince William County Government, Finance Department, 2014).
PWC is 348 square miles (901 square kilometers) spanning from the Potomac River in
the east to the Bull Run Mountains in the west (PWC Finance, 2014). Figure 10 shows
the county’s location in Virginia and a closer view of Prince William’s location among
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other Northern Virginian counties. The Census reported a population of 402,002 as of
2010, a 43.6 percent increase from the county’s population in 2000, and the growth is
projected to continue (PWC Finance, 2014). As reported in the 2013 Census Bureau’s
American Community Survey, 39 percent of the county’s adult population has attained a
bachelor’s or higher graduate degree and 90 percent of adults have a high school or
higher education (PWC Finance, 2014). The public school system in Prince William
County educated over 85,000 students in the 2013-14 school year, and the student
population is forecasted to continue increasing approximately 2-3 percent annually
(Prince William County Public Schools, Office of Facilities Services, 2014). Prince

Figure 10. Geographic location of Prince William County, Virginia
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William County Public Schools (PWCS) is the second largest school district in Virginia,
based on student population, and one of the top forty jurisdictions in the United States
(PWCS Facilities, 2014). As of the 2014-15 school year, PWCS was operating 92
schools: 57 elementary schools, 1 K-8 school, 2 traditional (1st-8th grades) schools, 16
middle schools, 11 high schools, 3 special education schools, and 2 alternative education
schools, with the facilities ranging in age from 96 years to brand new (Prince William
County Public Schools, Office of Facilities, 2013). The general locations of PWCS
educational facilities are shown below in Figure 11.
In 2006, the Board of County Supervisors established a Commission on the
Future to engage citizens in imagining PWC more than two decades into the future, in the
year 2030 (Prince William County Government, Future Commission, 2008). The
Commission categorized this collective vision into common themes in the Prince William
County 2030 report. This report, along with the County’s Comprehensive Plan guiding
land use, are the policy documents the Board of County Supervisors rely on when
adopting the Strategic Plan, revised every four years, that develops strategies to move the
PWC closer to the citizens’ visions of the future (Prince William County Government,
Office of Management and Budget, 2014a). Both the Prince William County 2030 report
and the current Comprehensive Plan contain visions and policies of renewable energy.
The Comprehensive Plan’s Environment Plan policy 16 (EN-POLICY 16) includes
strategies for PWC to lead by example in energy efficiency, demand response, and
renewable energy through the considerations of a greenhouse gas inventory and reduction
plans (EN16.1); re-invest utility budget savings in future energy efficiency, renewable
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Figure 11. Public school locations in Prince William County

energy, and funding for a Sustainability Office (EN16.2); actively educate citizens about
efficiency, demand response, and renewable energy (EN16.3); use green purchasing
programs, renewable energy credits, or on-site renewable energy generation for 12
percent of the 2009 baseline electricity consumption (EN16.9) (Prince William County
Government, Planning Office, 2010). Prince William County 2030 envisions PWC
creating sustainable communities, reducing airborne pollutants, generating its own
electricity with wind and solar power, building every school to be environmentally
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friendly, generating energy at the schools to reduce costs and reliance on traditional
electric utilities, and using school buildings around the clock for adult education,
community groups, and non-profits (PWC Future Commission, 2008). These
environmental and energy policies will help guide the County’s future Strategic Plans.

3.2

Powering Prince William County Public Schools
The school system operates as a separate entity from the county government, but

