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Abstract

A widespread recognition and growing literature of
simulated and empirical data exist that suggests that green
roof improves building energy efficiency through its
various mechanisms. A comprehensive literature review
previously carried out showed significant energy saving
figures ranging from 12 to 60%. On the contrary, a
simulation study on green roofs conducted in this research
showcases negligible energy-saving figures. It was
observed that the insignificant results were due to high R-
values of the original roof assembly. This study, therefore,
performs optimization to obtain the best set of green roof
design parameters that could maximize its energy savings
on a well-insulated conventional roof. But the
optimization was only able to achieve maximum energy
savings ranging from -4.4 to 2.77%. With marginal
energy savings, green roofs may be perceived as a costly
investment with high installation and operation costs.
This research thus presents the other more beneficial
aspects of green roofs as key factors in establishing it as a
sustainable measure by performing a cost-benefit analysis
(CBA). It demonstrates that green roofs may be limited in
energy savings performance, but can outperform
conventional roofs from an ecological and social point of
view.

Key Innovations

o Dismissal of the familiar notion presented by previous
studies that green roofs are energy-efficient
techniques, as the reviews were found misleading in
terms of their energy improvement potential.

e Addressing the research gap: the low prospects of a
green roof in reducing energy consumption on a well-
insulated roof assembly based on contemporary codes
& standards, even with the optimized design
parameters.

o Identification of investigations that presented energy
savings with minimal experimental contexts that
scarcely mention the thermal properties of insulation,
as well as other relevant factors.

Practical Implications

This research aims to explore the feasibility of green roofs
in terms of design, energy performance, and cost
collectively, and thus will allow industry professionals to
make informed design decisions based on the climate
zones and different end uses intended for the installation
of green roofs. It will also make the practitioners

cognizant of the importance of insulation in evaluating the
thermal performance of the green roofs.

Introduction

The ever-increasing global population has led to intensive
urbanization, and it has been estimated that by 2050, the
percentage of urban population will reach 66% (Floater,
et al., 2014). This trend has led to a surge in urban
temperature and is one of the major contributors to
climate change. A large percentage of global energy
demands and carbon emissions can be attributed to the
building sector (La Roche & Berardi, 2014). Many
sustainable practices have therefore evolved as remedial
measures to solve these serious environmental issues.

Green Roofs have been presented as one such
sustainability design measure which can help in
mitigating the above-posed problems. A significant
amount of published literature exists which has
investigated the thermal performance of a green roof
under various climatic conditions. These studies
displayed quite encouraging results of energy savings by
green roofs and served as a motivation to carry out a
simulation study to quantify the thermal performance of
green roofs. But the simulation study showed contrasting
results when compared with the above findings. These
contrasting results were due to the high R-value of the
base roof assembly which brought into notice the
significance of a key parameter, insulation, which majorly
impacts a green roof’s performance. This study, thus,
proposes that green roofs are not effective measures for
reducing energy consumption if the base roof is well
insulated and has a high R-value. Therefore, their
deployment should be assessed based on not just their
energy savings feature, but their other beneficial aspects
such as improved air quality, carbon sequestration
potential, extended roof lifespan, storm-water
management, noise attenuation and reduction of urban
heat islands.

Literature Review

Various research papers focusing on the energy
performance of green roofs were reviewed, out of which
the following four have been presented. These papers
showcase that even with the chronological evolution of
green roof studies, most of them missed important factor
i.e. insulation, that majorly contributes to the overall
mechanism and performance of green roofs. A thorough
study of each of these papers helped in understanding the
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conditions and the settings under which these
investigations were performed, and what parameters
contributed to producing large energy-saving figures.
These factors have been singled out to provide support to
the contrasting results produced in this study.

1. The effects of rooftop garden on energy consumption
of a commercial building in Singapore (Wong N. H.,
et al., 2003): The paper studied the effects of a green
roof on annual energy consumption and cooling load
on a five-story hypothetical commercial building in
Singapore. It was expected that Singapore, being
warm and humid would experience very less energy
savings due to less rate of evapotranspiration
(Mahmoodzadeh, Mukhopadhyaya, & Valeo, 2020).
Energy simulations were carried out on different types
of roofs such as 100% turfing, 100% shrubs, and
100% trees. The results were compared with the
baseline case of the exposed roof with no vegetation.
Amongst the three types of plants, the roof covered
with shrubs showed the most significant amount of
reduction in energy consumption of 29 MWh (15%).
Further study showed that the 15% savings in energy
were due to low R-value in the base case of the
exposed roof with no vegetation. The equivalent R-
values of the roof assembly of the base case and green
roof installation were assumed as 0.416 m?K/W and
2.216 m?K/W which indicates the poor insulation
levels of the base case. Whereas the Building and
Construction Authority of Singapore mandates a
minimum R-value of 0.833 m?K/W for heavyweight
and 2 m?K/W for lightweight roof construction in
conditioned buildings. (SINGAPORE, 1986)

