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ABSTRACT

In 2013, the City of Harrisburg, Pennsylvania, announced a “Greening Plan,” which
included a framework for green roof installation. The established framework does not include
a detailed green roof construction plan. Thus, this study assessed which buildings in Harrisburg
would have the most cost-effective building shape upon which to install green roofs. By using
three-dimensional building information and calculating building compaction and four costbenefits of green roofs, project lifespan cost-benefit data were determined for a selection of
buildings in the downtown Harrisburg area.
Three-dimensional (3D) models of 23 buildings were produced with Google SketchUp
software. Important statistics including energy savings, air quality improvement, urban heat
island effects, impervious area runoff reduction, and roof lifespan, were calculated. These
calculations determined the overall monetary benefit of a green roof project in relation to
traditional roofs over a planned time period by utilizing the “Net Present Value” method.
Though most of the research behind green roofs is based on roof areas, this study used 3D
properties of buildings to assess the effect of green roofs on energy consumption through
cooling.
To ascertain how compactness controls building temperature, this study observed four
physical models for 92 days to determine the relationship between compactness and
temperature fluctuations. Results suggest energy savings are a major benefit of green roofs and
buildings that have lower compactness have more energy savings from installing green roofs.
Additionally, although the study area is confined to the City of Harrisburg, these same
calculation methods can be applied to other cities by changing baseline information such as
energy costs, climate data, and impervious surface data. This study is an important step in
suggesting the most cost-efficient buildings for green roof installation in cities around the world.
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CHAPTER 1: Introduction
Green roofs have been increasingly installed in many metropolitan cities across the
United States since the 1990s (GRHC 2014; Wark and Wark 2003). Between 2004 and 2013,
green roof areas increased approximately 20,000,000 ft2 in the United States (GRHC 2014).
Green roofs provide the private benefits of the reduction of energy consumption and an increase
in roof life span. They contribute to public benefits by reducing stormwater runoff, greenhouse
gas emissions, and the urban heat island effect (Blackhurst et al. 2010; Alexander 2004;
Dunnett and Kingsbury 2008).
In March 2013 Harrisburg, Pennsylvania, announced the “City of Harrisburg Green
Economic Development Plan,” which focuses on energy, water, and “Greening.” One of these
plans includes the installation of green roofs to reduce energy consumption and reduce the flow
of stormwater (Harrisburg 2013). However, Harrisburg did not establish a detailed green roof
plan. The installation of green roofs in the city could be an effective plan to reduce energy
consumption and save energy costs. The City of Chicago has installed green roofs since the
early 2000s and City Hall saves approximately 10,000 kWh and $3,600 per year after installing
green roofs (EPA 2008; Getter and Rowe 2006). Many metropolitan cities have been installing
green roofs for various benefits. This study analyzed and compared several methods to
calculate the cost-benefits of green roofs. Additionally, these methods were applied to select
buildings in Harrisburg to discover which buildings have more cost-benefits from installing
green roofs.
1.1 Purpose and Scope
The main objective of this study was to determine the most effective buildings to install
green roofs in Harrisburg. This study calculated cost-benefits of 43 roofs on 23 buildings with
green roof installations and assessed which buildings in Harrisburg, Pennsylvania, would have
1

the most effective building shapes to install a green roof system.
Three-dimensional models (3D) of 23 buildings were made by using Google SketchUp
8 software. These 3D models were used to extract 3D building information that contains roof
areas as well as wall areas. Most studies for analyzing cost-benefits of green roofs have used
the two-dimensional (2D) method and calculated only roof areas of buildings (Carter and
Keeler 2008; Clark et al. 2008; Cummings et al. 2007). However, energy saving analyses need
to consider effects of 3D building shapes. This study analyzed cost-benefits of green roofs with
existing methods and compared each calculation method. Equations were devised to calculate
cost-benefits of green roofs more easily. The Net Present Value (NPV) between conventional
and green roofs were compared to assess cost-analysis during their life cycle.
Additionally, indoor temperature of buildings is affected by building shapes and
related with energy demand. This study conducted an experiment to find a relationship between
building compactness and indoor temperature after installing green roofs by using four physical
models during the summer. The four physical models had the same roof area and different
heights to classify low and high compactness of models. Because of the results from this
experiment, building compactness was used to select buildings upon which to install green
roofs depending on investment cost scenarios. The results from variable cost-benefits suggest
the most cost-efficient buildings to install green roofs in Harrisburg, Pennsylvania. Although
the study area is confined to the City of Harrisburg, these same calculation methods can be
applied to other cities by changing baseline information such as energy costs, climate data, and
impervious surface data.
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CHAPTER 2: Literature Review

2.1 Green Roof Basics
Green roofs are vegetated systems that provide benefits of cool-roof technologies as
well as environmental benefits. They can be installed during the construction of new buildings
or retrofitted onto existing conventional roofs (Gedge and Kadas 2005; Getter and Rowe 2006;
Youngman 2011).
Roof gardens appeared thousands of years ago with ancient civilizations (Dunnett and
Kingsbury 2008). In the early twentieth century in Germany, an increase in flat roofs brought
the extension of roof gardens for aesthetic reasons. In the 1950s, Germany started to design
green roofs for urban ecological value (Dunnett and Kingsbury 2008). In the 1980s, Germany
realized the benefits of green roofs for the reduction of energy use and stormwater runoff
(Gedge and Kadas 2005).
Green roofs are classified into three types: intensive, extensive, and semi-extensive
systems depending on the type of plants, overall soil depth, the weight of soil, and regular
human access (Dunnett and Kingsbury 2008; Getter and Rowe 2006; GRHC 2014; Youngman
2011). Intensive green roofs have similar plants and soil depth to conventional ground-level
gardens. They require a media depth of at least 6 inches and can use a wide range of plant
species from trees to shrubs. Intensive green roofs are generally designed to be accessible to
the public and expand living, recreation, and aesthetic space in metropolitan cities (Dunnett
and Kingsbury 2008; Getter and Rowe 2006). Extensive green roofs, unlike intensive green
roofs, require shallower media depth, between 0.8 and 6 inches, and a thinner layer of planting
materials such as herbs, turf, and sedum. Extensive green roofs require very little maintenance

3

and construction cost in comparison with intensive green roofs. They can be sustained without
many resources such as water and labor. The third classification, semi-extensive green roofs,
exhibit properties of both intensive and extensive systems. They require an average depth
between 4 and 8 inches and contain plant types of both intensive and extensive green roof
systems (Dunnett and Kingsbury 2008; Getter and Rowe 2006; Oberndorfer et al. 2007). In
North America, the extensive green roof system is the most popular type of green roofs. In
2013, green roof systems of North America consisted of 63% for extensive systems, 13% for
intensive systems, and 14% for semi - extensive systems (GRHC 2014).
2.2 Green Roof Benefits
Green roofs provide many remarkable benefits, especially to dense city areas. The
benefits of green roofs can be classified into two categories: (1) private and public benefits
(Blackhurst et al. 2010) and (2) economic, ecological, and social benefits (Claus and Rousseau
2012). Table 1 shows various benefits of green roofs. This study calculated the following
impacts of green roofs in terms of the cost-benefits: energy savings, increasing roof life and air
quality, and decreasing the urban heat island effect and stormwater runoff.

Table 1. Various benefits of green roofs.
Private Benefit

Public Benefit

Economic Benefits

Environmental Benefits

Social Benefit

Energy saving

Water quality

Esthetics

Roof life

Air quality

Food production

Fire protection

Urban heat island

Amenity value

Stormwater management
Biodiversity
Noise pollution
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2.2.1 Energy Savings
Green roofs provide energy savings by reducing heat loss from buildings in winter and
keeping buildings cooler in summer (Youngman 2011). Insulation and low solar absorbance
are major factors of modern green roof construction (Dunnett and Kingsbury 2008; Saiz et al.
2006). Lower absorbance of vegetation and low conductance in green roofs lead to lower roof
temperature and reduce heat flux (Saiz et al. 2006). Green roofs are more effective in reducing
heat gain in the summer than reducing heat loss in the winter and thus the energy saving impacts
of green roofs are greater in the summer (Getter and Rowe 2006; Liu and Baskaran 2005). Heat
flux through green roofs in the summer is considerably reduced by leaf areas, soil layers, and
canopy evapotranspiration (Del Barrio 1998).
The Florida Solar Energy Center assessed energy savings for cooling by installing
1,000 m2 of green roofs. They found that green roofs reduced 45% of the average heat flux of
conventional roofs and saved 489 kWhr per year (Cummings et al. 2007).
Sonne (2006) found that a conventional roof had a solar reflectance of 58% and a green
roof had a solar reflectance of 12%. In the summer, the average peak temperature of the
conventional roof reached 54°C, whereas the average maximum temperature of a green roof
was 33°C. Average heat flux rates of the green roof were 18.3% less than the average heat flux
rate of the conventional roof. These differences in heat flux allowed green roofs to reduce 700
Watt-hours per day on a roof of 307 m2. This result illustrates that buildings with green roofs
require less HVAC power use than buildings that are installed with conventional roofs.
Liu and Baskaran (2005) found that the temperature of a conventional roof peaked at
70°C in the summer, whereas a green roof maintained 25°C. The daily temperature fluctuation
through the conventional roof was 45°C but the green roof’s temperature fluctuation was 6°C.
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The reduced temperature fluctuations of the green roof caused a reduction in energy use. The
energy demand for air conditioning of a building with a conventional roof was 6.5–7.0
kWh/day but a building with a green roof required less than 1.0 kWh/day. These results show
that the green roof can reduce heat gain by more than 75% in summer.
2.2.2 Urban Heat Island Effect
The urban heat island (UHI) effect occurs when urban air temperature is higher than
the temperature of the surrounding countryside. An increase in impervious areas and the
concentration of buildings causes the UHI (Dunnett and Kingsbury 2008). The lack of
vegetated areas in cities is a major cause of the UHI. Planting trees in urban areas can reduce
the UHI by altering the heat balance of the entire city (Akbari 2002).
Table 2. Spatially-averaged simulated temperature decrease, coincident absolute temperature,
averaged energy savings, penalties, and costs of large-scale increases in albedo and vegetative
fraction on office roof of 100 m2 in ten regions. Annual cost savings were as calculated only
Source: Taha et al. 1999

for electricity cost of heating and cooling.
ΔT
(°C)max

T
(°C)max

Peak
Electricity
Saving (W)

-1

31

304

Annual
Electricity
Saving
(kWh)
332

Chicago
Los Angeles
Dallas

-1
-1.5
-1

29
33.2
33

257
472
276

Houston
Miami
New York

-1
-0.5
-1

32.9
28.5
26

Philadelphia
Phoenix
Washington DC

-1
-1
-0.5

31
37
31.2

Region
Atlanta

Annual Gas
Penalties
(kBtu)

Annual
Cost
Savings ($)