is reliant on PWC for revenue, currently budgeted at 57.3 percent of county revenue
(Prince William County Government, Office of Management and Budget, 2014b). Except
for annual budget approval, PWCS is not party to the county government’s energy
policies and strategies, instead governed by the elected 8-member School Board and
appointed Superintendent. Within the last decade, PWCS began to look at ways to reduce
energy consumption and reduce utility bills. Since then, the School Board established the
Energy Management Division in the Office of Facilities Services and passed Policy 494,
Energy Conservation, and its companion Regulation 494-1, Energy Conservation (Prince
William County Public Schools, Energy Management Division, 2014). Energy
conservation is usually the first step to sustainability since it is less expensive to
implement and offers a quicker payback period than renewable energy technologies.
Distributed renewable energy systems currently are deemed as not having a sizeable
payback and are, thus, not being considered by the School Board (B. Gorham, personal
communication, March to April, 2015).
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Figure 12. Percentage of total utility costs for PWCS (PWCS Energy, 2015a)
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Figure 13. Annual electricity consumption for PWCS by fiscal year
(PWCS Energy, 2015a)
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Electricity is the top commodity consumed by PWCS with 77 percent of total
utility costs, as seen in Figure 12, even with the yearly decrease in electricity
consumption, shown in Figure 13, from the energy conservation measures (Prince
William County Public Schools, Energy Management Division, 2015a). Typical
electricity consumption is higher when school is in session; demand decreases in the
evenings, on weekends, and during school breaks. The school year begins for students the
day after Labor Day in September and runs through mid-June, with schools shut down
during winter and spring breaks. Frequently, in the evenings and on weekends, various
community groups are allowed access to the school building. Figure 14 compares one full
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Figure 14. Comparison of weekly electricity use in July and September at
Marsteller Middle School (PWCS Energy, 2015b)
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Figure 15. Comparison of daily electricity use in July and September at
Marsteller Middle School (PWCS Energy, 2015b)

week in July to a week in September at Marsteller Middle School. During the work week,
electricity use from July 14 – 18, 2014 is more than 50 percent lower than from
September 15 – 19, 2014 (Prince William County Public Schools, Energy Management
Division, 2015b). Over the weekends, the school building is unoccupied on Saturdays
and only used by a church on Sundays. Multiple peaks in one day are due to evening
school functions and community use of the school building, and nightly custodial
cleaning. In Figure 15, the hourly demand profile of one day during summer break
(Wednesday, July 17, 2014) is compared to the profile of one school day (Wednesday,
September 18, 2014). The increased comsumption on the school day from 6:00 AM to
2:00 PM is approximately triple the consumption of the midweek summer day. The
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maximum daily peak demand occurred at 11:00 AM on September 18 and at noon on
July 17. Figure 15 shows that the majority of electricity is consumed during the daylight
hours, corresponding to when a photovoltaic system can be used to decrease the demand
from the grid. PWCS is considering participating in a demand limiting program with the
regional utility, receiving rebates for temporarily decreasing electricity use when notified
during peak demand periods, usually occurring during summer months (PWCS Energy,
2014).
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CHAPTER 4: MODELING INSOLATION

One commercially available geographic information system software is ArcGIS,
developed by Environmental Systems Research Institute, Inc., (Esri). Initially released in
1982 as ARC/INFO, this software has evolved into a suite of applications that allow users
to manage geodatabases, develop high-quality maps, perform advanced spatial analyses,
and use optional extensions for more specialized analyses (Esri, 2011). Extensive tools,
high functionality, a sophisticated display, and customizable user interface have resulted
in the widespread use of this software product for GIS applications by diverse industries,
including the United States government, education, private business, transportation,
engineering, public safety, health and human services, utilities, and natural resource
management (Esri, 2011).

4.1

Solar Analyst Methodology
Developed by Pinde Fu and Paul M. Rich in 1999, Solar Analyst is a tool in the

