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ABSTRACT

Buildings contribute 30% of total energy consumption worldwide and account for 28% of CO2
emissions. Green roofs (GRs) have shown potential in reducing cooling and heating loads of
buildings, and thus, the related carbon emissions. This research aimed to analyse the thermal
performance of extensive GRs compared to conventional roofs using three design parameters: GR
growing media (GM) depth, Leaf Area Index (LAI) and thermal insulation thickness under current
and future climates in Toronto, Canada. EnergyPlus was used to model the GR for three building
archetypes of secondary school, office, and hospital. In addition, precipitation data for current and
future climates was generated to account for GR moisture input. Results show higher GM depth,
and LAI provides the highest annual energy savings for uninsulated GRs. However, at highly
insulated roofs, the GR thermal performance is impacted and depending on the building type, the

GR may require higher energy consumption.
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Chapter One: Introduction

This chapter provides an overview to the thesis and identifies the key points of this research. The
role of global energy demand and the impact of climate change on the building sector is explained.
Green roofs as a sustainable solution in mitigating the impact of climate and reducing building
energy consumption is described. Lastly, a list of research objectives and the thesis layout is

presented.

1.1 Building and Energy Demand

Based on the International Energy Agency (IEA), the global primary energy (unconverted original
fuels) demand grew by 2.3% in 2018, which was the largest increase since 2010 (IEA 2019). Fossil
fuels account for 70% of the growth in global primary energy demand with gas, oil and coal
comprising 46%, 15%, and 9% respectively (IEA 2019). Burning of coal generates steam that is
used to turn turbines and generate electricity. Natural gas is another fossil fuel used in heating
systems after being processed. Both fossil fuels are the main source of carbon dioxide (CO2)
production which is considered the primary source of greenhouse gas emission (GHG) (Hemed et
al. 2020). The recent increase in global energy demand, mainly due to the high proportion of fossil
fuels in the energy mix, has led to an increase in GHG emissions reaching a historic high of over
33 billion tons of carbon dioxide (IEA 2017). The final energy demand has also increased by 2.2%,
and of this increase, the strongest growth was due to gas, and electricity consumption driven
mainly by its use in the buildings and industry sector (United Nations Environment Programme

2019).

According to the 2019 Report on Global Status for Building and Construction, buildings and
construction sector accounted for the largest share of both global final energy use (36%) and
energy-related CO> emissions (39%) in 2018. This indicates the primary target for the reduction
of GHGs emissions should be the building and construction sectors. In 2020, it was reported that
building heating and cooling was mainly provided by electricity, natural gas, and traditional
biomass, however, the use of electricity to heat buildings has increased in recent years leading to

further increase CO; emissions (United Nations Environment Programme. 2019). Buildings’
1



energy consumption is based on energy used for space heating, space cooling, water heating,
lighting, cooking, and appliances. Due to technological improvements, there has been a reduction
in the overall energy intensity (increase in energy efficiency) for most of these applications
however, space cooling energy intensity has increased because of higher cooling demand in hot

regions (United Nations Environment Programme. 2019).

Factors influencing increase in global energy demand include change in population, floor area,
climate variation, building construction and energy service demand like household appliances and
cooling equipment. Nonetheless, improvements in building envelope, building performance and
the components have helped in neutralizing the demand in energy growth. Although, as floor areas
have been expanding at a higher rate in hot regions, cooling space demand is increasing. Up to
present day, space heating, water heating, and cooking continues to be a major end use energy
demand in buildings; however, the fastest growing end use energy demand is space cooling and
appliances (United Nations Environment Programme. 2019). Therefore, it is important to invest
and consider improving design strategies for all building energy usage components to limit the

increase in total energy demand.

Climate Change and Impact on Building Energy Usage

The world temperature has been rising since the Industrial Revolution. Based on an ongoing
temperature analysis, the Earth’s average global temperature has increased about 0.8 °C since 1880
(Al-Ghussain 2019). The increase in Earth temperature is due to the amount of trapped heat in the
Earth’s atmosphere because of GHG emissions. The global temperature depends on how much
energy the planet is receiving from the sun and how much energy is radiated back into space;
usually, there is little change in these heat exchange quantities. However, the amount of energy
radiated by Earth significantly depends on the chemical composition of the atmosphere, which has
changed due to the heat-trapping capability of GHGs (Al-Ghussain 2019). Based on the yearly
temperature anomalies from 1880 to 2019 recorded by NASA (National Aeronautics and Space
Administration), NOAA (National Oceanic and Atmospheric Administration), Japan
Meteorological Agency and the Met Office Hadley Centre in United Kingdom, it is concluded that

rapid warming has occurred in the past few decades, with the highest warming occurring in the
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last decade (Al-Ghussain 2019). Therefore, mitigation of climate change is necessary to limit the

effects of GHGs emissions on global warming.