725

21

222
610
425

1480
306
613

11
52
25

362
172
217

413
431
209

317
0
1164

30
30
19

215
215
247

230
613
266

2021
184
1021

15
55
13

Taha et al. (1999) analyzed the UHI by changing surface albedo and vegetative
fraction in ten regions in the United States (Table 2). They found that large-scale increases in
6

surface albedo and vegetative fraction can modify the intensity of the UHI and save energy
costs. These results indicate that green roofs can reduce air temperature between 1°C to 2°C
around 2 PM and lead to a reduction of energy demand of 10%.
2.2.3 Air Quality
Green roofs increase air quality by absorbing air pollutants and removing dust particles.
They alleviate airborne contaminants and reduce sulfur dioxide and nitrous (Getter and Rowe
2006; Youngman 2011). Air pollutant concentration, weather conditions, and growth of plants
affect a green roof’s impact on air quality. Yang et al. (2008) found that air pollutant removal
is highest in May and lowest in February in Chicago. The results suggest that if all roofs in
Chicago are installed with intensive green roofs, 2046.89 metric tons of air pollution can be
removed.
Cost-benefits from increasing air quality can be calculated by mitigating nitrogen
oxide (NOx). Clark et al. (2008) assumed that the uptake capacity per area from plants on green
roofs was 0.27 kgNO2/m2/y (variance: 0.17 kg2NO2/m4/y2) and the public benefits of a 1 m2 green
roof were between $1680 and $6380 per 1 megagram (Mg). These results show that 2000 m2
green roofs can have health benefits from $890 to $3390 per a year.
2.2.4 Stormwater Runoff
The reduction of stormwater runoff is a significant benefit of green roofs given the large
amount of impervious areas associated with cities. Green roofs absorb rainfall into pore spaces
and capture precipitation in the media and vegetation (Dunnett and Kingsbury 2008; Getter and
Rowe 2006). Mentens et al. (2006) assessed different rain runoff of non-cover, gravel and green
roofs depending on three different time periods: annual, seasonal, and rainstorm events. They
found that extensive green roofs that have median substrate depth of 100 mm reduced rainfall
runoff by 45%, and intensive green roofs that have median substrate depth of 150 mm reduced
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rainfall runoff by 75%.
Blackhurst et al. (2010) calculated cost-benefits of stormwater runoff reduction by
installing green roofs. They assumed the market value of storm water as $2.27/kgal. These
results show that green roofs of 200,000ft 2 can reduce 640 million gallons of runoff and save
$1,500,000 in a period of 30 years.
The City of Portland analyzed cost-benefits from replacing 40,000m2 of conventional
roofs with green roofs. They classified cost-benefits of stormwater runoff reduction of green
roofs into public and private benefits. Public costs were infrastructure costs of sewer systems
caused by impervious areas. Private costs were the size of private stormwater management
facilities and a monthly stormwater fee. Based on these classifications, they expected that green
roofs of 40,000m2 would reduce annual stormwater flow by 75% and peak flow by 96%, and
create $60,700 of public benefits and $70,330 of private benefits.
2.2.5 Roof Life
Soil layers of green roofs lead to an increase in roof life by reducing energy
consumption (Saiz et al. 2006). Materials of green roofs protect roof membranes from solar
radiation during the day and decrease temperature fluctuations of roofs, which negatively
influence the roof’s life cycle (Dunnett and Kingsbury 2008; Getter and Rowe 2006). Green
roofs extend the roof membrane life by more than 20 years in comparison with the conventional
roof membrane (Oberndorfer et al. 2007). A roof life of conventional roofs is typically up to
20 years, whereas green roofs can have a roof life of 50 years. The green roof on Derry and
Toms department store in central London has maintained the roof’s membrane in good
condition since 1938 (Dunnett and Kingsbury 2008).
Although green roofs require more installation costs than conventional roofs, green
roofs require lower renovation and maintenance costs during their life cycle. Porsche and
8

Köhler (2003) compared roof life cycle costs of green roofs and conventional roofs during 90
years by calculating the sum of construction, renovation, and reconstruction cost. Their analysis
shows that construction costs of extensive green roofs are more expensive than conventional
roofs, but extensive green roofs are more economical after 90 years (Table 3).
Table 3. Life cycle costs of conventional roofs and green roofs during 90 years
Source: Porsche and Köhler 2003
Roof Type

Conventional Roofs

Extensive Green Roofs

Construction Costs in $/m²

40

90

Repairs (Interval in Years)

Every 10 years



Renovations Costs during 90 years ($/m²)

240

40

Reconstruction Costs ($/m²)

20

40

Disposal and Recycling Costs ($/m²)

20

0

Sum ($/m²)

320

170

2.3 Building Energy
2.3.1 Building Heat Gain
Buildings usually gain heat from wall heat transfer, solar radiation through windows,
building internal heating, and the ventilation of air (ASHAE 2001; Byrne and Ritschard 1985).
This study focuses on wall heat transfer. Exterior walls are significant components of the
building thermal mass and make a considerable impact on the heating and cooling rate of
buildings (Byrne and Ritschard 1985). Heat transfer (Q) through walls and roofs is calculated
by
Q = UA(To-Ti) = A(To-Ti) / R-value

(1)

where U is the thermal conductance coefficient (U-value), A is the heat transfer area, To and Ti
9

are the outdoor and indoor air temperatures respectively, and R is the overall unit thermal
resistance (R-value) (ASHAE 2001).
In order to analyze energy savings from installing green roofs, the differences of heat
transfer can be calculated with the different U-values or R-values of roofs. Clark et al. (2008)
used the R-value method to calculate energy savings from green roofs by reducing heat transfer.
They assumed that an R-value of conventional roofs was 11.34 ft 2 × °F × h/Btu and an R-value
of green roofs was 23.4 ft2 × °F × h/Btu. Their results show that 2000m2 of green roofs can
save 6.6 MWh of cooling energy per year, which is equal to $1670 per year.
2.3.2 Building Compactness
Building shapes affect the heating load of buildings. Buildings that have the same
volume but different shapes have different heating load rates. Buildings that have more
compact shapes cause less heating load than buildings that have less compact shapes (Gratia
and Herde 2003). The building shape coefficient is used to calculate building compactness
based on building shapes. The building shape coefficient (C) is defined as

C = V/A

(2)

where A is total building exterior area and V is the inner volume of the building (Depecker et
al. 2001). The building shape coefficient can identify the shape and the surface area of the
external envelope of buildings. This shape coefficient indicates building compactness, which
is the ratio of volume to surface areas (Gratia and Herde 2003). Although building compactness
calculations are appropriate for rectangular shaped buildings, they are not recommended for
non-rectangular shaped buildings. In the case of buildings that have complex shapes, many
studies use “relative compactness” to resolve this problem. A relative compactness equation is
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derived from the building compactness equation and expresses the building volume by joining
cubes, which have a minimum rectangular shape of the reference building and optimize the
selected building (Pessenlehner and Mahdavi 2003).

Figure 1. Impact of building compactness on the heating loads. Source: Gratia and Herde 1997

Gratia and Herde (1997) found that buildings of higher compactness have lower heating
loads. A building with a compactness of 1.24 had 7% lower heating loads than a building with
a compactness of 1, whereas a building with a compactness of 0.84 had 17.9% higher heating
loads (Figure 1). This result shows that building shapes and compactness are negatively
correlated with the building heating load. Need to find “lower and less” and description of
other articles.
2.3.3 Building U-value
A U-value, the overall heat transfer coefficient, is a measure of heat loss through
building elements. Insulated walls have a lower U-value than uninsulated walls, and walls with
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a high U-value are impacted more by solar radiation (Eicker 2003).
Pisello et al. (2012) analyzed U-values of the Baruch College building, which is 72 m
high and has 14-stories, in Manhattan, New York. U-values of the building were determined
by analyzing the architectural characterization of the internal and external walls, the ceilings,
the roof, and the transparent envelope (Table 4). Different materials caused the external walls
to have different U-values. The external wall from the ground floor to the 5th floor consists of
brick, air gap, bitumen, and concrete paviour while the external wall from the 6th floor to the
14th floor consists of aluminum sheets, air layers, elastomeric foam, and gypsum plasterboard.
The external walls from the ground floor to the 5th floor have a higher U-value than the external
walls from the 6th floor to the 14th floor because of the different wall materials.

Table 4. U-values of the Baruch College building.

Source: Pisello et al. 2012
U-value (W/m2K)

Architectural Element
External wall basement

0.27
th

External wall from ground floor to 5 floor

0.44

th

External wall from 6 floor to 14 floor

0.41

Roof

2.12

th

Niachou et al. (2001) estimated differences of U-values before and after installing green
roofs to calculate heating load and cooling load of buildings in Loutraki, Greece. They analyzed
ten types of roofs that had different U-values to estimate the thermal properties of green roofs
(Table 5). They analyzed different energy savings after installing green roofs onto roofs with
different levels of roof insulation. After installing green roofs, roofs that had less insulation
had more cooling energy savings than roofs that had more insulation. The U-values of Table 4
and Table 5 were used to calculate the U-value that was applied to this study.
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Table 5. Different U-values of conventional roofs and green roofs. Source: Niachou et al. 2001
U-value of Conventional Roofs (W/m2K)

U-value of Green Roofs (W/m2K)

0.26-0.40
0.74-0.80

0.24-0.34
0.55-0.59

7.76-18.18

1.73-1.99

2.4 Net Present Value
The net present value (NPV) leads to a suboptimal investment decision with investment
costs and discretion about the timing of the project. The NPV is an easy-to-use metric for
investment decisions making (Doraszelski 2001). The NPV assessment shows the time to
undertake the project. The simplest statement of the NPV rule is that projects with negative
NPVs are discarded and projects with positive NPVs are undertaken (Ross 1995). For example,
$100 million is invested in the project and is expected that $110 million will be generated one
year later. With interest rates at 10.3%, the invested $100 million grows to $110.3 million one
year later. This project should be rejected because expected $110 million is lower than grown
$110.3 million one year later (Ross 1995). The NPV is calculated by

𝑇

NPV = ∑

Bt

𝑡
𝑡=0 (1+𝑟)

(3)

where T is the life of the project; Bt is the net benefit at time t; and r is the internal rate (Oehmke
2000). A positive NPV occurs when the NPV is higher than investment costs, and a negative
NPV occurs when the NPV is lower than investment costs. The project that has the positive
NPV is undertaken, whereas the project that has the negative NPV is rejected.
Clack et al. (2008) used the 40-year NPV assessment to calculate cost-benefits of green
roofs of 2,000 m2 from energy savings, stormwater reduction, and an increase in air quality.
They assumed that conventional roofs need renovation after 20 years. The interest rate was
13

estimated at 5% and the inflation rate was estimated at 3%. With these data, the NPV
assessment indicates that green roofs have cost-benefits between 20% and 40% more than
conventional roofs after 40 years.
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CHAPTER 3: Study Area

This study focuses on evaluating the most appropriate buildings upon which to install
green roofs in Harrisburg, Pennsylvania. In order to assess a relationship between building
compactness and indoor temperature of buildings prior to applying it to Harrisburg, four
physical models were evaluated at Shippensburg University.

Figure 2. Harrisburg and Shippensburg, Pennsylvania.

3.1 The City of Harrisburg
Harrisburg is the capital city of Pennsylvania and lies on the east bank of the
Susquehanna River, 169 km west-northwest of Philadelphia. Its area is 29.63 km2 and the
average annual temperature is 11.6°C, with average temperatures of -1.9°C in January and
23.1°C in July. The city receives an average of 1.041 m of precipitation annually (WC 2014).
The population of Harrisburg was estimated to be 49,118 in 2012 (USCB 2014). Although
Harrisburg is not as big as other metropolitan cities in the United States, it is classified as a
metropolitan city. This study selected 23 buildings that are located in downtown Harrisburg
and have flat roof shapes. Various types of buildings that had flat roofs and simple roof shapes
to install green roofs were selected by Google Map, including government buildings, private
buildings, apartments, a garage, a school, a hotel, and a square building (Figure3 and Table 6).
Shape information of 23 buildings was measured with 3D building models by using Google
15

SketchUp 8 software. These 23 buildings contained 43 roof areas and had a total roof area of
65,574 m2.

Figure 3. Building locations that were used to calculate cost-benefits of green roofs.
Source: Google Map 2014
Table 6. Building names and numbers that were used in this study.
Number
1
2
3
4
5
6
7
8
9
10
11
12

Building Name
Riverview Manor
Bertolino Building
Jackson-Lick Tower A
Jackson-Lick Tower B
Commonwealth of Pennsylvania
Benjamin franklin elementary school
East Gate Center
Towne House Apartments
Labor and Industry Building
Northwest Office Building
Health and Welfare Building
Pennsylvania Judicial Center
16

Number
13
14
15
16
17
18
19
20
21
22
23

Building Name
Keystone Building
North Office Building
South Office Building
Strawberry Square
Residences on Market
Market View Place
Pennsylvania Place
Crown plaza Hotel
Penn National Tower
Dauphin County Courthouse
Market Square Garage

3.2 Shippensburg
The experiment consisting of four physical models was conducted at Grace B. Luhrs
University Elementary School of Shippensburg University. The models were built and installed
within a 25 × 5 meters space within the playground area of the elementary school. Shippensburg
was a suitable location to evaluate the study area of Harrisburg because they have a similar
annual temperatures (Table 7). The experiment was conducted during summer 2014.

Table 7. Monthly average mean temperature (°C) of Harrisburg and Shippensburg.
Source: WC updated 2014
City

1

2

3

4

5

6

7

8

9

10

11

12

Harrisburg (ºC)

-0.6

0.6

5.6

11.7

16.7

21.7

24.4

23.3

18.9

12.2

7.2

1.7

Shippensburg (ºC)

-1.1

0.6

5.0

11.1

16.7

21.7

23.9

22.8

18.9

12.2

6.7

1.1
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CHAPTER 4. Methods

4.1 Methodology
The main goals of this study were to calculate cost-benefits of green roofs and to select
buildings that would receive the most benefits from installing green roofs. The flow diagram
of Table 8 shows the methodology process of this study. The first sequence of the methodology
was modeling 3D buildings. 3D models of buildings in Harrisburg provided building
information including width, length, and height. This study calculated cost-benefits of green
roofs during their roof life cycle based on information from these three metrics. Four physical
models were used to evaluate effects of building compactness on reducing indoor temperature
after installing green roofs. Lastly, buildings were selected that have more cost-benefits from
green roof installations based on investment scenarios.