Spatial Analyst extension in ArcGIS that uses a hemispherical viewshed algorithm to
calculate gobal solar radiation for both point-specific and area-specific models (Fu &
Rich, 1999; Esri, 2013). The area-specific model is used in this study to produce a
continuous solar radiation map from a DEM of the study area. Three inputs are required
for an area solar radiation calculation: the DEM (GIS), atmospheric transmitivity
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(meteorological station), and the proportion of diffuse radiation (meteorological station).
Solar Analyst results in a choice of outputs: global solar radiation raster, direct radiation
raster, diffuse radiation raster, duration of direct radation raster, viewsheds, sunmaps, and
skymaps (Esri, 2013). Accuracy in the DEM is essential, since Solar Analyst derives not
only the elevation and latitude, but also surface orientation, near-ground obstructions, and
shadowing from surrounding topography from the DEM raster (Fu & Rich, 1999). The
viewshed algorithm at the core of Solar Analyst includes other variables such as time
period, daily and seasonal shifts in the solar angle and sun track, and the results of
atmospheric attenuation (Fu & Rich, 1999; Tovar-Pescador et al., 2006; Esri, 2013).
Calculating area solar radiation using Solar Analyst is a four step process as
shown in Figure 16. First, an upward-looking hemispherical viewshed is calculated based
on information from the DEM, resulting in a raster representation of the visible and
obstructed sky area for each cell (Esri, 2007). Second, a sunmap is calculated based on
latitude and time parameters, resulting in a raster representation of the sun’s position, or
sun track, divided into time intervals (Esri, 2007). The amount of direct solar radiation is
calculated with the sunmap. The third step is to calculate the amount of diffuse solar
radiation through the creation of a skymap, using the zenith and azimuth angles to divide
the entire sky into sky sectors (Fu & Rich, 1999; Esri, 2007). Finally, a global solar
radiation raster is calculated by overlaying the viewshed on the sunmap and skymap (Fu
& Rich, 1999). The GSR value of a cell is the sum of the sunmap and skymap (direct plus
diffuse radiations). Figure 17 shows an example of the separate viewshed overlays
calculated for both the sunmap (step 2) and skymap (step 3) for one cell on the roof of a
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1. Calculate Upward-looking
Hemispherical Viewshed

• input = DEM
• => Raster of visible and obtructed
views for each cell in DEM

2. Calculate Sunmap

• input = DEM, latitude, time parameters
• => Raster of sun track for viewshed
=>Raster of direct solar radiation

3. Calculate Skymap

• input = DEM, latitude, time parameters,
proportion of diffuse radiation
• => Raster of sky map for viewshed
=>Raster of diffuse solar radiation

4. Calculate Global Solar
Radiation

• inputs = direct & diffuse radiation
rasters
• => Raster of GSR (direct + diffuse) in
Wh/m2

Figure 16. Process steps in Solar Analyst for ArcGIS

building in Washington D.C., in the same geographic region as Prince William County.
From that cell’s location, the viewshed is partially obscured through shadowing from
neighboring buildings. Figure 18 shows the calculated global solar radiation (direct and
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Figure 17. Sunmap and skymap viewsheds for one cell in Solar Analyst

diffuse) rasters for selected federally-owned buildings and identifies those buildings
receiving on average at least 3.3 kWh/m2 of insolation per day. Both Figure 17 and
Figure 18 were created by the author for a project that located the best federally-owned
buildings in Washington D.C. for hypothetical installations of photovoltaic modules.
The example above in Figure 17. Sunmap and skymap viewsheds for one cell in
Solar Analystand below in Figure 18. Average daily global solar radiation for select D.C.
buildings illustrate the highly developed quantitative and qualitative display capabilities
produced from using Solar Analyst. These solar radiation tools available in the Spatial
Analyst extension in ArcGIS have been frequently and successfully used to model
insolation, as previously discussed in Table 5, Chapter 2. The ArcGIS program,
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Figure 18. Average daily global solar radiation for select D.C. buildings

developed by Esri, is widely available commercially and the preferred geographic
information system software at George Mason University. The following section
describes the methodology used to analyze and evaluate the middle and high schools in
Prince William County to determine the best candidates for rooftop PV installations.
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4.2

Modeling Insolation on PWCS Buildings
Both quantitative and qualitative analyses were conducted in choosing potential

schools for the hypothetical installation of rooftop photovoltaic systems. After
considering the aspect, slope, and available roof size of the public school facilities in
Prince William County, the elementary schools were eliminated in favor of the virtually
flat (slope less than 1:12), more extensive roofs of the 16 middle and 11 high school
buildings. CAD roof drawings were obtained from PWCS for each of the 27 schools,
compared to the most current architectural drawings, and updated as needed (Moseley
Architects, 2011). The CAD drawings were georeferenced using orthophotos obtained
from PWC’s GIS Office and converted to polygon features in ArcGIS. Height attributes
were added to each polygon in order to create an elevation raster with a cell size of 0.5 by
0.5 meters. These preliminary steps are illustrated below in Figure 19.
The elevation raster for each school building, created in step 3 in Figure 19, was
used as the input in the area solar radiation tool in Solar Analyst to calculate the
insolation on each rooftop over a period of one year, as shown in the example solar
radiation graphic in Figure 19, step 4 below. Comparisons were then made to narrow the
potential PV sites to 2 middle schools and 2 high schools, based on the quantitative Solar
Analyst results and qualitative factors such as specialized education programs and roof
age. Further analysis on the 4 selected schools was performed using Solar Analyst and
ArcGIS to determine the best middle school site and best high school site for photovoltaic
installations. These analyses and results are discussed in the next chapter.
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Figure 19. Example of process to prepare data for Solar Analyst
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CHAPTER 5: DATA AND ANALYSIS