2. Investigating and analyzing the energy and
environmental performance of an experimental green
roof system installed in a nursery school building in
Athens, Greece  (Santamouris, et al., 2007): This
paper used a simulation approach using TRNSY'S to
investigate the thermal efficiency of a green roof
system installed in a school building in Athens. A
series of simulations were performed for two cases of
a reference building: insulated and non-insulated.
Scarce information has been given relating to the
thermal properties of the insulation used for
simulation purposes, which makes it difficult to assess
the range of benefits of a green roof system. The
results claim strong figures of cooling load reduction
for non-insulated (15-49%) and insulated (6-33%)
buildings. Though the study does not find significant
reductions in heating loads for both cases, it still
regards the results as encouraging since it assumes
that any attempt at reducing the cooling load hampers
the heating load variation by increasing it. In fact, the
insulated case shows contrasting results with an
increase in the heating load if a green roof is installed
on an insulated building. Whereas previous studies
present opposing results for the heating season
(Niachou, 2001) (Castleton H. F., 2010). Apart from
this, if we examine absolute values of energy for both

the before and after green roof installation on an
insulated roof, the percentage figures appear
exaggerated, as the absolute value of energy savings
lies between 0.4-0.8 KWh/m?,

. Experimental measurements and numerical model for

the summer performance assessment of extensive
green roofs in a Mediterranean coastal climate
(Olivieri, Di Perna, D’Orazio, Olivieri, & Neila,
2013): This paper carried out an experimental study
on an extensive green roof to evaluate the thermal
performance of green roofs in a Mediterranean climate
zone specifically in the summer and exhibited that the
vegetation on the experimental roof helped in
reducing thermal gain by 60%. This result was
validated for a roof that was heavily insulated with an
R-value of 4.166 m?K/W. The results were in
contradiction with most of the previous research
findings (Niachou, 2001) (Castleton, 2010) which
point out that high insulation values are
disadvantageous for green roof performance in the
cooling period as the insulation traps the heat inside
by minimizing the outgoing heat flux. Whereas this
study displayed opposing findings on an experimental
roof with EPS (expanded polystyrene) insulation of
12cm thickness and thermal conductivity of
0.035W/m K. It demonstrated that the roof covered
with dense vegetation discharges more heat instead of
absorbing it, and reduces the energy entering the
internal environment by 60%. But it should be
mentioned that a reduction in the incoming heat flux
might not translate into the equivalent magnitude of
reduction in energy consumption considering the heat
transfer from other parts of the building envelope and
via air infiltration. The high values of insulation will
prevent the upward flow of heat gained by wall
transmission, infiltration, and internal heat gains,
consequently entrapping it in the interior spaces
thereby increasing the cooling load. The same output
has been validated by a study carried out by K. Lui
and J. Minor, which reports that the substantial values
of insulation, though help in reducing heat flux, do not
proportionally help in reducing the internal air
temperature (Liu, 2005).

. A multi-criteria methodology for comparing the

energy and environmental behavior of cool, green, and
traditional roofs (Gagliano, Detommaso, Nocera, &
Evola, 2015): This study represents a comparative
analysis of the energy performance of three roof
typologies i.e. a standard roof, a cool roof and a green
roof in Mediterranean climate through a series of
dynamic energy simulations using EnergyPlus. These
roofs were subjected to a variable parameter of
insulation thickness and thus ten different roof
configurations were formed for investigation. The
standard roof of the reference building was assumed
as a 25 cm thick RC slab with no insulation. (U-value-
2.6 W/m?K). Results were collected for three
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scenarios of green roofs and cool roofs each, with a
stepwise increase in the insulation thickness and thus
the R-value of the assembly. These results, when
compared with the baseline of the standard roof with
no insulation, showed a range of 16-37% of savings in
heating and approximately 85% savings in cooling,
which might be perceived positively. But when
compared with a well-insulated roof (R-Value: 5.0
m2K/W), these figures drop down to negative values
for heating and 4-5% for cooling. With such low
energy savings and high installation and maintenance
costs, the energy-saving potential of green roofs does
not seem conducive enough for their deployment for
energy savings alone.

A review of the above research papers provides a deep
understanding of the factors that have been missed out in
concluding the results about the thermal efficiency of
green roofs. The observations and comments made above
were substantiated by the simulation study on the
commercial benchmark buildings developed by the U.S.
Department of Energy (DOE) (Office of Energy
Efficiency & Renewable Energy, 2011), the methodology
of which is presented in the following section.

Methodology

This section describes the research methodology
undertaken in this study. The energy simulations of green
roofs have been carried out in combination with the
optimization process.

Preliminary Simulation with Sensitivity Cost- Benefit
Simulation optimization Analysis Analysis
Botmbaton ol
Simulation green roof parame- Studying of impact
+ With conventional | | ters || of greenroof param- | | « Green Roof Costs ¢
roof(EUL,) - LAL eters on cooling & + Green Roof Bene-
« With green roof(EUL,) « Plant Height heating loads. fits
+ Leaf Reflectivity
G EUL2E0L) + Leaf Emissivity
« Soil Depth
Y Net Present it
N - @ - GanOpt Jmp

Figure 1:Experiment Workflow

Figure 1 represents the experiment workflow which is
arranged as follows:

e The initial simulations were carried out to compare the
energy consumption for two scenarios: a conventional
roof and a green roof. The simulations were performed
in EnergyPlus. The Energy Use Intensities (EUI) of
both scenarios demonstrated the performance of the
green roof in a particular climate zone.

o If the green roof performed better for that climate
zone, the optimization process was conducted to
achieve minimum thermal loads by varying the
selected parameters.

e Based on the specified constraints on the design
variables, the optimization process generated results
for the various combinations of variable values.

e The iteration results for each combination were
compiled and used as an input for sensitivity analysis
to be carried out in a statistical analysis tool-JMP.

e The maximized energy savings were converted into
capital values along with the other benefits of the
green roof to estimate their net present value.