Table 8. Methodology process of this study.
Sequence

Description of the Phases

1

Modeling 3D buildings in Harrisburg
▼

2

Measuring building shape information from 3D models
▼

3

Calculating cost-benefits of green roofs
▼

4

5

6

7

Calculating the sum of each cost-benefit of green roofs
▼
Calculating cost-benefits of green roofs in comparison with conventional roofs
during a life cycle.
▼
Calculating the building compactness to select buildings
(The experiment of four physical models)
▼
Making scenarios for green roof installations in Harrisburg depending on the
building compactness and investment costs
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Three-dimensional building information consisted of roof areas and heights of
buildings. Roof areas were used to calculate cost-benefits of energy savings, a reduction of
stormwater and urban heat island, an increase of air quality and a roof life span by installing
green roofs. Three-dimensional building information including building heights were used to
calculate building compactness and energy savings (Table 9).

Table 9. Calculation methods of cost-benefits of green roofs depending on building information.
2D Method
(Width and length of buildings)

3D Method
(Width, length, and height of buildings)

Energy saving (Roof area)

Energy saving (U-value calculation)

Urban heat island

Building compactness

Stormwater management
Air quality
Roof life span

4.2 Modeling 3D Buildings
Selecting buildings to install green roofs was a fundamental step of this study. This
study selected buildings that have a simple structure and a flat roof on the satellite images of
Google Map because installation of green roofs and removal of materials cost more for
buildings with complicated and hipped roofs than buildings with simple and flat roofs (King
2006). With this criteria, this study selected 23 buildings and extracted 3D shape information
of the chosen 23 buildings by using the Google SketchUp 8 software. Google SketchUp 8 is
more time efficient for creating 3D building models than other 3D modeling programs and has
an ability to connect with Google Earth and Google Maps. Satellite images and pictures of
building walls were the main elements needed to model 3D buildings in Google SketchUp 8.
A field survey and pictures taken in Harrisburg were used to make more accurate 3D models.
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Individual roofs were divided into several roof areas when a roof of the building was blocked
by obstacles or the roofs had different heights areas (Figure 4 and Table 10). In extracted 3D
shape information, width and length were used to calculate roof areas and height was used to
calculate building compactness and energy savings using the U-value method. For example,
the Penn National Tower building has one roof and the roof was divided into four roof areas
(Figure 4 and Table 10).

Figure 4. Penn National Tower has one roof, but was classified as having four roof areas due
to obstacles.

Table 10. A division of a roof of Penn National Tower to four roof areas.
Building
Name
Penn
National
Tower

Roof
Number
Roof 1
Roof 2
Roof 3
Roof 4

Penn National Tower 1
Penn National Tower 2

Width
(m)
18.36
18.36

Penn National Tower 3
Penn National Tower 4

18.36
18.36

Divided Roof Name

Length (m)

Height (m)

11.19
11.19

7.3
7.3

Roof Area
(m2)
205
205

11.19
11.19

7.3
7.3

205
205

Divisions of roofs led to more effective analyses to make strategies for installing green
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roofs depending on variable and detailed investment costs. After these divisions, 23 buildings
in Harrisburg had 43 roof areas. This study analyzed cost-benefits of replacing these 43 roof
areas with green roofs.
4.3 Calculation of Cost-Benefits of Green Roofs
4.3.1 Energy Savings
Three studies of energy savings of green roofs were used to calculate cost-benefits: (1)
green roofs decrease energy demand in the summer by 25% (Dunnett and Kingsbury 2008), (2)
green roofs reduce cooling energy by more than 0.14 kWh/m2 (Liu and Baskaran 2005), and
(3) green roofs have lower U-values than conventional roofs (Niachou et al. 2001). The first
and second methods used 2D building information of building roof areas, but the third method
used 3D building information that contained roof areas as well as heights of buildings. In order
to calculate cost-benefits using these three methods, the first step was the calculation of electric
rates per m2 for cooling.
Electric Cooling Rates per m2
Electric rates per m2 for cooling were the fundamental data needed to calculate costbenefits of green roofs from reducing cooling energy. This study used the method from the
“Green Roofs in the New York Metropolitan Region” research report to calculate electric rates
per m2. The “Annual Energy Review 2011” (EIA 2012) reported: (1) annual total electricity
consumption was 159.94 kWh/m2, (2) annual total electricity consumption was1.043 trillion
kWh, and (3) annual total cooling consumption was 0.141 trillion kWh (Table 11). Electric
consumption per m2 was calculated by using the percentage of annual total cooling
consumption to annual total electricity consumption. Based on these energy consumption data,
electric cooling consumption per m2 was calculated (Equation 3).
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Table 11. Energy consumption in the United States in 2011.

Source: EIA 2012

Consumption Type

Electric Energy Use

Total electric consumption

159.94 kWh/m2

Total electric consumption

1.043 trillion kWh

Total cooling electric consumption

0.141 trillion kWh

Electric cooling consumption per m2
= Total electricity consumption per m2 × (annual total cooling consumption/ annual total
electricity consumption)

(4)

= 159.94 kWh/m2 × (0.141 trillion kWh / 1.043 trillion kWh)
= 21.615 kWh/m2

Electric rates per m2 were calculated by using electric cooling consumption per m2 and
the electric rate in Harrisburg. The electric rate in Harrisburg used for this study was
$0.09626/kWh,

which

was

based

on

Pennsylvania’s

commercial

electric

rates

(Electricrate.com). Electric rates per m2 were calculated by

Electric cooling rates per m2 = Electric cooling consumption per m2 × Electric rates

(5)

= 21.615 kWh/m2 × $0.09626/kWh
= 2.08 $/m2

Based on these calculation processes, the three methods used to calculate energy savings after
installing green roofs assumed that the electric rate for cooling is $2.08 per m2.
Three Methods to Calculate Energy Savings
This study used three methods to calculate energy savings after installing green roofs.
The first and second method used width and length of building roof information and simple
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calculation equations. The third method used width, length and height of building information
and needed a more complex calculation process than the other two methods.
The Environment Canada found that green roofs can save 25% of cooling energy in
comparison with conventional roofs (Dunnett and Kingsbury 2008). Their result indicates a
general description of effects of green roofs on energy savings. The first method used this
general description and annual energy consumption for cooling costs of 2.08 $/m2. Therefore:

Annual cooling energy saving cost
= Roof area (m2) × Energy savings for cooling costs (2.08 $/m2) × 25%

(6)

The second method was calculated by using a decrease in cooling energy after
installing green roofs and electric rates of $0.09626/kWh. Liu and Baskaran (2005) conducted
an experiment to compare heat flow between conventional and green roofs in Toronto, Canada.
They found that green roofs can reduce cooling energy by more than 5.5 kWh/day on the 36
m2 roof area during summer. This study assumed that green roofs can reduce cooling energy of
0.14 kWh/m2day during summer. This study calculated cooling energy savings during a 153
day summer period from May 1 st to September 31st. Therefore:

Annual cooling energy saving cost =
Roof area (m2) × 0.14 kWh/m2 day × 153 days× $0.09626/kWh

(7)

The third method used different U-values for conventional and green roofs. This study
devised a new U-value method, which is referred to as the “Green Roof Contribution Rate.”
This study used U-values of the studies of Pisello et al. (2012) and Niachou et al. (2001). Uvalues of building walls and conventional roofs were estimated based on the study of Pisello
et al. (2012). U-values of roofs after installing green roofs were calculated by using the results
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of Niachou et al. (2001). This study assumed that the U-value of a roof is 2.12 W/m2K, but
Niachou et al. (2001) did not contain the changed U-value of a green roof from the U-value of
conventional roofs of 2.12 W/m2 K. In order to calculate the U-value of green roofs, this study
made a curve graph that indicates the U-values of conventional roofs and green roofs based on
Table 5. Figure 5 shows that the U-value of 2.12 W/m2 K of conventional roofs could improve
the U-value to approximately 1.05 W/m2 K after installing green roofs. Table 12 shows the Uvalues of external walls and roofs that were used in this study.

Figure 5. The relationship between U-values of conventional roofs and green roofs based on
Niachou et al. (2001).
Table 12. U-values of roofs and walls that are used in this study.
Source: Pisello et al. 2012 and Niachou et al. 2001
U-value (W/m2K)
Architectural Element

A building with a
conventional roofs

A building with a
green roof

External Wall

0.44

0.44

Roof

2.12

1.05
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The green roof contribution rate shows the reduction of the building heat flux after
installing green roofs. Its calculation was based on the U-value method of Equation 1 and
indicated the different rates of a decrease in heat transfer through roofs after installing green
roofs. The calculation was estimated by the following steps.

(1) Building heat transfer before installing green roofs (Q CC)
QCC = AW x UW x (To-Ti) + ACR x UCR x (To-Ti)

(8)

where AW is the wall’s area, UW is the wall’s U-value, ACR is the conventional roof area, UCR
is the conventional roof’s U-value, and (To-Ti) is the temperature difference between inside
and outside of the building.
(2) Building heat transfer after installing green roofs (Q RC)
QRC = AW x UW x (To-Ti) + AGR x UGR x (To-Ti)

(9)

where AGR is the green roof area and UGR is the green roof’s U-value.

(3) The green roof contribution rate to the building heat gain is estimated by:
Green roof contribution rate = (QCC - QRC) / QCC
= ((AW x UW x (To-Ti) + ACR x UCR x (To-Ti)) – (AW x UW x (To-Ti) + AGR x UGR x (To-Ti))) /
(AW x UW x (To-Ti) + ACR x UCR x (To-Ti))
= (ACR x UCR - AGR x UGR) / (AW x UW + ACR x UCR)

(4) Lastly, annual energy savings for cooling costs can be calculated by:
Annual energy savings for cooling costs
= Annual cooling energy cost × Green roof contribution rate
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(10)

= Roof area (m2) × 2.08 $/m2 × (ACR x UCR - AGR x UGR) / (AW x UW + ACR x UCR)

(11)

This calculation process was applied to calculate energy savings to analyze the costbenefits of green roofs. However, this calculation has the following limitations to calculate
accurate results: (1) buildings gain heat from many elements such as the solar gain through
transparent elements, the internal heat gain of a building, and the ventilation of air between the
interior of a building and the outside and (2) each wall has a different U-value, which depends
on the wall’s directions and sides (Byrne and Ritschard 1985). Although these limitations exist,
this study only focused on the difference of U-values between conventional roofs and green
roofs.
4.3.2 Urban Heat Island Effect
Little exists in the literature regarding the calculation of cost-benefits from reducing the
UHI effect after installing green roofs. This study calculated these cost-benefits by using data
from the study of Taha et al. (1999). Table 2 shows energy savings from installing green roofs
in the 10 cities. Data from Philadelphia, displayed in Table 2, were used for this calculation
because Philadelphia has the most similar geographical environment to Harrisburg in terms of
the latitude and annual average high temperature compared to the other nine cities (Table 13).