Using the Solar Analyst extension in ArcMap, rooftop insolation values were
calculated for all of the middle and high schools over a period of one year, and insolation
values were calculated for the selected schools during each month in 2013 and hourly
intervals on the Spring Equinox (March 20, 2013), Summer Solstice (June 21, 2013), Fall
Equinox (September 23, 2013), and Winter Solstice (December 21, 2013). Several
parameters in Solar Analyst were customized based on the type of analysis performed.
Table 7 identifies the parameters that differed from the default settings. Both diffuse
proportion and transmitivity were calculated from actual measured values at a National
Oceanic and Atmospheric Administration (NOAA) station in Sterling, Virginia. The
latitude parameter varied according to school location and was automatically read from
each elevation raster. Figure 20 is a map displaying only the locations and names of the
16 middle schools and Figure 21 displays only the 11 high school locations in PWCS.

Table 7. Area solar radiation analysis parameters
Sky Size

Diffuse Model
Type

Diffuse
Proportion

Transmitivity

Default

200

Uniform Sky

0.30

0.50

Whole Year

200

Standard
Overcast Sky

0.54

0.29

Area GSR Analysis
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Figure 20. Location of middle schools in Prince William County
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Figure 21. Location of high schools in Prince William County
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5.1

Insolation on PWCS Facilities
Figure 22 and Figure 23 report the results from Solar Analyst’s area radiation tool

for the middle and high schools, respectively. Insolation values were calculated for each
roof over the course of one year, using the parameters from Table 7 above. Results show
little difference between the schools’ maximum and mean insolation values, with mean
insolation ranging from 809 – 832 kWh/m2 per year and maximum insolation ranging
from 835 – 872 kWh/m2 per year . This is not unexpected since all of the middle and high
schools have relatively flat roofs and the only sources of shadowing are from mechanical
equipment and higher elevation roof sections. Shadows greatly decrease incident solar
radiation and this is reflected in the greater range of minimum insolation values
calculated, from 60 – 228 kWh/m2 per year. Hylton High School had the greatest range of
over its roof, with cell values for total annual insolation as low as 60 kWh/m 2 and as high
as 839 kWh/m2. These average annual insolation values comprised one of the four
factors, albeit important, in narrowing the schools to 2 middle and 2 high schools for
further analyses.
The other three factors in the decision-making process were: the age of the current
roof, available roof area, and special academic programs already in place that would
easily benefit from the educational opportunities of a PV system on their school. In
general, the Office of Facilities Services partly or entirely replaces a school’s roof every
20 – 30 years (PWCS Facilities, 2014). Once installed, a PV system would naturally have
to be disassembled and reinstalled by certified professionals with a roof replacement,
adding time and costs to a re-roofing project. Whether a replacement, building addition,
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Figure 22. Insolation results for PWCS middle school roofs in the 2013 calendar year
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Figure 23. Insolation results for PWCS high school roofs in the 2013 calendar year
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or new school, recently installed or soon-to-be installed roofing systems increased a
school’s likelihood of becoming a candidate for PV installation. The third factor was
available roof area, as a PV installation cannot be located within ten feet of the roof edge
or other equipment/structures. The final factor considered was complementary academic
programs already in place at a school. Most of the high schools have a specialty program
that students from other schools can apply for, such as information technology,
performing arts, building trades, or nursing (Prince William County Public Schools,
2014). Six of the high schools have the Project Lead the Way program that focuses on
and prepares students for engineering – Gar-Field, Osbourn Park, Patriot, Potomac,
Stonewall Jackson, and Woodbridge high schools. Freedom High School hosts a
specialty program in environmental science. At the middle school level, three schools
focus on mathematics and science – Graham Park, Marsteller, and Rippon middle
schools. These middle and high schools have curriculum that could easily integrate and
benefit from the opportunities provided with school-based photovoltaic systems.