Simulation Model

Green roofs were modeled on the reference medium and
small-sized office buildings developed by the US DOE.
They provide a common benchmark for commercial
building research and help in providing consistency
throughout different modeling approaches. The objective
of taking different building heights was to study the
impact of roof-envelope ratio. It has been suggested by
most of the previous studies that single-storey buildings
show a higher percentage of energy savings compared to
two or three storey structures (Martens, Bass, & Alcazar,
2008). These reference buildings were modeled for new
construction and complied with ANSI/ASHRAE/IESNA
Standard 90.1-20109.

Our study used Sailor’s model integrated with EnergyPlus
for performing energy simulations. The analysis of this
model was based on FASST (fast all season soil strength)
model developed by Frankenstein and Koenig, which
took into account the energy and moisture balance in a
planted soil. This model included the energy budget for
both the foliage & soil layer & considered the sensible and
latent heat flow across the plant and soil layers, exchange
of longwave and shortwave radiation within the canopy
along with the heat storage and conduction through the
soil layer (Sailor, 2008).

Table 1: EnergyPlus simulation settings for medium
office reference building (Office of Energy Efficiency &
Renewable Energy, 2011)

Building Design

Medium Office Reference
Building (New Construction

90.1-2019)
Gross Floor Area 4982m?
Floor Height 12m
Window Wall Ratio 0.33

Available Full Type
Occupant Density

Electricity, Gas
18.58 m?/person

Lighting Load 10.76 W/m?
Equipment Load 10.76 W/m?
Ventilation rate 10L/s/person

HVAC System
Exterior Walls

System Type: MZ-VAV
Construction Type: Steel Frame
R-Value: 1.42 m?’K/W

Roof Construction Type: IEAD
R-value: 5.28 m?K/W
U-Factor: 2.62-5.84 W/m2K
SHGC: 0.25-0.39

The medium sized reference office building had three
floors, whereas the small-sized reference office buildings
were single-storied. The study was carried out for four
climate zones: Arid (Phoenix), Mediterranean (Los
Angeles), Tropical (Atlanta), Temperate (Chicago). The
four climate zones had four different energy models in
EnergyPlus with the same geometry but different system
sizing. The three-storeyed building was divided into 18
zones which were all conditioned except the three plenum
zones on the top of each floor. Cooling was electricity-
based, and heating was both electricity and gas-based in
certain climate zones that were heating-dominated. The
small-sized building was divided into 5 conditioned zones

Window
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and a non-conditioned attic zone. It used electricity for
cooling and natural gas for heating.
Optimization
The objective of this optimization was to obtain a set of
green roof parameters that help in achieving minimum
energy consumption in comparison to the base case of the
conventional roof when no green roof is installed. By
keeping the prescribed insulation values of the roof intact,
the maximum extent of energy savings achieved for high
roof insulation values with optimal design parameters can
be observed. Since the thermal performance of a green
roof was being evaluated, annual energy consumption for
heating and cooling of the reference building taken in the
simulation model was minimized. The simulation settings
for the base case of the conventional roof are specified in
Table 1. The design case incorporated a green roof layer
over the original built-up flat (Insulation Entirely Above
Deck) IEAD roof layer. The independent design
parameters of the green roof used in this optimization
study are mentioned in Table 2. The cost function for
annual thermal energy consumption was formulated as
follows:

Qheat(x) Qcool(x)

E = 1
tot(x) nheat + ncool @

Where,

Etot(x): annual thermal load

Qheat(x): annual heating load

Qcool(x): annual cooling load

n: plant efficiencies for heating and cooling generation
Table 2: Optimization Design Parameters

Design Variables Min. | Max. Type

Plant Height 0.01 0.5 Cont.
Leaf Area Index (LAI) 1 5 Discrete

Leaf Reflectivity 0.1 0.4 Cont.

Leaf Emissivity 0.8 1 Cont.
M'”'Ig"e‘;?;t:;‘(’:?ata' 50 | 300 | Discrete

Soil Depth 0.1 0.3 Cont.

Sensitivity Analysis

This research also aimed to carry out a sensitivity analysis
to study the extent of the impact of various design
variables used in the optimization process, on the thermal
efficiency of a green roof. This study used a statistical
analysis software, JMP, developed by the SAS Institute
for conducting the sensitivity analysis. Standard Least
Squares method in JMP was used to fit the model data.

The effect summary reports were studied to assess various
model parameters and the significance of their effect. P-
values and log worth were the two statistical values that
were used to plot and analyze the significance.