Table 13. Average high temperature (°C) of Harrisburg and Philadelphia.
Source: WC 2014
Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

Harrisburg
(40°16′11″N)

3.3

5.0

10.6

17.2

22.2

27.2

29.4

28.9

24.4

17.8

11.7

5.6

Philadelphia
(39°57′N)

5.0

7.2

12.2

18.3

23.3

27.8

30.5

29.4

25.6

19.4

13.9

7.8
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Table 2 shows that the estimated energy savings are analyzed by each building’s roof
area. This study used electric rates of Harrisburg $0.09626/kWh and annual electricity savings
in Table 2. Philadelphia can save 2.3kWh per 1 m2 by reducing UHI with vegetation roofs
(Taha et al. 1999). Cost-benefits of the UHI reduction from green roof installation in Harrisburg
were calculated by

Annual cost-benefits from reducing UHI
= Roof area (m2) × 2.3kWh × Electric rates ($0.09626/kWh)

(12)

4.3.3 Air Quality
In order to calculate cost-benefits from increasing air quality with green roofs, two
methods were used: (1) one calculation method used NOx reduction and (2) another calculation
method used a reduction in airborne particles.
Clark et al. (2008) analyzed NOx reduction caused by plants of green roofs to calculate
air quality benefits and assumed the cost benefit of air pollution mitigation of green roofs to be
between $0.45 and $1.72 per square meter. Therefore:

Minimum annual cost-benefits from mitigating air pollution = Roof area (m2) × $0.45

(13)

Maximum annual cost-benefits from mitigating air pollution = Roof area (m2) × $1.72

(14)

The “Green Roofs in the New York Metropolitan Region” (GRNY) research report
calculated cost-benefits of green roofs by reducing air pollution (Rosenzweig et al. 2006). The
GRNY report estimated that 1 m2 of green roofs can reduce 0.44 pounds of airborne particles
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per year and a one pound reduction of airborne particle has cost-benefits of $2.2. Therefore:
Annual cost-benefits from mitigating air pollution
= Roof area (m2) × 0.44 pounds × $2.2/pounds

(15)

This study used these two methods to calculate and compare cost-benefits of green roofs from
mitigating air pollution.
4.3.4 Stormwater Runoff
Cost-benefits of reducing stormwater runoff after installing green roofs were calculated
by the following three methods: (1) green roofs reduce runoff by 50% (Mentens et al. 2006),
(2) green roofs save the stormwater fee per roof area (Blackhurst et al. 2010 ), and (3) green
roofs save infrastructure costs to manage stormwater caused by impervious areas (Portland
2008). Of these three methods, the first and second methods can be applied to calculate private
benefits and the first and third methods can be used to calculate public benefits. However,
sewer rates of the Harrisburg Authority do not contain stormwater rates. Thus, this study
assesses only public benefits of green roofs by reducing stormwater runoff.
The public benefits of the stormwater management from green roofs is estimated by
using the stormwater fund of Harrisburg. According to the “Harrisburg Strong Plan,”
Harrisburg estimated annual stormwater line repair costs at $0.25 million (Harrisburg 2013).
This study assumed that drainage areas correlate with the area that needs stormwater
management in Harrisburg. Drainage areas of Harrisburg were used to calculate the stormwater
fund per m2. The total drainage area of Harrisburg is defined on their stormwater management
ordinance that was established based on the Rational Method, which estimates peak discharges
less than drainage areas of 20 acres (Harrisburg § 9-903.6). Thus, this study assumed that the
drainage areas of Harrisburg are 20 acres (80937 m2) and contain the roof areas of downtown
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Harrisburg.
Annual cost-benefits from reducing stormwater runoff with installation of green roofs
were calculated by applying two calculation processes: (1) calculation of annual stormwater
line repair costs of Harrisburg and (2) the effect of green roofs on stormwater runoff reduction
by an average of 50% (Mentens et al. 2006).

Annual stormwater line repair costs per m2 = $250,000 / Drainage areas (80,937 m2)

(16)

Annual cost-benefits from reducing stormwater
= Roof area (m2) × Annual stormwater line repair costs per m2
× ((Annual precipitation (m) × 50%) / Annual precipitation (m))

= Roof area (m2) × Annual stormwater line repair costs per m2 × 50%

(17)

4.3.5 Roof Life Cycle – Maintenance and Renovation Costs
A green roof’s lifespan is from 50 to 100 years, whereas a conventional roof’s lifespan
is from 15 to 20 years (Dunnett and Kingsbury 2008). This study assumed the green roof
lifespan as 50 years and the conventional roof lifespan as 15 years. During a 50 year period,
green roofs don’t need a renovation of the roof membrane, whereas conventional roofs need a
renovation of the roof membrane at least three times in 50 years. The minimum construction
and annual maintenance costs of conventional roofs are $13.12/m2 and $0.11/m2 respectively.
The renovation cost of conventional roofs is $108/m2. The minimum construction and annual
maintenance costs of green roofs are $32.8/ft2 and $0.27/m2 respectively (Dunnett and
Kingsbury 2008; EPA 2008; Porsche and Köhler 2003; Portland 2008). Table 14 shows the
calculation of roof life cycle costs of conventional and green roofs during a 50 year period.
This study did not include construction costs of conventional roofs because conventional roofs
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are already constructed on buildings.
Table 14. The process to calculate costs of construction, maintenance, and renovation of
conventional roofs and green roofs during 50 years.
Roof Type

Conventional Roofs

Green Roofs

Construction costs

Roof area (m2) × $13.12/m2

Roof area (m2) × $32.08/m2

Maintenance costs

Roof area (m2) × $0.11/m2 × 50 years

Roof area (m2) × $0.27 × 50 years

Renovation costs

Roof area (m2) × $13.12/m2 × 3



Roof life cycle costs during a period of 50 years

Sum

4.4 Calculation for Cost-Benefits
The NPV was used to calculate total cost-benefits of green roofs from one (1) to fifty
(50) years. Table 15 describes nomenclatures that are used in this study and equations to
calculate cost-benefits of green roofs: three equations for energy savings, one equation for
urban heat island, three equations for air quality, and one equation for stormwater management.
This study classified interest rates into 3%, 4%, and 5% based on mortgage interest
rates on June 1st, 2014 (bankrate.com). Excel was used to calculate the NPVs of cost-benefits
of green roofs. Excel provides a formula to assess the NPV. The formula is described as
“NPV(rate,value1,[value2], …).” In this formula, interest rates of 3%, 4%, and 5% were
respectively applied to the “rate.” The first-year cost-benefits of green roofs was applied to the
“value1,” and the second-year cost-benefits of green roofs was applied to the “value2.” For
example, in order to calculate the NPV after 50 years, cost-benefits from the first to the fiftieth
years were applied to from the “value1” to “value50.” In order to calculate the positive and
negative NPV, the following equation was used in Excel.
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The NPV of cost-benefits of Green roofs =
NPV(rate,value1,[value2], …) – Construction cost of green roofs

(18)

Table 15. Nomenclatures.
Nomenclatures

Equations of Annual Cost Savings

Energy (Cost)

Roof area (m2) × 2.08 $/m2 × 25%

Equation 5

Energy (kWh)

Roof area (m2) × 0.14 kWh/m2day × 153
days× $0.09626/kWh

Equation 6

Energy (U-value)

Roof area (m2) × 2.08 $/m2 × Green roof
contribution rate

Equation 10

UHI (kWh Cost)

Roof area (m2) × 2.3kWh × $0.09626/kWh

Equation 11

Air (NOx Min)

Roof area (m2) × $0.45

Equation 12

Air (NOx Max)

Roof area (m2) × $1.72

Equation 13

Air (Pound)
Stormwater (Public)
Green (Maintenance)
Green (Total Min)
Green (Total Mid)
Green (Total Max)

Roof area (m2) × 0.44 pounds ×
$2.2/pounds
Roof area (m2) × Annual stormwater line
repair costs per m2 × 50%
Roof area (m2) × $0.27

Numbers of Equations

Equation 14
Equation 16
.

Energy (Cost) + UHI + Air (NOx Min) +
Stormwater - Green (Maintenance)
Energy (U-value) + UHI + Air (Pound) +
Stormwater - Green (Maintenance)
Energy (kWh) + UHI + Air (NOx Max) +
Stormwater - Green (Maintenance)

.
.
.

Table 16 shows an example of a table to calculate NPVs of cost-benefits of green roofs
after 50 years depending on the three interest rate scenarios. The NPV of energy savings, air
quality, and total cost-benefits had three different calculation methods. The NPV of urban heat
island, air quality, and stormwater management had one calculation method. This table
compares variable cost-benefits of green roofs with their other cost-benefits to maintenance
and renovation costs of conventional roofs.
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Table 16. An example table to calculate NPV of cost-benefits of green roofs after 50 years
depending on three rate scenarios.
Roof System

Classification

3%

4%

5%

Energy (Cost)

$

$

$

Energy (kWh)

$

$

$

Energy (U-value)

$

$

$

UHI (kWh Cost)

$

$

$

Air (NOx Min)

$

$

$

Air (NOx Max)

$

$

$

Air (Pound)

$

$

$

Stormwater Runoff
Reduction

Stormwater (Public)

$

$

$

Roof Maintenance
Costs

Green
(Maintenance)

$

$

$

Green (Total Min)

$

$

$

Green (Total Mid)

$

$

$

Green (Total Max)
Conventional
(Maintenance)

$

$

$

$

$

$

Energy Savings

UHI Reduction

Air Quality Increase
Green roofs

Total Cost-Benefits

Conventional
Roofs

Description

Roof Maintenance and
Renovation Costs

4.5 Calculation for Building Compactness
Building compactness is related to energy savings and was used to select buildings that
have more efficient building shapes to install green roofs. The calculation of building
compactness requires 3D building information. Green roofs have more beneficial energy
reduction effects on the floor closest to the roof and a different effect on the cooling load for
each building floor (Spala et al. 2008). Because of this reason, this study used the top floor
shape information of buildings, including the height, width, and length of buildings to calculate
building compactness. Equation 2, which is the ratio of volume to surface area, was used to
calculate building compactness.
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4.6 Physical Models
The experiment was conducted during a 92 day period from May 26th to August 25th
2014 because green roofs are most beneficial for energy savings during the warmest season.
The warmest season in Shippensburg is between June and August. Indoor temperatures for
physical models were collected during this warm season. The experiment used one micro
station data logger and four temperature sensors to collect indoor temperature data (Figure 6).
Figure 7 shows the installed physical models and monitoring equipment.
Four experimental physical models were used to assess the relationship between the
building compactness and the green roof effect on the reduction of heat gain through the roof.
Two models were designed for conventional roofs and another two models were designed for
green roofs. The four physical models had the same roof area but different heights, which
means that these physical models had different values of building compactness. Model 1 and
Model 2 had a lower compactness than Model 3 and Model 4. The models were used to evaluate
the effects of building compactness on indoor temperature after installing a green roof.

(1) Micro Station Data Logger

(2) 12-Bit Temp Smart Sensor (6m cable)

Figure 6. Micro station data logger and 12-bit temp smart sensor that were used for this
experiment.

Source: Onset updated 2014
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Figure 7. Physical models that were installed at Grace B. Luhrs University Elementary School
located at Shippensburg University.

Table 17. Description of physical models.

Elements

Model 1

Model 2

Model 3

Model 4

Black Roof

Green Roof

Black Roof

Green Roof

Width

1.22 m

1.22 m

1.22 m

1.22 m

Length

1.22 m

1.22 m

1.22 m

1.22 m

Height

0.61 m

0.61 m

1.22 m

1.22 m

3

3

3

Volume

0.91 m

0.91 m

1.82 m

1.82 m3

Surface Area

5.95 m2

5.95 m2

8.93 m2

8.93 m2

Compactness

0.15

0.15

0.20

0.20

The plants used for this study consisted of variable species of sedum: Sedum acre,
Sedum acre 'Aureum,' Sedum acre 'Oktoberfest,' Sedum aizoon, Sedum album, Sedum album
'Red Ice,' Sedum hybridum 'Czar's Gold,' Sedum kamschaticum, Sedum reflexum 'Angelina,'
Sedum spurium 'Coccineum,' Sedum spurium 'Dragons Blood,' Sedum spurium 'John Creech,'
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Sedum spurium 'White Form,' and Sedum x Emperor's Wave (Figure 8). These plants are
classified as the most useful green roof plants because they are low-growing and shallowrooted perennial plants that have a high disease tolerance (Snodgrass and Snodgrass 2006).