5.1.1

Selected Schools
After considering the quantitative and qualitative factors of insolation values, roof

age, and curriculum, the selected schools for further analysis were Graham Park Middle,
Parkside Middle, Freedom High, and Potomac High schools. Further analyses were
conducted in Solar Analyst to compare average monthly insolation and examine
insolation values on the special solar days of the equinoxes and solstices, using the
measured parameters from the Sterling, Virginia location, shown in Table 8. As with the
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Table 8. Detailed area solar radiation parameters
Area GSR Analysis

Default
January
February
March
April
May
June
July
August
September
October
November
December

Sky Size

200

200

Diffuse Model
Type

Diffuse
Proportion

Transmitivity

Uniform Sky
2013

0.30

0.50

0.54
0.59
0.59
0.46
0.54
0.58
0.56
0.57
0.42
0.54
0.49
0.59

0.19
0.23
0.29
0.37
0.37
0.35
0.36
0.34
0.35
0.25
0.22
0.18

0.34
0.12
0.91
0.50

0.41
0.51
0.13
0.21

Standard
Overcast Sky

Special days
Spring Equinox
Summer Solstice
Fall Equinox
Winter Solstice

1,000
1,000
1,000
1,000

Standard
Overcast Sky

one year period solar radiation values shown above in Figure 22 and Figure 23, the
schools’ monthly and special days’ solar radiation values did not differ significantly,
shown below in Figure 24, but does illustrate the monthly changes in insolation due to the
seasonal variation of the sun’s declination angle caused by the Earth’s tilt.
Hourly daytime insolation was then calculated for both equinoxes and solstices to
obtain a profile of daily insolation and determine peak insolation times. As before, the
insolation values at the schools per unit area were similar, so Figure 25 is an example of
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this hourly profile on Potomac High School, calculated using the real-world measured
parameters in Table 8. While the average amount of solar radiation per square meter
differs according to the time of year and the variables of diffuse proportion and
transmitivity, peak insolation is between 11:00 AM and 1:00 PM (Eastern Daylight
Savings Time converted to Eastern Standard Time for comparison purposes).Figure 26,
also of Potomac HS, portrays the solar radiation rasters for the total insolation received
on the solstices and equinoxes, again using the diffuse proportion and transmitivity
parameters measured for each of these days in 2013. These parameters vary with weather,
so these calculated insolation values for 2013 should not be used as accurate values in
other years.
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Figure 24. Insolation values calculated by month for selected schools
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Figure 25. Hourly insolation profile on special days

While all four schools receive similar solar radiation per unit area, the roof areas
potentially available for PV installations are not so similar. For safety and ease of access
reasons, the photovoltaic system should not be located within 10 feet of the roof edge,
section elevation changes, or other equipment (Moseley Architects, 2011). These buffers,
shown for each school in Figure 27, can greatly impact the available roof area. Graham
Park Middle School’s available roof area was reduced by approximately 80 percent.
Given the calculated global solar radiation values, the available roof areas, the roof
replacement schedule, and the limitations on system size due to cost (and potentially
weight), Parkside Middle School and Potomac High School would be the best potential
sites for photovoltaic installations, given that the installations would be located on the
rooftops of the newer sections of the school, completed in 2013 and 2014, respectively.
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Figure 26. Mean insolation on special days at Potomac High School
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Figure 27. Available roof areas for potential PV installations
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CHAPTER 6: CONCLUSIONS

As shown in the above results, Solar Analyst successfully provides a geographic
analysis of the global solar radiation over the complex topography of varying roof heights
on public school buildings in Prince William County, Virginia. This analysis can be used
to evaluate the best potential site(s) for installing photovoltaic systems, in particular to
assist in offsetting the school’s electricity consumption during peak insolation hours,
during demand limiting situations, and provide an excess to feed into the grid over the
summer months when school is not in session but regional demand is at a peak.