Since the building and construction sector account for most of the global energy consumption and
CO; emission, it should be the primary target for the reduction of GHGs emissions. Energy-
efficient building systems and envelopes continue to limit energy use growth in both residential
and non-residential buildings, however, continued effort is needed to reduce energy intensity and
account for the impact of climate change (United Nations Environment Programme 2019). The
change in global temperature patterns is causing an increase in the cooling demand of buildings
and this trend will continue to increase in future years (Wilde and Coley 2012). Therefore, building
energy system design plays an important role in the amount of GHG emissions in future years
(Robert and Kummert 2012). Climate change driving forces such as changes in temperature,
precipitation, humidity, solar irradiation, and wind condition, affects the environmental conditions
and leads to change in frequency, severity and geography of weather events (Wilde and Coley
2012). Environmental effects then impact building performance and its occupants. The building
envelope, components, and performance would be significantly affected by climate change and
the resulting shifts in weather patterns. Eventually, if buildings are not designed to be efficient
under the future climate, they may experience reduced performance, structural failure and
potentially pose risks to human health (Wilde and Coley 2012). Therefore, the use of any new
building elements that incorporate sustainable and environmentally responsive energy-efficient
technologies to reduce building energy consumption needs to be analysed by accounting the

impacts caused by climate change.

1.2 Green Roofs: A Method to Manage Building Energy Demand

Among various eco-technologies, energy-efficient systems, and renewable energy sources, green
roofs are considered a valuable strategy for making buildings more sustainable (Berardi et al. 2014;
la Roche and Berardi 2014). Green roofs offer many benefits. The most cited benefit of green roofs
is reduction of stormwater runoff (Czemiel Berndtsson 2010). Studies have shown green roofs can
reduce stormwater runoff by more than 50% (Mentens et al. 2006). Recently, green roofs have

also been found to decrease building energy use. Green roofs have the potential to alter the heat
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flux through the roof, thereby affecting the building heating and cooling loads. Additional benefits

include urban island effect mitigation and ecology preservation.

The origin of green roofs goes back to the fifth century Babylon, where they were used as structures
called hanging gardens (Berardi et al. 2014). Other ancient empires such as Mesopotamia and
Roman used roof gardens in their Villas for improving aesthetic value and roof life. Modern uptake
of green roofs started in the 1970s in German-speaking countries and gained more popularity in
France and Switzerland around the same time. In the last fifteen years, the installation of green
roofs has increased significantly. Based on a recent survey by the German Professional Green Roof
Association (FBB), there has been approximately 8 million m? of new green roofs installed every
year in Germany (Berardi et al. 2014). In other European countries, such as the United Kingdom
and Austria, the installation of green roofs is also becoming widespread. The City of Toronto
implemented a bylaw that requires green roofs to be installed on new buildings with flat roofs and
areas over 2,000 m? (City of Toronto 2012) and since the new policy, the city’s total green roof
area has reached approximately 232,000 m? between the years of 2010 and 2015 (Berardi et al.
2014). In recent years, Japan has indicated that green roofs are a prime technology in decreasing
the urban heat island (UHI) effect and promoting more sustainability to buildings (Berardi et al.
2014).

Modern green roofs are constructed on the outer layer of the building’s roof area and typically
consist of four construction layers: a protection layer directly above the roof to alleviate moisture
and includes waterproof membranes and root barriers; filter and drainage layer to release excess
moisture out of the green roof; and the growing media layers (the soil layer) and the vegetation

area (Figure 1-1).
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Figure 1-1: Green roof structural components.

Green roofs have been shown to be effective for reducing stormwater runoff and to augment green
spaces in urbanized areas (Berardi, GhaffarianHoseini, and GhaffarianHoseini 2014), but their
energy-related performance stands to be the most adopted benefit worldwide (D’Orazio, di Perna,
and di Giuseppe 2012; Eksi et al. 2017; Squier and Davidson 2016; Tang and Qu 2016). Green
roofs can absorb solar heat, shade building components, and reduce roof surface temperature
fluctuations, making them extremely suitable for improving the thermal performance of buildings
(Maclvor et al. 2016). However, all benefits offered by green roof are extremely climate-dependent
(Cascone et al. 2018), therefore it is important to evaluate thermal performance of green roof

specific to the climate they have been installed in.

1.3 Research Objectives and Layout

Green roofs have shown potential in reducing the cooling and heating loads of buildings globally.
Given the implementation of the City of Toronto’s new green roof bylaw, an investigation on their

impact in decreasing building energy consumption and optimizing green roof design is important.

Moreover, due to green roofs performance being climate-dependent, the thermal energy
performance will be impacted due to the rise in global temperature and shift in weather patterns in
future climate. Therefore, assessing green roof performance under both current and future climate

1s crucial.