Cost-Benefit Analysis

Cost-benefit Analysis (CBA) helps decision-makers in
making informed choices regarding the implementation
of a policy/project with respect to its investment costs and

revenue generation over a time period. This study
involved the CBA of green roofs, by considering its
investment cost and several benefits it provides. Certain
assumptions were required to define the boundary
conditions of the system. The Net Present Value (NPV)
was used as an evaluation measure for the CBA of green
roofs. Therefore, benefits and costs were expressed in
monetary values. The formula used for this measure is as
follows (Dixon, 2012):

. Be—Ce
NPV =Xte 0 @)

Where,

B: Total benefits in the t(th) year
C: Total costs in the t(th) year

r: Discount Rate

n: Age of green roof

The cash flows in this measure consist of the difference
between the benefits and the costs discounted to the
present value over the time in which they occur. If the
NPV is positive, the project is considered economically
feasible and it will provide more returns over the proposed
time frame than its investment cost.

The scope of this study was limited to the financial and
social CBA. The estimation values and processes were
derived from the regulations, quotes from contractors, and
previous literature. (Shin & Kim, 2019) (Breuning, 2014)
(Nurmi, Votsis, Perrels, & Lehvavirta, 2013).

Evaluation Assumptions

For illustrative purposes, the commercial medium-sized
office building of Chicago, developed by the US DOE
was taken as a reference. As the analysis was specifically
done for the Chicago region, it is stated that the results
might not apply to other buildings and geographical
locations. The following assumptions were made in this
study to facilitate the computation of cost-benefit
analysis.

e A coverage of 75% of the green roof on the base
assembly was assumed.

e Based on the US Federal government mandates, the
discount rate for environmental-related analysis
should lie in a range between 2-5%. A discount rate
of 4% was assumed for this study based on the figures
used in the previous studies (Lilauwala & Gubert,
2014).

e The US inflation rate for the analysis period was
forecasted to average around 2.2% by various US
Federal agencies (Lilauwala & Gubert, 2014) (U.S.
Department of Agriculture, 2020).

e Considering the green roof as a long-term investment,
the life cycle of the green roof assembly was assumed
to be of 50 years.

o Itis assumed that plants can take approximately three
years to fully establish on the growing media to reap
the benefits of green roofs.

e It is assumed that the design of the green roof
considered in this CBA fulfills all the requirements to
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qualify for the specified government-based incentives
and grants.

Results

This section presents the results of the optimization
process, sensitivity analysis, and CBA. Optimization
results are presented for three storey office buildings and
are compared with the results of single storey office
buildings. It can be observed from Figure 2 that Atlanta
shows the highest percentage in energy reduction by the
installation of the green roof, followed by Phoenix and
Chicago. The Mediterranean climate of Los Angeles does
not respond to green roof installation and shows a minute
increased energy consumption.

Optimization Outputs

When we examine independent figures for heating and
cooling for Atlanta in Table 3, it can be observed that the
energy reduction is almost similar, and both show a
reduction trend, which is why Atlanta leads in the energy
savings percentage. The maximum value of Leaf Area
Index (LAI) in the optimized parameters is one of the
factors which leads to a reduction in cooling loads. On the
other hand, low height plants and high insulation both
contribute to a decrease in heating loads. Both plant
height and LAI compete with each other to reduce the
thermal load. However, the marginal reduction values can
be attributed to the high R-value of the roof assembly. A
well-insulated roof acts as a thermal barrier, thus
suppressing the heat dissipation from the indoor space
through the green roof assembly via evapotranspiration.

Table 3: Annual Heating & Cooling Loads for the base
case and optimized case

Loads in Base Opt. Base Opt.
kwWh/m? case Heating Case Cooling
Heating Cooling
Atlanta 11.85 11.50 25.83 25.28
Chicago 39.70 38.32 13.69 14.15
Los Angeles 2.45 2.46 15.71 16.57
Phoenix 9.81 9.46 38.39 38.10

The Mediterranean climate of Los Angeles showed
negative energy savings. Heating and cooling results
show opposite trends and the increase in the cooling load
outweighed the decrease in the heating load. This result is
justifiable because Los Angeles experiences mild winters
with heating loads contributing only 14% to the total
thermal load, which makes the scope of green roofs in
reducing heating energy quite limited. Though, both LAI
and plant height reached their near favourable extremes,
the required thermal gradient for evapotranspiration was
suppressed by high insulation values which caused the
cooling loads to increase.

Chicago shows a reduction of 1.3% in energy
consumption. Though high insulation values helped in
decreasing the heating loads, the high R-value led to an
increase in the cooling loads by 0.46kWh/m2. The net
reduction, thus, with a cooling load increase comes out to
be positive. The optimal parameters for Chicago showed
that both plant height and LAI were attaining less than

average values to allow for solar radiation on the roof
assembly for the reduction in heating load. Substrate
depth was maximized in the optimal solution to improve
upon the insulation properties of the roof. It is also to be
noted that the climate zone of Chicago shows the
maximum pullback in the heating load, out of all the four
climate zones indicating the suitability of green roofs in
heating-dominated climates for the high insulation setting
taken in this study.

Energy savings percentage by green roof
compared to conventional roof assembly

m N

3.0
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-1.0
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Figure 2: Annual energy savings percentage in the
medium-sized reference office building by green roof
compared to base roof assembly with high insulation.