(1) Sedum acre

(4) Sedum aizoon

(7) Sedum hybridum 'Czar's Gold'

(10) Sedum spurium 'Coccineum'

(13) Sedum spurium 'White Form'

(2) Sedum acre 'Aureum'

(5) Sedum album

(8) Sedum kamschaticum

(11) Sedum spurium 'Dragons Blood'

(14) Sedum x Emperor's Wave

Figure 8. Plants used for this study.
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(3) Sedum acre 'Oktoberfest

(6) sedum album 'Red Ice'

(9) Sedum reflexum 'Angelina'

(12) Sedum spurium 'John Creech

Chapter 5. Results

5.1 3D Measurements
Google SketchUp 8 provides pre-designed 3D building models. This study used 20
pre-designed 3D models and three designed 3D models of buildings. Top floor information,
which includes width, length and height, were derived from 3D building models and were used
to calculate cost-benefits of green roofs and building compactness. Table 18 shows these 3D
measurements of 43 roof areas of 23 buildings in Harrisburg. Roof and surface area
measurements of two buildings, Benjamin Franklin Elementary School and the
Commonwealth of Pennsylvania, were directly derived from 3D building models without
measurements of width and length information because their building shapes make it too
complicated to accurately measure their width and length.
Table 18. 3D measurements of 43 roofs of 23 buildings in Harrisburg.
Building Name
Crown Plaza Hotel 1
Crown Plaza Hotel 2
Crown Plaza Hotel 3
Crown Plaza Hotel 4
Crown Plaza Hotel 5
Dauphin County
Courthouse 1
Dauphin County
Courthouse 2
Dauphin County
Courthouse 3
Jackson-Lick Tower A 1
Jackson-Lick Tower A 2
Jackson-Lick Tower B 1
Jackson-Lick Tower B 2
Health and Welfare
Building

Width
(m)
31.4
31.4
13
13
17.4

Length
(m)
11.5
13.3
16.2
16.2
27

Height
(m)
10.4
10.4
3.6
3.6
3.6

Roof area
(m2)
361.10
417.62
210.60
210.60
469.80

Volume
(m3)
3755.44
4343.25
758.16
758.16
1691.28

Surface area
(m2)
1614.52
1765.00
631.44
631.44
1259.28

48.7

26.5

10

1290.55

12905.50

4085.10

43.8

9.45

6.2

413.91

2566.24

1488.12

43.8

9.45

6.2

413.91

2566.24

1488.12

33.2
28.65
33.2
28.65

13.3
13.3
13.3
13.3

3
3
3
3

441.56
381.05
441.56
381.05

1324.68
1143.14
1324.68
1143.14

1162.12
1013.79
1162.12
1013.79

118.2

17.8

9

2103.96

18935.64

6655.92
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Width
(m)
85.2
27.9

Length
(m)
28.7
59.3

Height
(m)
8.5
9.8

Roof area
(m2)
2445.24
1654.47

Volume
(m3)
20784.54
16213.81

Surface area
(m2)
6826.78
5018.06

Keystone Building 3
Labor and Industry
Building 1
Labor and Industry
Building 2
Labor and Industry
Building 3
North Office Building
South Office Building
Northwest Office
Building 1
Northwest Office
Building 2
Pennsylvania Place

27.9

59.3

9.8

1654.47

16213.81

5018.06

84.1

17

12.9

1429.70

18443.13

5467.78

20.1

28.3

6.1

568.83

3469.86

1728.14

25.7

37.1

6.7

953.47

6388.25

2748.46

10.2
10.2

74.2
74.2

6
6

756.84
756.84

4541.04
4541.04

2526.48
2526.48

37.8

14.6

4.8

551.88

2649.02

1606.80

37.8

14.6

4.8

551.88

2649.02

1606.80

15

63.5

3.3

952.50

3143.25

2423.10

Riverview Manor 1
Riverview Manor 2
Strawberry Square
Towne House
Apartments 1
Towne House
Apartments 2
Towne House
Apartments 3
Bertolino Building
Eastgate Center
Market Square Garage
Penn National Tower 1

15.3
15.3
60

36.9
36.9
53.6

4.5
4.5
5.7

564.57
564.57
3216.00

2540.57
2540.57
18331.20

1598.94
1598.94
7727.04
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31.6

5.1

1832.80

9347.28

4579.52

43.7

19.6

3.6

856.52

3083.47

2168.80

16.6

41.7

2.7

692.22

1868.99

1699.26

64.3
67
62.9
18.36

30.7
39.4
33.8
11.19

4.6
4.2
3
7.3

1974.01
2639.80
2126.02
205.45

9080.45
11087.16
6378.06
1499.77

4822.02
6173.36
4832.24
842.33

18.36
18.36
18.36
14.6
14.6

11.19
11.19
11.19
28.5
10.2

7.3
7.3
7.3
4.5
3.5

205.45
205.45
205.45
416.10
148.92

1499.77
1499.77
1499.77
1872.45
521.22

842.33
842.33
842.33
1220.10
471.44

28.6

17.3

7.8

494.78

3859.28

1705.60

10.06

36.2

5.5

364.17

2002.95

1237.20

Building Name
Keystone Building 1
Keystone Building 2

Penn National Tower 2
Penn National Tower 3
Penn National Tower 4
Residences on Market 1
Residences on Market 2
Pennsylvania Judicial
Center
Market View Place
Benjamin franklin
elementary school
Commonwealth of
Pennsylvania

·

·

7.3

5909.76

43141.25

16135.49

·

·

5.4

23138.26

124946.60

59041.58

5.2 One Year Cost-Benefits
Based on 3D measurements of 43 roof areas, this study calculated cost-benefits of green
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roofs in terms of energy savings, reducing the urban heat island and stormwater runoff, and
increasing air quality and the roof life span. These cost-benefits, except for roof life span, can
be estimated in a one year time period. Figure 9 compares cost-benefits of replacing 43
conventional roof areas with green roofs in Harrisburg. The total roof area of all buildings is
65,574 m2. Green roof installations have the potential cost-benefits of at least $161,692 in one
year. Energy savings have cost-benefits of at least $34,098 by the Energy (Cost) method. The
Energy (kWH) method calculated $135,205. The Energy (U-value) method calculated costbenefits of $43,979. The UHI (kWH) method calculated cost-benefits of $14,517. Increasing
air quality had cost-benefits of $29,508 by the Air (NOx Min) method and $112,786 by the Air
(NOx Max) method. The Stormwater (Public) method calculated has cost-benefits of $101,272.
Maintenance-costs of green roofs need $17,704. Figure 9 shows that the Energy (kWh) method
has highest cost-benefits and the UHI (kWh) method has the lowest cost-benefits.

160,000

Cost-benefits ($)

140,000
120,000
100,000
80,000
60,000
40,000
20,000
0

Figure 9. One year cost benefits when 65,574 m2 of 43 roof conventional roof areas of 23
buildings in Harrisburg are replaced with green roofs.
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5.2.1 Energy Savings
Annual cost-benefits from saving cooling energy on 65,574 m2 of roof areas were
calculated by three methods. The Energy (Cost) method that used a reduction in 25% of
building annual energy cooling costs calculated cost-savings of $34,098 in one year. The
Energy (kWh) method that uses a decrease in 0.14 kWh/m2day during summer calculated a
1,404,595 kWh savings during 153 days and this cooling energy translates to cost-benefits of
$135,205. The Energy (U-value) method that uses a decrease in U-value by installing green
roofs calculated cost-benefits of $43,979 in one year. The Energy (Cost) method and Energy
(kWh) method used only roof areas, whereas the Energy (U-value) method used roof areas and
wall areas. The difference of cost-benefits between the Energy (Cost) method and the Energy
(kWh) method was $101,107, and the difference of cost-benefits between the Energy (Cost)
method and the Energy (U-value) method was $9,881.
5.2.2 Urban Heat Island
Taha et al. (1999) suggested green roofs can save 2.3 kWh per 1 m2 annually by
reducing UHI in Philadelphia. This study assumed that Harrisburg can save similar energy by
installing green roofs. Therefore, if 65,574 m2 of green roofs are installed in Harrisburg, the
city can save $14,517 in one year from reducing the urban heat island effect. Cost-benefits
from reducing urban heat island were lower than other benefits in this study.
5.2.3 Air Quality
The method of Clark et al. (2008) to calculate cost-benefits from increasing air quality
from installing green roofs of 65,574 m2 in Harrisburg had a big cost range of $83,279: (1) the
Air (NOx Min) method calculated cost-benefits of $29,508 and (2) the Air (NOx Max) method
calculated cost-benefits of $112,787 per year. The Air (NOx Max) method had the second39

highest cost-benefits. The Air (Pound) method had the fourth-highest cost-benefits and
calculated $63,475 per year. These results show that increasing air quality is a significant
benefit of green roof installation.
5.2.4 Stormwater Runoff
Green roofs of 65,574 m2 in Harrisburg can save $101,272 for public benefits by
reducing stormwater line repair costs. The NPV of these cost-benefits was -$636 on a 3%
interest rate. This result indicates that stormwater reduction from green roof installation is one
of the most important benefits of green roofs. Although these cost-benefits can have different
values because of different investment costs for stormwater line repair, this study used
investment costs from the “2013 Harrisburg Strong Plan” to calculate the NPV.
5.3 The NPV Assessment
This study analyzed and compared the NPVs of the cost-benefits of green roofs and the
maintenance costs of conventional roofs. Three interest rates of 3%, 4%, and 5% were applied
to calculate the NPV. This study analyzes the NPV of each cost-benefit of green roofs as well
as the NPVs of total cost-benefits with construction costs and annual maintenance costs.
After 50 years, the NPV of cost-benefits from replacing 65,574 m2 of roof areas with
green roofs in Harrisburg has a positive NPV, whereas maintenance and renovation costs of
conventional roofs have a negative NPV. Table 19 shows the NPV of green roofs and
conventional roofs depending on interest rates after 50 years. When the interest rate was 3%,
the Energy (kWh) method and the Air (NOx Max) method had positive NPVs, but other
methods had negative NPVs. When the interest rate was 4%, only the Energy (kWh) method
had a positive NPV. Other methods did not have positive NPVs for an interest rate of 5%.
However, total cost-benefits of green roofs had positive NPVs on interest rates of 3%, 4%, and
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5% after 50 years.
Table 19. The NPVs of variable cost-benefits after 50 years when 65,574 m2 of 43 conventional
roof areas in Harrisburg are replaced with green roofs.
Roof System

Classification

Description
Energy (Cost)
Energy (kWh)
Energy (U-value)

3%
-$1,729,018
$872,450
-$1,474,780

4%
-$1,798,650
$373,356
-$1,586,383

5%
-$1,851,540
-$5,731
-$1,671,151

UHI (kWh Cost)

-$2,232,818

-$2,219,281

-$2,208,998

Air (NOx Min)

-$1,847,121

-$1,897,257

-$1,935,337

Air (NOx Max)

$295,616

-$108,251

-$415,010

Air (Pound)

-$973,154

-$1,167,568

-$1,315,235

Stormwater Runoff
Reduction

Stormwater
(Public)

-$636

-$355,597

-$625,209

Roof Maintenance
Costs

Green
(Maintenance)

-$2,606,359

-$2,531,156

-$2,474,036

Total Cost-Benefits

Green (Total Min)
Green (Total Mid)
Green (Total Max)

$1,553,942
$2,682,147
$6,298,148

$942,345
$1,884,301
$4,903,357

$477,804
$1,278,294
$3,843,940

Roof Maintenance
and Renovation
Costs

Conventional
(Maintenance)

-$1,310,240

-$1,037,739

-$834,384

Energy Savings

UHI Reduction

Green Roofs

Conventional
Roofs

Air Quality
Increase

Figure 10 shows the NPVs of cost-benefits of green roofs in comparison with
conventional roofs during a period of 50 years. These graphs assess the NPVs of cost-benefits
of green roofs and maintenance and renovation costs of conventional roofs during a period of
50 years. The NPVs of total cost-benefits had a positive value after 50 years on interest rates
of 3%, 4%, and 5%. The Energy ( kWh) method had the highest cost-benefits and the UHI (kWh)
method had the lowest cost-benefits. Table 20 shows the years of the positive NPVs depending
on interest rates. Interest rates of 3%, 4%, and 5% had positive NPVs of total cost-benefits of
green roofs at least 21 years, 24 years, and 29 years later respectively. With an interest rate of
3%, the Energy ( kWh) method calculated a positive NPV after 27 years and the Air (NOx Ma
x) method calculated a positive NPV after 39 years. With an interest rate of 4%, the Energy
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(kWh) method calculated a positive NPV after 34 years. However, an interest rate of 5% did
not have a positive NPV on each cost-benefit. The highest NPV of total cost-benefits of green
roofs after 50 years was $6,298,147 with an interest rate of 3%. The lowest NPV of total costbenefits of green roofs after 50 years was $477,804 with an interest rate of 5%.

(1) 3% interest rate

(2) 4% interest rate
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(3) 5% interest rate
Figure 10. The NPVs of cost-benefits of green roofs and maintenance and renovation costs of
conventional roofs depending on interest rates during a period of 50 years.