6.1

Software Recommendations
In the course of modeling area insolation with Solar Analyst, this research

revealed limitations of Solar Analyst and its use in ArcGIS ModelBuilder. First, when
using any Solar Analyst tool in ModelBuilder to analyze multiple elevation rasters, only
the first raster’s latitude is automatically used as an input parameter. That first latitude is
then used as the latitude for all other rasters being processed in that model run. The
significance of the resulting inaccuracies from this constant latitude obviously depends
on the size of a study area. It is recommended that Esri either remedy this issue in
ModelBuilder or determine and publish in their help documents information on the
maximum allowable latitudinal distance that can be analyzed without significantly
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affecting the insolation results.
Second, as shown in Figure 28, insolation over a whole year, in this study, is
higher when each month is modeled separately instead of the option of modeling over a
whole year. The reason for this difference is the use of monthly instead of annual average
diffuse proportion and transmitivity parameters. While the year parameters are the simple
mathematical mean of the monthly values, the higher angles of the sun’s declination are
more likely to correspond to lower diffuse proportions and higher transmitivity values,
thus increasing the insolation. Further research is recommended to compare daily and

kWh/m2

By Months

By Year

1,000
950
900
850
800
750
Freedom HS

Potomac HS

Graham Park MS

Parkside MS

Figure 28. Difference in insolation results in when modeled by year or by month
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weekly parameters and resulting insolation to monthly and yearly results to determine if
and when the decreasing time period and increases in insolation reach a plateau.
Additionally, it would be beneficial to add the capability of specifying different monthly
parameters when running the whole year with monthly intervals option in Solar Analyst.

6.2

PWCS Applications
Within the last few years, the Prince William County School Board has shown an

increased interest and dedication of funds to energy conservation measures for the entire
school system. Each year, more individual schools are qualifying for Energy Star
certification. These energy conservation technologies, systems, and staff were a multibillion dollar investment with a five year timeline. While only two years since initiation,
the energy conservation measures have already saved the school district millions of
dollars each year in energy costs, mostly electricity costs (Energy Management Division,
2014). The School Board has shown its commitment to energy measures that offer a low
payback period, even with a large capital investment. The installation of photovoltaic
systems would be a step beyond energy conservation as each school would produce onsite electricity, further lessening the cost of importing electricity from the grid and
providing a secure source of energy during emergencies and power loss. In the aftermath
of Hurricane Sandy, one New Jersey school serving as a community emergency shelter
still had power from a PV system (The Solar Foundation, 2014). Many schools serve
their community in emergencies and photovoltaic installations provides stability and
security.
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One simple calculation to estimate potential annual electricity from PV is
multiplying the annual total insolation received over a specified area (kWh) by the PV
module’s peak power (kW) by the module’s DC to AC or derate factor (Suri et al., 2007).
At Potomac High School, the total insolation over one year is 950 kWh/m2 and the
newest roof section has a usable area of 350 m2, resulting in 332,500 kWh. As an
example, the silicon monocrystalline Suniva Optimus 320 commercial PV module has a
peak power of 320 Watts, 16.53 percent efficiency, and a derate factor of 0.786 (ENF
Solar, 2014). Using the calculation described above, the annual electricity produced
would be 82,324 kWh. This translates to $8,232 saved annually at the current base rate of
$0.10/kWh from Dominion Power, or a savings of $13,172 at Dominion’s renewable
energy rate of $0.16/kWh.
The mission of PWCS is to offer a “World-Class Education.” Beyond lowering
long-term electricity costs and reliance on the grid, the installation and use of
photovoltaic systems offers educational opportunities and, perhaps more important to the
School Board, bragging rights to further their examples of how Prince William County
Public Schools provides a “World-Class Education.” As shown in Figure 8 in Chapter 2,
individual schools and school districts have invested in renewable energy generation
using photovoltaic systems. Montgomery County, in particular, is proving to be a leader
of photovoltaic distributed generation in the Capitol region. The School Board and Office
of Facility Services in PWCS can learn from Montgomery County Public School’s
methods of implementing and budgeting their PV program. Beyond financial concerns,
photovoltaic systems offset environmental pollution from conventional energy sources,
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provide an educational experience for students and the community, and serve as an
emergency power source for the community. The importance and necessity of solar
power will keep increasing, while the financial costs associated will continue to decrease.
Public schools are an ideal location for PV distributed generation.
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