The annual thermal load of Phoenix was reduced by 1.17
kWh/m?. Since Phoenix is a cooling dominated climate,
with intense solar radiation and low humidity, the high
evapotranspiration rate should have produced some
notable savings in the cooling load. But the results shown
in Figure 2 demonstrate contradictory output with no
major change in energy savings. This can be again
credited to the insulation thickness, which supersedes the
effect of achieved favorable values of stomatal resistance
and LAI values in the optimal parameters. Whereas a high
soil depth and low plant height contribute to a minor
decrease of 0.35 kWh/m? in the heating loads. The desert
type of climate experiences sunny and warm winter
afternoons which further keep the heating loads under
control.

Energy Savings Comparison by green
roof for single storey & three storey
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Figure 3: Comparison of energy savings by the
installation of the green roof for single storey & triple
storey reference office building

The simulations were also carried out for small-sized
reference office buildings with a single storey. The energy
savings figure for single storey office buildings are
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presented in Figure 3 and the results were compared to the
energy savings figure of the triple storey office building.
It was observed that energy savings by green roofs get
enhanced if the roof-envelope ratio is increased. In the
case of a tall triple storey office building, the roof
accounts for only 46% of the total building envelope, and
this percentage increases by 22% for the single storey
building. This is because a building with a low roof to wall
ratio will experience heat flux through its larger envelope
that would be hard to control by a green roof. A larger
area of the roof will ensure that heat is majorly dissipated
through the roof, thus boosting the evapotranspiration
process and reducing cooling loads. In the heating season,
the majority of the heat loss is prevented by the extra
insulation provided by the green roof.

Sensitivity Analysis Outputs

Sensitivity analysis results have been presented in Figure
4 and 5. Prediction profilers in the figures show the
variation trend in Cooling Loads (Es_Cool) and Heating
Loads (Es_heat) with design parameters.
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Figure 4: Sensitivity analysis results for cooling loads
for four climate zones

It can be observed from these results that LAI is the most
significant factor impacting the cooling loads. The
cooling loads decrease with the increase in the LAl and
plant height, and the effects of LAI supersede the effects
of plant height in its importance. The LAI significantly
affects the evapotranspiration rate of the green roof which
helps in providing cooling effects. Other parameters such
as leaf emissivity, stomatal resistance, and leaf reflectivity
have a minor impact on the variation of cooling loads. The
cooling loads were also majorly impacted by the variation
of soil depth in the climate zones of Phoenix and Chicago.
The cooling loads increase with the soil depth because the
substrate layer provides an added insulation on top of the
existing high insulation which doesn’t allow the inside
heat to escape. Also, stomatal resistance is overriding the

effect of plant height in Figure 4(d) since Phoenix is
cooling dominated climate with extreme solar radiation
and low humidity. This type of climate is effective for
high evapotranspiration rates, which makes the role of
stomatal resistance more impactful.

Figure 5 shows that the heating load is mostly sensitive to
the thickness of the soil substrate followed by the LAL.
The additional depth of the soil layer improves upon the
existing insulation and helps in reducing the heat loss
through the roof surface in the winter, thus stabilizing the
internal temperature. On the other hand, the heating loads
rise with the increase in the LAI since the plant canopy
restricts the incoming solar radiation, and thus the
corresponding flux through the soil layer decreases.

Other factors such as plant height, stomatal resistance,
leaf reflectivity, and emissivity, though influence the
heating load, have insignificant contributions. A critical
observation from Figure 5(c) is that leaf emissivity and
leaf reflectivity are lying ahead in the order of importance
and they both have a positive relationship with the heating
loads. With a lower plant albedo, the latent heat flux
crossing the vegetative layer is higher resulting in a higher
foliage temperature which aids in reducing heating loads.
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Figure 5: Sensitivity analysis results for heating loads
for four climate zones

CBA Outputs

This section presents the results of the CBA study. The
estimated values of the costs and benefits related to the
green roofs are summarized in Figure 6. Considering 75%
application of green roof over the roof area, the net green
roof coverage came out to be 1245.75 sgm. The
construction, labor, and maintenance costs were
considered in the initial year. The government-provided
incentives were the only benefits in the starting year. It
was assumed that plants take a minimum of three years to
fully establish on the green roof assembly. Therefore, the
provision of benefits of green roofs was taken after the
third year of its installation. The replacement cost of the
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conventional bitumen roof was taken every 20 years, so it
appeared twice in the entire life cycle of the project. Also,
the inflation rate of 2.2% was applied in each cost and
benefit to capture the future trend of the price index.

The net aggregate of the discounted cash flows over the
assumed life cycle of 50 years was calculated to estimate
the NPV, which came out to be USD 190 million. This
indicates that a green roof is not only just a feasible option
but also a profitable strategy for increasing the resilience
to climate change impacts. By observing the benefits
sections in Figure 6, it can be stated that a major
percentage of the initial investment cost of green roofs can
be recovered by the Green Roof Permit Program which
provided the incentive of 50% cost compensation in
addition to other incentives policies. The maintenance
cost of green roofs was assumed as $2/sqft for the initial
three years to help in its full development. After the
vegetative layer gets matured, the maintenance cost is
reduced to $0.75/sqft which is applied for the subsequent
years. Similarly, the benefits of green roofs were applied
after three years when it got fully developed. Amongst all
the benefits of green roofs, reduction in the Urban Heat
Island (UHI) provided maximum economic benefit, since
it catered to a larger scale. The maximum revenue in the
private benefits was provided by an increase in the rental
rates of office spaces because of the pleasing aesthetic
view that green roofs provide.