Table 20. The years that will have a positive NPV of cost-benefits of green roofs.
Cost-benefits

Interest rates
3%

4%

5%

Green (Total Min)

21 years

24 years

29 years

Green (Total Mid)

16 years

16 years

18 years

Green (Total Max)

8 years

8 years

9 years

Energy (Cost)

·

·

·

Energy (kWh)

27 years

34 years

·

Energy (U-value)

·

·

·

UHI (kWh)

·

·

·

Air (NOx Min)

·

·

·

Air (NOx Max)

39 years

·

·

Air (Pound)

·

·

·

Stormwater (Public)

·

·

·

Each cost-benefit of green roofs was compared with maintenance and renovation costs
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of conventional roofs. Table 21 shows the NPVs of cost-benefits that are higher than
maintenance and renovation costs of conventional roofs after 50 years. When the interest rate
was 3%, the NPVs of four cost-benefits of green roofs were higher than the NPV of
maintenance and renovation costs of conventional roofs. When interest rates were 4% and 5%,
the NPVs of three cost-benefits of green roofs were higher than the NPV of maintenance and
renovation costs of conventional roofs. This table indicates that the effect of green roofs on
UHI reduction does not have many cost-benefits in comparison with conventional roofs,
whereas energy savings and reducing air pollution and stormwater runoff are more economical
than maintenance and renovation costs of conventional roofs after 50 years.

Table 21. The comparison of NPVs of 65,574 m2 roof areas between cost-benefits of green
roofs and conventional roofs after 50 years. The CMR indicates the NPV of maintenance and
renovation costs of conventional roofs.
Rates

Cost-Benefits of Green Roofs Higher than the CMR

3%

Energy (kWh), Air (NOx Max), Air (Pound), Stormwater (Public)

4%

Energy (kWh), Air (NOx Max), Stormwater (Public)

5%

Energy (kWh), Air (NOx Max), Stormwater (Public)

5.4 Physical Models
In an experiment that used four physical models, indoor temperature data were collected
on an hourly basis during 92 days of the warmest season in Shippensburg. After data were
collected, the first step was a selection of days that can be applied to the objective of this study.
Days were selected that had an indoor temperature above 32.2 ºC (90ºF) between 11AM to 4
PM in the low compactness, conventional roof, and the 54 warmest days were selected. This
study analyzed average indoor temperature during the selected 54 warmest days and indoor
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temperature on the hottest day.
5.4.1 Average Temperature
Table 22 shows the average hourly data of indoor temperature and fluctuation of indoor
temperature during 24 hours. The indoor temperatures of these four physical models rose from
7 AM and decreased from 5 PM. Physical models had the lowest indoor temperature at 6 AM
and the highest temperature at 4 PM.
Table 22. Average indoor temperature and their fluctuation of physical models during 54
warmest days. BC indicates the “building compactness.”

Indoor Temperature of Buildings (°C)
Time

12:00 AM
1:00 AM
2:00 AM
3:00 AM
4:00 AM
5:00 AM
6:00 AM
7:00 AM
8:00 AM
9:00 AM
10:00 AM
11:00 AM
12:00 PM
1:00 PM
2:00 PM
3:00 PM
4:00 PM
5:00 PM
6:00 PM
7:00 PM
8:00 PM
9:00 PM
10:00 PM
11:00 PM

Model 1
Small Black
BC=0.15
18.5
18.0
17.4
16.9
16.5
16.2
16.0
18.1
24.0
29.7
34.0
36.7
38.0
38.9
39.1
39.1
38.8
18.5
18.0
17.4
16.9
16.5
16.2
16.0

Model 2
Small Green
BC=0.15
20.8
20.2
19.6
19.1
18.6
18.2
17.9
19.2
22.9
25.9
28.3
29.7
30.4
30.8
31.5
32.0
32.4
20.8
20.2
19.6
19.1
18.6
18.2
17.9

Model 3
Big Black
BC=0.20
18.3
17.7
17.1
16.6
16.1
15.8
15.6
17.7
20.8
24.2
29.4
35.3
36.8
37.3
37.8
38.0
37.7
18.3
17.7
17.1
16.6
16.1
15.8
15.6
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Model 4
Big Green
BC=0.20
19.6
18.9
18.3
17.8
17.3
17.0
16.7
18.7
24.0
24.8
25.5
30.2
32.1
32.7
33.6
34.2
34.8
19.6
18.9
18.3
17.8
17.3
17.0
16.7

Differences of Indoor
Temperature between
Green and Black Roof
(°C)
Small
Buildings
2.2
2.2
2.2
2.1
2.1
2.0
1.9
1.1
-1.1
-3.8
-5.7
-7.0
-7.6
-8.1
-7.6
-7.1
-6.4
2.2
2.2
2.2
2.1
2.1
2.0
1.9

Big
Buildings
1.3
1.3
1.2
1.2
1.2
1.1
1.1
1.1
3.1
0.6
-3.9
-5.1
-4.7
-4.6
-4.3
-3.7
-2.9
1.3
1.3
1.2
1.2
1.2
1.1
1.1

These physical models had different indoor temperature depending on the building
compactness and roof materials. A physical model that had lower compactness and a black roof
(Small Black) had the highest indoor temperature of 39.1°C at 2 PM and 3PM, and a physical
model that had lower compactness and a green roof (Small Green) had the highest indoor
temperature of 32.4°C at 4 PM. A physical model that had higher compactness and a black roof
(Big Black) had the highest indoor temperature of 38.0°C at 3 PM and a physical model that
had higher compactness and a green roof (Big Green) had the highest indoor temperature of
34.8°C at 4 PM. Physical models that had green roofs usually had the highest temperature at 4
PM, whereas the models that have conventional roofs had the highest temperature at 3 PM
(Figure 11). These results indicates that green roofs maintain a lower indoor temperature within
buildings during the hottest time in a day.
These physical models had different indoor temperatures depending on building
compactness and roof materials. A model that had lower compactness and a black roof (Small
Black) had the highest indoor temperature of 39.1°C at 2 PM and 3PM, and a model that had
lower compactness and a green roof (Small Green) had the highest indoor temperature of
32.4°C at 4 PM. A model that had higher compactness and a black roof (Big Black) had the
highest indoor temperature of 38.0°C at 3 PM and a model that had higher compactness and a
green roof (Big Green) had the highest indoor temperature of 34.8°C at 4 PM. Two models that
had green roofs usually had the highest temperatures at 4 PM, whereas two models that have
conventional roofs had the highest temperatures at 3 PM (Figure 11). These results indicates
that green roofs maintain a lower indoor temperature within buildings during the hottest time
of the day.
These physical models had different indoor temperature depending on building
compactness and roof materials. A building that had lower compactness and a black roof (Small
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Black) had the highest indoor temperature of 39.1°C at 2 PM and 3PM, and a building that had
lower compactness and a green roof (Small Green) had the highest indoor temperature of
32.4°C at 4 PM. A building that had higher compactness and a black roof (Big Black) had the
highest indoor temperature of 38.0°C at 3 PM and a buildings that had higher compactness and
a green roof (Big Green) had the highest indoor temperature of 34.8°C at 4 PM. Models that
had green roofs usually had the highest temperature at 4 PM, whereas models that have
conventional roofs had the highest temperature at 3 PM (Figure 11). These results indicates
that green roofs maintain a lower indoor temperature within buildings during the hottest time
of a day.

Average Indoor Temperature (C°)

45
40
35
30
25

20
15

10
5

0

Time
Small Model Black Roof

Small Model Green Roof

Big Model Black Roof

Big Model Green Roof

Figure 11. Average indoor temperature of physical models during the 54 warmest days.

Building compactness and roof materials also affected different fluctuations of indoor
temperature during a day. Low compactness and green roofs caused low fluctuations of indoor
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temperature during a day, whereas low compactness and black roofs caused high fluctuations
of indoor temperature during a day. The average indoor temperature fluctuation of the Small
Black model was 23.1°C, whereas the Small Green model had the average indoor temperature
fluctuation of 14.5°C during a day. The indoor temperature fluctuation of the Big Black model
was 22.3°C and the Big Green model had the indoor temperature fluctuation of 18.1°C during
a day (Figure 12). These results indicate that green roofs have better insulation to maintain
indoor temperature than conventional roofs.

Indoor Temperature Fluctuation
during a Day (C°)

25
20
15
10
5
0
Small Black

Small Green

Big Black

Big Green

Models

Figure 12. Indoor temperature fluctuation of each model during a day.

Differences of indoor temperature during daytimes between physical models were the
most critical part of this experiment. Because the relationship between building compactness
and differences of indoor temperature with green roof installation was the criteria to determine
the most effective buildings to install green roofs in Harrisburg. Figure 13 shows that the indoor
temperature differences between the Small Black model and the Small Green model are higher
than the indoor temperature differences between the Big Black model and the Big Green model.
The Small Green model reduced indoor temperature up to 8.1°C more than the indoor
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temperature of Small Black model, whereas the Big Green model reduced indoor temperature
up to 4.6°C more than the indoor temperature of the Big Black model. These results illustrate
that less compact buildings can reduce indoor temperature greater than more compact buildings

6.0
4.0
2.0

0.0
-2.0
-4.0
-6.0
-8.0

11:00 PM

10:00 PM

9:00 PM

8:00 PM

7:00 PM

6:00 PM

5:00 PM

4:00 PM

3:00 PM

2:00 PM

1:00 PM

12:00 PM

11:00 AM

10:00 AM

9:00 AM

8:00 AM

7:00 AM

6:00 AM

5:00 AM

4:00 AM

3:00 AM

2:00 AM

1:00 AM

-10.0

12:00 AM

Different Indoor Temperature between
Green Roof and Black Roof models (C°)
(Green Roof - Black Roof)

when buildings have the same green roof areas.

Time
Small Model

Big Model

Figure 13. Different indoor temperature between the model that has a green roof and the model
that has a black roof. The Small Model means models that have low compactness and the Big
Model means models that have high compactness. Small Model = Indoor temperature of the
Small Green model – Indoor temperature of the Small Black model. Big Model = Indoor
temperature of the Big Green model – Indoor temperature of the Big Black model.

5.4.2 Comparison of Two Days
This study assessed the effects of green roofs and building compactness on building
indoor temperature after installing green roofs. The purpose of this assessment was to find
which factors have the greatest effects on indoor temperature reduction with green roofs. The
two days that had the highest and lowest indoor temperatures were selected to assess this
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objective. During 54 warmest days, July 1st had the hottest indoor temperatures and August
16th had the coldest indoor temperatures. Table 23 shows the indoor temperature of four models
on July 1st and August 16th. Indoor temperature of the Small Black model was 44.1 ºC at 2 PM
on July 1st, whereas indoor temperature of the Small Black model was 36.3 ºC at 2 PM and 3
PM on August 16th. The peak indoor temperature of the Small Black model at 2 PM on July 1st
was 8.2 ºC higher than on August 16th. Other models also had differences of indoor temperature
from 6.7 ºC to 8.8 ºC between 11 AM and 4 PM on July 1 st and August 16th.

Table 23. Indoor temperature of four models on July 1 st and August 16th. July 1st had the hottest
indoor temperature. August 16th had coldest indoor temperature in selected 54 warmest days.
Small Black (ºC)
Hottest Coldest
Date
7-01
8-16
41.3
32.7
11:00 AM
42.1
33.3
12:00 PM
43.2
34.6
1:00 PM
44.1
35.9
2:00 PM
44.0
36.3
3:00 PM
44.2
36.3
4:00 PM
Models

Small Green (ºC)
Hottest Coldest
7-01
8-16
33.7
26.2
34.1
26.7
34.6
27.4
35.7
28.5
36.0
29.3
36.9
30.0

Big Black (ºC)
Hottest
Coldest
7-01
8-16
40.0
33.2
41.2
33.7
41.9
34.3
42.9
35.6
42.7
35.8
43.2
36.0

Big Green (ºC)
Hottest Coldest
7-01
8-16
35.0
26.7
36.5
28.9
37.0
29.8
38.1
31.0
38.8
31.9
39.9
32.6

Although big models had hotter indoor temperatures on July 1st than August 16th (Table
23), the Big Green model reduced similar indoor temperatures by an average of 4.5 ºC (Table
24). The small models also had hotter indoor temperatures on July 1st than on August 16th, and
the Small Green model reduced similar indoor temperatures by an average of 7.4 ºC. These
differences of reduced indoor temperatures by green roofs between big models and small
models show the relationship between building compactness and indoor temperature reduction.
The Small Green model reduced indoor temperatures by an average of 2.9 ºC more than
reduced indoor temperatures of the Big Green model. These results indicate: (1) green roofs
had similar reduction of indoor temperature on warm days regardless of models’ indoor
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temperatures and (2) by installing green roofs, indoor temperatures of the building that has low
compactness are reduced more than indoor temperatures of the building that has high
compactness. Thus, this study concluded that indoor temperature reduction from green roof
installation is affected more by building compactness than existing indoor temperature of
buildings before installing green roofs.

Table 24 Indoor temperature differences of Small Models and Big Models. Small Models
indicate less compact models and Big Models indicates more compact models.