The recreational benefit of green roofs was not considered
in this study, since the extensive typology was assumed,
which does not allow any kind of access over it. This was
followed by the sound attenuation benefit, which helped
in saving almost a million-dollar over 50 years. Though
the profit of not investing in the bituminous roof
replacement occurs only twice in the life cycle of the
project, it helped in saving a significant amount of money
and time. Because of the uncertainties in the
implementation of the federal policies regarding carbon
and other poisonous gas emissions, the benefits of
improvement in air quality and carbon sequestration were
not fully realized and thus showcased limited savings. The
most touted benefit of green roofs was the one that
provided the least amount of savings, contributing only 4
million USD over the entire life cycle. When the annual
discounted cash flows are observed over 50 years, it can
be suggested that the benefits of the green roofs start
reaping after the initial 3-4 years of rigorous maintenance.
When we remove the externalities and other public
benefits, the revenue generated by the installation of the
green roof by the owner due to enhanced property values
is sufficient enough to recover its high installation costs.
Considering only the economic aspects, green roofs have
an architectural advantage over other conventional roofs,
since they are considered landscaping elements that could
provide a passive recreation area and thus giving the space
an economic edge by enhancing building saleability.

Discussion

This study gives insights into the energy performance of
the green roofs when the insulation of the base case is high
and follows the mandates of contemporary standards. The

maximum energy savings were experienced by the
tropical climate of Atlanta where both the heating and
cooling loads are reduced simultaneously. The climates of
Chicago and Los Angeles encountered an increase in the
cooling load due to high insulation values whereas there
was no major change in the cooling load values of
Phoenix even though it provided the maximum scope for
cooling energy reduction. Chicago underwent the
maximum reduction in heating loads but that decrease
was countered by the increase in the cooling load.
Therefore, a moderate insulation value is required for
Chicago which balances the reduction in both heating and
cooling. Green roofs were not found a suitable measure
from an energy performance perspective for the climate
of Los Angeles as they increased the thermal loads of the
medium-sized office building. The dry climate of Phoenix
can only take advantage of the energy benefit of green
roofs for the retrofitting of older buildings where the
insulation of the base roof assembly is low. The energy
simulations for a roof dominated structure showed that
green roofs produced more energy savings for all the
climate zones for a higher roof to wall ratio and this effect
was more striking for Los Angeles and Chicago.

In the cost-benefit analysis measure, the energy savings
benefit provided the least contribution to the total
benefits. When it comes to the private benefits accrued to
the owner, the increase in the property value due to the
aesthetics of this landscaping element provided the
maximum financial benefits. However, factors such as
inflation rate, discount rate, material, and labor cost, the
government provided incentives and other economic
policies vary with countries and regions. Though single
floor study showed improved values of energy savings,
this benefit still contributed just 0.36% of the total
benefits. Only after considering the comprehensive social
and environmental benefits of green roofs, they can be
proposed as a sound investment. It also needs to be stated
that some of the other secondary benefits of green roofs
such as urban food production, reduction in landfill cost,
improved biodiversity, creation of natural habitat,
employment creation, etc. have not been incorporated in
this analysis which would have further outweighed the
investment costs.

The next steps in this study could involve keeping the
insulation values variable in the optimization design
parameters to obtain an optimal value of the insulation
thickness that can maximize energy savings. The results
are expected to show lower insulation values compared to
the ones prescribed in ASHRAE 90.1-2019. The future
scope can also explore the effects of the addition of
photovoltaic (PV) panels over a green roof to study the
enhancement in the energy output of the panels, thus
further adding to the benefits (Chemisana and Lamnatou,
2014).

Conclusion

Green Roofs are widely known for their energy efficiency
features. This can be supported by the extensive number
of investigations that have been previously carried out to
explore this specific benefit of a green roof. But most of
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this literature lacks consistency in the results due to the
difference in the experimental and simulation settings.
This paper provides an insight into the role of insulation
thickness in influencing the energy savings potential of
green roofs. For the scenario of multistorey reference
buildings, the humid subtropical climate of Atlanta is the
near-optimal climate for achieving maximum energy
savings. Whereas, for single storey structures, the
reduction in heating loads by the green roofs is
substantial, which makes it conducive for the heating-
dominated climates. This study also suggests that the
design of green roof parameters such as LA, plant height,
leaf reflectivity, leaf emissivity, soil depth, and minimum
stomatal resistance is crucial for the thermal performance
of a green roof, and the effect of these parameters varies
across different climates and seasons. The CBA of green
roofs shows that even though energy savings of green
roofs are insignificant, private owners can benefit to a
great extent from government incentives and increased
rental rates of the property. Apart from this, other
environmental and social benefits of green roofs such as
improved air quality, carbon sequestration, reduction in
noise pollution, and urban heat island provide significant
capital benefits to the society as a whole and justify the
incorporation of green roofs in our built environments.
Thus, a green roof, with its unique characteristics, serves
as a net-positive strategy for adapting to the impacts of
climate change, and for making more liveable
communities.
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OREEN RUUF TNVESTIVIENT CUSTS