Date
11:00 AM
12:00 PM
1:00 PM
2:00 PM
3:00 PM
4:00 PM

Temperature Differences between Models
of Green Roofs and Black Roofs
Small Models
Big Models
Hottest Day
Coldest Day
Hottest Day
Coldest Day
(7-01)
(8-16)
(7-01)
(8-16)
-7.6
-6.5
-5.0
-6.5
-8.0
-6.6
-4.7
-4.7
-8.6
-7.2
-4.9
-4.5
-8.4
-7.3
-4.8
-4.7
-7.9
-7.0
-3.9
-3.9
-7.3
-6.3
-3.4
-3.3

5.5 Selection of Buildings in Harrisburg
The NPV assessment showed that energy savings are the most effective benefits of
green roofs. The experiment using four physical models to assess the relationship between
green roofs and indoor temperature showed that less compact buildings had a greater reduction
in indoor temperature in comparison with more compact buildings after installing green roofs.
These two results show that building compactness impacts energy usage and energy savings in
buildings. With these results, building compactness can be the fundamental criteria to select
buildings that would reap the most benefit from the installation of green roofs. This study
calculated the building compactness of 43 roofs of 23 buildings in Harrisburg by using 3D
models that were created by Google SketchUp 8 to mearsure width, length, and height.
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Table 25 shows roof areas, building compactness, construction costs of green roofs, and
hypothetical investment costs of Harrisburg. The eight scenarios were made to select buildings
to install green roofs on 43 roofs areas depending on investment costs of the city. Buildings in
Table 25 are ordered from low to high values of building compactness. Construction costs of
green roofs were calculated by using 43 roofs areas. Investment costs were classified into
$50,000, $100,000, $300,000, $500,000, $700,000, $1,500,000, $2,000,000, and $2,150,000.
If the city has a budget of $50,000 for the installation of green roofs, the first four roofs, which
are Towne House Apartments 3, Residences on Market 2, Jackson-Lick Tower A 1, and
Jackson-Lick Tower B 1, are more economical to install green roofs than the other 39 roofs. If
the city has a budget of $500,000 for the installation of green roofs, the city will have more
cost-benefits from installing green roofs on the first 26 roofs of the 43 roofs listed in Table 25
than the other 17 roofs. This table can help planners of the city to select buildings to install
green roofs.
Table 25. Selecting buildings to install green roofs by using investment costs.
Name
Towne House
Apartments 3
Residences on Market 2
Jackson-Lick Tower A 1
Jackson-Lick Tower B 1
Jackson-Lick Tower A 2
Jackson-Lick Tower B 2
Crown plaza Hotel 3
Crown plaza Hotel 4
Pennsylvania Place
Market Square Garage
Crown plaza Hotel 5
Towne House
Apartments 2

Roof area

Compactness

Construction Costs

692.22

1.1

$22,705

148.92
381.05
381.05
441.56
441.56
210.6
210.6
952.5
2126.02
469.8

1.11
1.13
1.13
1.14
1.14
1.2
1.2
1.3
1.32
1.34

$4,885
$12,498
$12,498
$14,483
$14,483
$6,908
$6,908
$31,242
$69,733
$15,409

856.52

1.42

$28,094
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Investment Costs

$50,000

$100,000

Name
Residences on Market 1

Roof area
416.1

Construction
Investment
Costs
Costs
1.53
$13,648

Compactness

Riverview Manor 1

564.57

1.59

$18,518

Riverview Manor 2

564.57

1.59

$18,518

Market View Place
Northwest Office
Building 1
Northwest Office
Building 2
Dauphin County
Courthouse 2
Dauphin County
Courthouse 3
Penn National Tower 1

364.17

1.62

$11,945

551.88

1.65

$18,102

551.88

1.65

$18,102

413.91

1.72

$13,576

413.91

1.72

$13,576

205.45

1.78

$6,739

Penn National Tower 2

205.45

1.78

$6,739

Penn National Tower 3

205.45

1.78

$6,739

Penn National Tower 4

205.45

1.78

$6,739

North Office Building

756.84

1.8

$24,824

South Office Building

756.84

1.8

$24,824

Eastgate Center

2639.8

1.8

$86,585

1974.01

1.88

$64,748

568.83

2.01

$18,658

1832.8

2.04

$60,116

23138.26

2.12

$758,935

494.78

2.26

$16,229

953.47

2.32

$31,274

361.1

2.33

$11,844

3216

2.37

$105,485

417.62

2.46

$13,698

5909.76

2.67

$193,840

2103.96

2.84

$69,010

2445.24

3.04

$80,204

1290.55

3.16

$42,330

1654.47

3.23

$54,267

1654.47

3.23

$54,267

1429.7

3.37

$46,894

Bertolino Building
Labor and Industry
Building 2
Towne House
Apartments 1
Commonwealth of
Pennsylvania
Pennsylvania Judical
Center
Labor and Industry
Building 3
Crown plaza Hotel 1
Strawberry Square
Crown plaza Hotel 2
Benjamin franklin
elementary school
Health and Welfare
Building
Keystone Building 1
Dauphin County
Courthouse 1
Keystone Building 2
Keystone Building 3
Labor and Industry
Building 1
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$300,000

$500,000

$700,000

$1,500,000

$2,000,000

$2,150,000

The NPV of a 4% interest rate for investment costs of $300,000 to construct green roofs
was assessed because the mortgage interest rate on August 27th, 2014, was 4.2%
(bankrate.com). Table 26 summarizes the results of the NPV assessment when Harrisburg
invests $300,000 for constructions of green roofs. This scenario suggests that fifteen (15) roofs
of the 43 roofs of 23 buildings have cost-benefits after 8 years from installing green roofs.
Among the methods to calculate cost-benefits of green roofs, the Energy (kWh) has a positive
NPV.

Table 26. The NPV assessment of a 4% interest rate after 50 years when investment costs for
green roof installation are $300,000 in Harrisburg.
Investment Costs to Construct Green Roofs

Selected Buildings

Energy Savings
UHI Reduction
Air Quality Increase
Stormwater Runoff Reduction
Total Cost-Benefits

$300,000

15 buildings
(Towne House Apartments 3 Residences on Market 2 JacksonLick Tower A 1, Jackson-Lick Tower B 1, Jackson-Lick Tower A
2, Jackson-Lick Tower B 2, Crown plaza Hotel 3, Crown plaza
Hotel 4, Pennsylvania Place, Market Square Garage, Crown plaza
Hotel 5, Towne House Apartments 2, Residences on Market 1,
Riverview Manor 1, Riverview Manor 1)
Energy (Cost)
Energy (kWh)
Energy (U-value)
UHI (kWh)
Air (NOx Min)
Air (NOx Max)
Air (Pound)
Stormwater (Public)
Green (Total Min)
Green (Total Mid)
Green (Total Max)

-$242,959
$50,432
-$211,751
-$299,778
-$256,279
-$14,622
-$157,713
-$48,033
$127,291
$257,065
$662,340

Figure 14 shows the NPVs of total cost-benefits and each cost-benefit during a period
of 50 years. The Green (Total Min) method has a positive NPV after 24 years and the Green
(Total Max) method has a positive NPV after 8 years. This result indicates that the installation
of green roofs on fifteen (15) roofs with construction costs of $300,000 has a positive NPV at
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least within 24 years. Among methods to calculate each cost-benefit, the Energy ( kWh) method
has a positive value of cost-benefits after 34 years. The Energy (kWh), Air (NOx Max), and
Stormwater (Public) methods have cost-benefits in comparison with renovation and
maintenance costs of conventional roofs after 50 years.

(1) The NPV assessment for total cost-benefits

(2) The NPV assessment for each cost-benefit
Figure 14. The NPV assessment of a 4% interest rate for investment costs of $300,000 in
Harrisburg for green roof installations.
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CHAPTER 6: Discussion
Building compactness was the fundamental criteria to select buildings upon which to
install green roofs. In order to assess the relationship between building compactness and green
roofs, this study evaluated two objectives. First, this study analyzed five cost-benefits of green
roofs, which included energy savings, increasing air quality, mitigating the UHI effect, and
reducing stormwater, depending on the life span of green and conventional roof. These five
benefits were generally calculated as monetary values in other studies (Blackhurst et al. 2010;
Clark et al. 2008; Cummings et al. 2007; Liu and Baskaran 2005; Mentens et al. 2006; Sonne
2006). The NPV assessment for these cost-benefits of green roofs showed that energy savings
are the most effective benefit of green roofs. Second, this study conducted an experiment using
four physical models. The experiment showed two significant results: (1) less compact physical
models reduced more indoor temperature by installing a green roof compared to more compact
physical models, and (2) indoor temperature reduction of models with green roofs was affected
by building compactness more than by existing indoor temperature before green roof
installation. Based on these two results, this study concludes: (1) energy savings are the most
effective benefit of green roofs and (2) building compactness is the main factor to affect indoor
temperature fluctuation and energy uses in buildings. Thus, less compact buildings with green
roofs have more cost-benefits than more compact buildings because less compact buildings
reduce indoor temperature greater than more compact buildings with green roof installation.
These results were used to select buildings that have more cost-benefits from installing green
roofs.
6.1 Cost-Benefits
Cost-benefits from energy savings were assessed by using three calculation methods.
The Energy (Cost) and Energy (kWh) methods used only roof areas, but the Energy (U-value)
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method used wall areas as well as roof areas. The Energy (Cost) method used the general
concept that green roofs can reduce cooling energy by 25%, and this method calculated the
lowest cost-benefits among three energy saving methods. Although the Energy (Cost) method
is not an accurate assessment, the results of this calculation method suggested general costbenefits from energy savings with green roof installation. The Energy (kWh) method used the
results of Liu and Baskaran (2005), where they found green roofs can reduce by more than 5.5
kWh/day of cooling energy in summer. This study applied electric costs of Harrisburg to
calculate this method. The result of this method had the highest cost-benefits than other costbenefits and showed that energy savings can be the most effective cost-benefit by installing
green roofs. The Energy (U-value) method used different U-values of green and conventional
roofs. Decreased U-value with green roof installation causes an increase in insulation of roofs
and a decrease in energy uses of buildings (ASHAE 2001; Byrne and Ritschard 1985; Niachou
et al. 2001). U-values of conventional roofs and walls were derived from the study of Pisello
et al. (2012). The changed U-value of roofs after installing green roofs was derived from
Niachou et al. (2001). In order to calculate this method, a new calculation equation was devised
that was referred to as the “Green Roof Contribution Rate (GRCR).” The GRCR was a useful
equation to calculate attribute rates of green roofs on energy savings in buildings. Although
this study used the same U-value on each wall, future studies can use the GRCR for detail
analyses of effects of green roofs on energy savings by using different U-values of each wall.
Green roofs reduce the UHI effect by reducing air temperature (Dunnett and Kingsbury
2008; Taha et al. 1999). This study focused on reducing electric costs by UHI reduction after
installing green roofs. The results of this study showed that UHI reduction has the lowest costbenefits in four cost-benefits of green roofs. However, UHI reduction can have more costbenefits from other factors including greenhouse gas (CO 2) reduction (Blackhurst et al. 2010).
57

This study did not calculate cost-benefits of UHI mitigation that were caused from greenhouse
gas reductions. Applying the benefits of greenhouse gas reductions will cause more costbenefits from reducing UHI with green roofs than calculated cost-benefits in this study.
Reducing air pollution had high cost-benefits in the results of this study. The Air (NOx
Max) method resulted in more cost-benefits than the Stormwater (Public) method. Although
this study calculated NOx reduction, green roofs can reduce nitrous acid as well as sulfur
dioxide (Yok Tan and Sia 2005). Another method to calculate reduction of air pollution used
reduced airborne particles by green roofs. This Air (Pound) method derived from the results of
the GRNY research report and calculated more cost-benefits than the Energy (U-value) method.
Peck and Kuhn (2003) had a similar suggestion that 10 m2 of green roofs can reduce 2 kg of
dirt per year. This Air (Pound) method showed that air pollution reduction is the one of main
benefits of green roofs.
Stormwater reduction resulted in high cost-benefits in this study. Cost-benefits from
reducing stormwater runoff can be classified into private benefits and public benefits (Portland
2008). However, this study did not calculate private benefits because the sewer rate of
Harrisburg does not contain stormwater rates. If residents in Harrisburg pay 15% of this sewer
rate as a stormwater rate, they can have private benefits by reducing stormwater runoff after
installing green roofs. Their cost-benefits can be calculated by using two concepts: (1) green
roofs can reduce runoff by an average of 50% (Mentens et al. 2006) and (2) stormwater market
value of Harrisburg is $6.610/Kgal. Mentens et al. (2006) collected and analyzed German
studies regarding green roof runoff measurements and found that extensive green roofs can
reduce stormwater runoff by an average of 50%. The sewer rates of city residents in Harrisburg
is $6.610 per 1,000 gallons of flow. Stormwater rates of Harrisburg can be 15% of $6.610 per
1,000 gallons and these stormwater rates are used to calculate private benefits from green roofs.
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Annual private cost-benefits from the reduction of stormwater is calculated by
Annual cost-benefits from reducing stormwater
= Roof area (m2) × Annual precipitation (m) × 50% × ($6.610/Kgallons × 15%) × (1 Kgallons
/ 3.7854m³)