GREEN ROOF BENEFITS

Va5 Construction Labour Maintenance Govt. Stormwater Energy Roof Carbon Improvement Increase in Reduction | Reductionin | Discount factor | Total Benefits | Total Costs | (B)-(C) Disc. Annual
Cost Cost Cost Incentives | Management | Savings | Longevity | Sequestration | inair quality |property value in UHI noise pollution (B) (e} Cash Flows

0 268182.828 134091.414 0 125000 0 0 0 0 0 0 0 0 1.00 125000 402274.24 | -277274.24 -277274.24

1 0 0 26818.2828 0 0 0 0 0 0 0 0 0 1.04 0 26818.28 -26818.28 -25786.81
2 0 0 27408.28502 0 0 0 0 0 0 0 0 0 1.08 0 27408.28 -27408.29 -25340.50

3 0 0 28011.26729 0 0 0 0 0 0 0 0 0 1.12 0 28011.26 -20811.27 -24901.91
4 0 0 10727.31 0 288.00 4918.84 0 319.39 6.64 9699.27 6861708.00 18677.11 1.17 6895617.26 10727.31 6884889.95 5885232.78
5 0 0 10963.31 0 294.34 5027.05 0 361.97 6.78 9912.66 7012665.58 19088.10 1.22 7047356.40 10963.31 7036393.08 5783402.21
6 0 0 11204.50 0 300.81 5137.65 0 404.56 6.93 10130.74 7166944.22 19507.95 1.27 7202432.86 11204.51 7191228.35 5683332.23
7 0 0 11451.00 0 307.43 5250.68 0 447.14 7.09 10353.61 7324616.99 19937.12 1.32 7360920.07 11451.01 7349469.06 5584992.46
8 0 0 11702.92 0 314.19 5366.19 0 489.73 7.24 10581.39 7485758.57 203752.74 1.37 7522893.06 11702.93 7511190.13 5488353.06
9 0 0 11960.39 0 321.10 5484.25 0 532.32 7.40 10814.18 765445.25 20824.00 1.42 7688428.52 11960.39 7676468.12 5393384.68
10 0 0 1222352 0 328.17 5604.90 0 574.90 7.56 11052.10 7818755.05 2128213 1.48 7857604.82 12223.52 7845381.30 5300058.50
1 0 0 1249243 0 335.39 5728.21 0 617.49 773 11295.24 7990767.66 21750.34 1.54 8030502.06 12492.44 8018009.62 5208346.16
12 0 0 12767.27 0 342.77 5854.23 0 660.07 7.90 11543.74 8166564.55 22228.85 16 8207202.11 12767.27 8194434.83 5118219.82
13 0 0 13048.15 0 350.31 5983.02 0 702.66 8.07 11797.70 8346228.97 22717.88 1.67 8387788.62 13048.15 8374740.46 5029652.10
14 0 0 13335.21 0 358.02 6114.65 0 745.24 8.25 12057.25 8529846.01 23217.67 1.73 8572347.09 13335.21 8559011.88 4942616.10
15 0 0 13628.58 0 365.89 6249.17 0 787.83 843 1232251 8717502.62 23728.46 1.80 8760964.92 13628.59 8747336.33 4857.85.36
16 0 0 13928.41 0 373.94 6386.66 0 830.41 8.62 12593.61 8909287.68 24250.49 1.87 8953731.40 13928.42 | 8939802.969 4773033.90
17 0 0 14234.84 0 382.17 6527.16 0 873.00 8.81 12870.67 9105292.00 24784.00 1.95 9150737.81 14234.84 9136502.97 4690436.18
18 0 0 14548.01 0 390.58 6670.76 0 915.58 9.00 13153.82 9305608.43 25329.25 2.03 9352077.42 14548.01 9337529.41 4609267.10
19 0 0 14868.06 0 399.17 6817.52 0 958.17 9.20 13443.20 9510331.81 25886.49 21 9557845.56 14868.06 9542977.50 4529501.97
20 0 0 15195.16 0 407.95 6967.50 103606.95 1000.75 9.40 13738.95 9719559.11 26455.99 2.19 987746.62 15195.16 9856551.46 4498401.42
21 0 0 15529.45 0 416.92 7120.79 0 1043.34 961 14041.21 9933389.41 27038.03 228 9983059.31 15529.45 9967529.86 4374087.03
22 0 0 15871.10 0 426.10 7277.44 0 1085.92 9.82 14350.12 10151924.00 27632.86 2.37 10202706.25 15871.11 10186835.10 4298389.96
23 0 0 16220.26 0 43547 7437.55 0 1128.51 10.04 14665.82 10375266.30 28240.79 2.46 10427184.48 16220.27 | 10410964.20 4224002.34
24 0 0 16577.11 0 445.05 7601.17 0 1171.09 10.26 14988.47 10603522.20 28862.08 2.56 10656600.30 16577.11 10640023.20 415090153
25 0 0 16941.81 0 454.84 7768.40 0 1213.68 1048 15318.21 10836799.70 29497.05 2,67 10891062.33 16941.81 10874120.5 4079065.32