(19)

Although this study did not apply this equation to calculate private benefits of green roofs by
reducing stormwater runoff, cities that have stormwater rates can assess private benefits by
using Equation 17.
6.2 Cost-Benefits of Energy Savings and Reducing Stormwater Runoff
Four cost-benefits of green roofs were calculated based on a one-year period. The
calculation for energy savings and air quality increase used three calculation methods, and the
UHI reduction and stormwater runoff reduction used one calculation method. The results of
these calculations concluded that energy savings have the highest cost-benefit than other
benefits (Figure 9). However, Blackhurst et al. (2010) indicated that cost-benefits of reducing
stormwater are higher than energy savings by installing green roofs. They analyzed costbenefits when conventional roofs of 200,000 ft 2 are replaced by green roofs. In order to
calculate cost-benefits of stormwater, they used the market values of stormwater from Fisher
et al. (2008). Their results showed that green roofs can save $1,500,000 by reducing stormwater
runoff, whereas direct energy savings were $390,000. They suggested that reducing stormwater
runoff has more cost-benefits than energy savings after installing green roofs. Their calculation
for cost-benefits from reducing stormwater runoff can be summarized by

Cost-benefits of stormwater (Blackhurst et al. 2010)
= Roof area × stormwater runoff × $2.27/Kgal
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(20)

Cost-benefits of this study can be compared with the results from the method of Blackhurst et
al. (2010). This study assumed that annul precipitation of Harrisburg is 1.041 meters (41.01
inches) (WC 2014). Cost-benefits of stormwater by installing green roofs on 65,574 m2 in
Harrisburg were calculated by

65,574 m2 × 1.041 m × $2.27/Kgal × (1 Kgal / 3.7854m³) = $40,935

(21)

In this equation, 3.7854m³ indicates the coefficient to transfer unit of Kgallon to m³. Figure 15
shows that energy savings that were calculated by the Energy ( kWh) and the Energy (U-value)
methods have higher cost-benefits than cost-benefits from reducing stormwater that were
calculated by the method of Blackhurst et al. (2010). Even if the method of Blackhurst et al.
(2010) was applied to compare cost-benefits of green roofs in this study, energy savings have
more cost-benefits than reducing stormwater runoff.

Figure 15. The comparison of cost-benefits between the methods of this study and the study of
Blackhurst et al. (2010).
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6.3 2D and 3D Method
Most studies used 2D roof areas to analyze cost-benefits after installing green roofs.
However, this study used 3D building information to calculate energy savings and building
compactness.
This study used eight (8) calculation methods to calculate cost-benefits of green roofs.
Among the methods to calculate cost-benefits of green roofs, the Energy (U-value) method
used 3D building information. The GRCR equation calculated reduced energy savings in a
building by using different U-values after installing green roofs. This study applied the Uvalues from the results of two studies, Pisello et al. (2012) and Niachou et al. (2001), to the
GRCR. The GRCR provides an easier calculation of energy savings in buildings depending on
insulation rates of buildings and can be used for other buildings in other cities and countries by
applying variable U-values of buildings.
Building compactness was the fundamental criteria to select buildings upon which to
install green roofs. Calculations of building compactness required 3D building information,
surface areas and volumes of buildings. This study used a simple equation to calculate building
compactness by using the studies of Gratia and Herde (2003) and Straube (2012). Although
this study selected buildings that have simple shapes and used a simple equation of building
compactness, building compactness of complex buildings can be calculated by using the
relative building compactness (Pessenlehner and Mahdavi 2003; Parasonis et al. 2012).
The Google SketchUp 8 software was used to model 3D buildings and to extract 3D
information for the buildings. The Google SketchUp 8 software is the useful tool to model 3D
buildings and allows users to make 3D models within a few minutes by using that software
(Peterson et al. 2012). Although this study used the Google SketchUp 8 software to model 3D
buildings, the City of Harrisburg can easily extract 3D information of their buildings by using

61

3D aerial images. Harrisburg has 3D aerial images that contain width, length, and height
information for the buildings. These 3D aerial images can help planners make decisions easily,
such as the installation of green roofs, without making 3D building models.
6.4 Physical Models
Buildings that have low compactness require more of a heating load than buildings
that have higher building compactness during winter. Thus, more compact buildings caused
lower costs for energy demand (Gratia and Herde 2003). This study conducted an experiment
to evaluate the relationship of building compactness and indoor temperature reduction after
installing green roofs based on the results of Gratia and Herde (2003). This study built four
physical models to assess effects of green roofs on (1) indoor temperature fluctuation during a
day and (2) indoor temperature reduction depending on building compactness.
The assessment of effects of green roofs on indoor temperature fluctuation during a
day showed that green roofs increase insulation of buildings. Models with green roofs had
lower indoor temperature fluctuations during a day than models with conventional roofs.
Indoor temperature of models with green roofs were lower than models with conventional roofs
during day times and higher during night times. These results were similar to the results of
Niachou et al. (2001).
The assessment of effects of green roofs on indoor temperature reduction depending
on building compactness showed that less compact models reduced indoor temperatures of an
average 9.5°C with green roofs, whereas more compact models reduced indoor temperature of
4.5°C with green roofs. This experiment clearly illustrated a significant result that less compact
buildings are more effective at reducing indoor temperatures with green roof installation than
more compact buildings. Green roofs increase building insulation and give benefits of energy
savings. Building shapes are related to the heating load in buildings (Gratia and Herde 2003).
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6.5 Building Selections
Selecting buildings upon which to install green roofs was the main purpose of this study.
Buildings were selected by their compactness and eight investment scenarios. Investment costs
were $2,150,000 to construct green roofs on 43 roof areas of 23 buildings in Harrisburg.
However, $2,150,000 is a lot of money to invest in installations of green roofs. Eight
investment scenarios can resolve this problem by dividing costs. The lowest investment cost in
the eight scenarios was $50,000, which can install green roofs on 4 roof areas. Investment costs
of $300,000 were appropriate to install green roofs of 8857 m2 on 15 roof areas. The NPV
assessment of investment costs of $300,000 showed positive and negative NPVs of total costbenefits and each cost-benefit of green roofs. The results of this NPV assessment suggested
that investment costs of $300,000 to install green roofs can have cost-benefits at least after 25
years and as early as after 8 years. Although this study made eight scenarios and assessed the
NPV of investment costs of $300,000, the city planners can make detailed investment scenarios
depending on city budgets to install green roofs.
6.6 Limitations
The calculation to assess energy savings by using U-values used 3D building
information was more complex than other calculations. Buildings have different U-values
depending on their location, wall’s directions, materials and many other factors (ASHAE 2001;
Byrne and Ritschard 1985). However, this study used the same U-values of external walls and
conventional and green roofs respectively. In order to apply different U-values depending
variable types of walls and roofs, detailed data of a building’s architectural information would
be needed for future studies.
Comparing four physical models showed a significant effect of building compactness
on indoor temperature of buildings. However, physical models have limitations on how well
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they represent real building conditions. Physical models were built by using wood materials,
whereas real buildings consist of variable materials such as brick, concrete, and gypsum
(Pisello et al. 2012). Scaling models also had limitations. It is very difficult to accurately
account for the ratio of green roof depth of the experiment model to the real construction
because the accurate ratio experiment depth will be very shallow. The thickness of walls and
roofs made a difference between the experiment model and the real construction.
Indoor temperature of buildings is affected by various factors such as wall heat transfer,
solar radiation through windows, building internal heating, and the ventilation of air (ASHAE
2001; Byrne and Ritschard 1985). However, this study considered and assessed existing indoor
temperature in the models.
Climate was also an important element of the experiment. The rainy and cloudy days
disrupted the experiment because the purpose of this study is to calculate the heat gained
through the green roof. However, data from physical models were successfully collected and
collected data showed significant information.
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CHAPTER 7: Conclusion

Green roofs provide many economic and environmental benefits. However, city
planners or building owners could not easily decide to install green roofs because of higher
installation costs of green roofs than conventional roofs. Criteria for selecting buildings to
install green roofs can be a significant help for city planners. Thus, this study assesses which
buildings in Harrisburg would have the most cost-effective building shape upon which to install
green roofs. By using three-dimensional building information and calculating building
“compaction”, project lifespan cost-benefit data were determined for a selection of buildings
in the downtown area.
Analyses of one-year cost-benefits with green roof installations in Harrisburg were
conducted to calculate the NPV of cost-benefits of green roofs during a period of 50 years and
to find the most effective benefit of green roofs. Many existing and devised equations were
applied to calculate cost-benefits of green roofs. Combinations of these equations provided
easier calculation, and results from different calculation methods were compared. Most prior
studies to calculate cost-benefits of green roofs used only roof areas. However, only using roof
area data has limitations to calculate the cooling energy demand in buildings because the indoor
temperature of buildings is affected by wall areas as well as roof areas. This study calculated
cost-benefits from energy savings with green roof installation by using roof areas as well as
heights of buildings. Three-dimensional building information allowed for the calculation of
energy savings from improved U-values by installing green roofs.
Cost-benefits of installing green roofs on 23 buildings in Harrisburg during a 50 year
period were calculated and compared with maintenance and renovation costs of conventional
roofs. Cost-benefits of green roofs in one year were calculated to analyze cost-benefits during
65

a 50 year period. The NPV assessment analyzed cost-benefits of installing green roofs during
a 50 year period by using three rate scenarios of 3%, 4%, and 5%. This analysis of cost-benefits
confirmed that buildings have the most cost-benefits from energy savings, and energy savings
are the main factor to select buildings to install green roofs.
The experiment with four physical models was conducted from May 26th to August 25th
and assessed the relationship between building compactness and indoor temperature with green
roof installation. The experiment evaluated the important effects of building compactness on
indoor temperature: (1) less compact models with green roofs reduced indoor temperatures
greater than more compact models and (2) indoor temperature reduction is more affected by
building compactness than the existing indoor temperature before installing green roofs. These
two results revealed that building compactness is the main factor affecting indoor temperature
reduction with green roof installation. The experiment also showed that green roofs increase
insulation of buildings.
The results from the experiment with four physical models and the NPV assessment of
cost-benefits of green roofs indicated that buildings with green roofs have the highest costbenefits from energy savings, and building compactness highly affects indoor temperature and
energy uses of buildings after installing green roofs. Based on these results, buildings in
Harrisburg were selected upon which to install green roofs depending on eight investment cost
scenarios. Fifteen (15) roof areas of 43 roof areas on 23 buildings were selected based on the
NPV of a 4% interest rate for green roof construction costs of $300,000. This NPV assessment
showed that replacing fifteen roof areas with green roofs can have cost-benefits at least 25
years later.
U-values are a significant heat co-efficient to calculate energy use in building. Many
parts of buildings can have a wide range of U-values. However, this study did not use detailed
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U-value calculations, but instead used the same U-values for external walls and conventional
and green roofs respectively. Another limitation was the difference between the physical
models and real buildings. Realizing real building conditions with physical models was
difficult because of variable construction materials and building locations. Also, data during
cloudy days were not good for this study. Despite these limitations, this study effectively shows
cost-benefits of green roofs in comparison with conventional roofs and the relationship
between building compactness and indoor temperature with green roof installation. Although
the study area is confined to the City of Harrisburg, calculation methods of this study can be
applied to other cities by changing baseline information such as energy costs, climate data, and
impervious surface data. This study is an important step in suggesting the most cost-efficient
buildings for green roof installation in cities around the world. Future studies should include
calculations of energy savings of green roofs with detailed U-values and variable factors that
affect indoor temperatures. Comparing variable calculations for cost-benefits of green roofs
will be needed because many equations can be devised with new relationships between green
roofs and environmental resources. Thus, continued studies contribute to more accurate costbenefits of green roofs and lead to increased green roof installations in cities.
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