26 0 0 17314.53 0 464.84 7939.30 0 1256.26 10.71 15655.22 11075209.20 30145.98 2.77 11130681.58 1731453 | 11113367.10 4008471.84
27 0 0 17695.45 0 475.08 8113.97 0 1298.85 10.95 15999.63 11318863.90 30809.20 2.88 11375571.52 1769545 | 11357876.10 3939099.63
28 0 0 18084.75 0 485.53 8292.48 0 1341.43 11.19 16351.62 11567878.90 31487.00 3.00 11625848.11 18084.75 | 11607763.40 3870927.57
29 0 0 1848261 0 496.21 8474.91 0 1384.02 11.44 16711.36 11822372.20 32179.71 3.12 11881629.84 18482.61 11863147.20 3803934.94
30 0 0 18889.23 0 507.13 8661.36 0 1426.60 11.69 17079.01 12082464.40 32887.67 3.24 12143037.83 18889.23 | 12124148.60 3738101.35
31 0 0 19304.79 0 518.28 8851.91 0 1469.19 11.95 17454.75 12348274.60 33611.19 3.37 12410195.87 19304.79 | 12390891.10 3673406.76
32 0 0 19729.50 0 529.68 9046.65 0 1511.78 12.21 17838.75 12619940.70 34350.64 3.51 12683230.44 19729.50 | 12663500.90 3609831.49
33 0 0 20163.55 0 541.34 9245.68 0 1554.36 12.48 18231.20 12897579.40 35106.35 3.65 12962270.83 20163.55 | 12942107.30 3547356.20
34 0 0 20607.15 0 553.25 9449.08 0 1596.95 1275 18632.30 13181326.20 35878.69 3.79 13247449.18 20607.15 | 13226842.00 3485961.86
35 0 0 21060.50 0 565.42 9656.96 0 1639.53 13.03 19042.20 13471315.30 36668.03 3.95 13538900.52 21060.50 | 13517840.00 3425629.79
36 0 0 21523.83 0 577.86 9869.41 0 1682.12 13.32 19461.13 13767684.34 37474.72 4.10 13836762.84 21523.83 | 13815329.00 3366341.63
37 0 0 21997.36 0 590.57 10086.54 0 1724.70 1361 19889.28 14070573.30 38299.17 4.27 14141177.20 21997.36 | 14119179.80 3308079.33
38 0 0 2248130 0 603.56 10308.44 0 1767.29 13.91 20326.84 14380125.90 39141.75 4.44 14452287.75 2248130 | 14429806.40 3250825.16
39 0 0 22975.89 0 616.84 10535.23 0 1809.87 14.22 20774.03 14696488.70 40002.87 4.62 14770241.78 2297589 | 14747265.90 3194561.68
40 0 0 23481.36 0 630.41 10767.01 | 160105.70 1852.46 1453 21231.06 15019811.50 40882.93 4.80 15255295.57 23481.36 | 15231814.20 3172620.03
M 0 0 23997.95 0 644.28 11003.88 0 1895.04 14.85 21698.14 15350247.30 41782.35 4.99 15427285.80 23997.95 | 15403287.90 3084938.58
42 0 0 24525.90 0 658.46 11245.97 0 1937.63 15.18 22175.50 15687952.80 42701.57 5.19 15766687.06 2452590 | 15742161.20 3031545.58
43 0 0 25065.47 0 672.94 11493.38 0 1980.21 1551 22663.36 16033087.70 43641.00 5.40 16113554.13 2506547 | 16088488.70 2979076.52
44 0 0 25616.91 0 687.75 11746.23 0 2022.80 15.85 26161.96 16385815.70 44601.10 5.62 16468051.34 25617.91 | 16442434.40 2927515.41
45 0 0 26180.48 0 702.88 12004.65 0 2065.38 16.20 23671.52 16746303.60 45582.33 5.84 16830346.56 2618048 | 16804166.10 2876846.54
46 0 0 26756.46 0 718.34 12268.75 0 2107.97 16.56 24192.30 17114722.30 46585.34 6.07 17200611.33 26756.46 | 17173854.90 2827054.50
47 0 0 27345.10 0 734.14 12538.66 0 2150.55 16.92 24724.52 17491246.20 47160.01 6.32 17579020.99 2734510 | 17551675.90 2778124.11
48 0 0 27946.69 0 750.29 12814.51 0 2193.14 17.29 25268.47 17876053.60 48657.43 6.57 17965754.72 2794669 | 17937808.00 2730040.47
49 0 0 28561.52 0 766.80 13096.43 0 2235.72 17.67 25824.37 18269326.80 49727.89 6.83 18360995.66 28561.52 | 18332434.10 2682788.94
50 0 0 29189.87 0 783.67 13384.55 0 2278.31 18.06 26392.50 18677152.00 50821.91 7.1 18764930.97 29189.87 | 18735741.10 2636355.13
190097893.8

Figure 6: CBA working using net present value measure
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