In general, there are two types of green roofs: extensive (shallow layer of growing media) and
intensive (deeper layer of growing media). This research aims to investigate the thermal energy
performance of extensive green roofs on building energy consumption, in the City of Toronto,

under both current and future climate conditions. In the first part of this research, the green roof
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thermal performance of a specific building type, secondary school, will be evaluated based on
three design parameters: growing media depth, leaf area index (LAI) and added thermal insulation
thickness. The growing media layer and the LAI have shown in past studies to be the most effective
green roof design parameters in reducing the total cooling and heating loads (Zeng et al. 2017;
Sailor et al. 2012; Gomes et al. 2019; Vera et al. 2015; Mahmoodzadeh et al. 2020). The added
thermal insulation layer thickness is also investigated in combination with the green roof design
parameters due to the insulation layer being a requirement in the green roof structure in the City
of Toronto. A sensitivity analysis is performed to determine the impact of selected design
parameters on green roof thermal performance. Lastly, an optimal green roof design based on three
variables of growing media depth, LAI and thermal insulation thickness is suggested. This is done
using EnergyPlus, a building energy modelling software. In the second part, the green roof thermal
impact on other building types is evaluated, under current and future climate, to determine whether
the green roof energy performance behaves similarly for buildings with different characteristics.
Lastly, the water retention performance of the green roof is evaluated for all three archetypes to

display other green roof benefits.

Thesis Objectives

1. Evaluate green roof thermal performance for a secondary school building, under current
and future conditions, through three design parameters: growing media depth of 100 mm,
150 mm, and 200 mm; LAI of 1, 2 and 3; and the thermal insulation thickness of 50 mm,
80 mm, 100 mm, 120 mm, 150 mm, 200 mm, 250 mm and 300 mm. Suggest an optimal
green roof design based on the three variables of growing media depth, LAI and thermal

insulation thickness.

2. Evaluate the green roof thermal performance under current and future climate on two other
archetype buildings: office and hospital building. Measure the impact of growing media
depth of 100 mm, 150 mm and 200 mm; LAI of 1, 2 and 3; and thermal insulation thickness
of low (50 mm), medium (120 mm), and high (300 mm) on green roof energy performance.

Determine optimal green roof design for the two building types. Compare the green roof



thermal performance and optimal designs for buildings of office and hospital to the

secondary school.

3. Evaluate the green roof runoff reduction on three building types of secondary school,

office, and hospital under current and future climate to showcase other green roof benefits.

Thesis Layout

Chapter One focuses on the introduction and background knowledge regarding the research. This
chapter provides information regarding building and their energy consumption globally. The
impact and role of building on GHGs and the cause of climate change are also discussed. Green
roofs are introduced as a potential solution in building energy savings. Lastly, the thesis goal,

objectives and layout are presented.

Chapter Two discusses the green roof design, types, components, and benefits. This chapter also
presents an overview of green roof modelling and building simulation tools used to evaluate the
energy saving impacts of green roofs. Additionally, weather climate data and approaches on
generating future hourly weather files for building simulation tools are explained. This chapter

also covers the research gaps and objectives.

Chapter Three describes the methodology and approach used to accomplish the goals and
objectives of the research. This chapter covers information regarding EnergyPlus software, the
Ecoroof model and archetypes used. Type of current climate data used, the method chosen to

generate future climate data, and precipitation data for both current and future climate is explained.

Chapter Four discusses the results and analysis of green roof thermal performance on a secondary
school building under current and future climate. In this chapter, the impact of LAI, growing media
depth and insulation thickness on green roof thermal performance are explained. Seasonal analysis
of the green roof energy consumption compared to the conventional roof are presented. The annual
energy savings of the green roof and the Dynamic Benefit of Green Roof (DBGR) of each green
roof design are reported, and the green roof benefits compared to the conventional roof are

explained.



Chapter Five analyses the impact of green roof thermal performance on office and hospital
buildings under current and future climate. The annual energy consumption, energy savings and
seasonal energy analysis of green roof designs compared to the conventional roof are discussed.
In this chapter, the DBGR of each green roof design is also presented. Lastly, the chapter presents

the results for the retention performance of the green roof for all building archetypes.

Chapter Six summarizes the conclusions of the research and recommendations for future works.



Chapter Two: Literature Review

Chapter two focuses on providing information regarding literature studies on green roofs and
describing their types, benefits, and design components. Additionally, this chapter explains the
area of study in modelling green roofs using building simulation tools and different methods to

generate the weather data files necessary to model green roofs.

2.1 Introduction to Green Roofs: Types, Benefits and Components

2.1.1 Classification and Types

In general, green roofs can be classified into two main groups: extensive and intensive, however,
some use semi-intensive classification as well (Berardi et al. 2014). Intensive green roofs have a
deeper growing media depth, usually ranging between 20 - 200 cm, compared to the extensive
green roof where a thinner growing media layer of 5 - 20 cm is used (Cascone et al. 2018). Intensive
green roofs also require more care, maintenance, and irrigation; therefore, they have higher
construction costs (Cascone et al. 2018). Intensive and extensive roofs are also classified based on
the type of vegetation used; since the survival of plants highly depends on the depth of the growing
media layer used (Montressor et al. 2005). In extensive green roofs, the most common plants used
are sedums, since they do not require a thick growing media layer for growth and can survive
without the use of irrigation (Montressor et al. 2005). On the other hand, intensive green roofs can
grow plants with deeper roots therefore there is a higher variety of plants that can be used and
depending on the depth of the growing media layer, even shrubs and small trees can be planted on
intensive roofs (Cascone et al. 2018). Usually, the installation of intensive green roofs highly
depends on the building’s bearing structural load, since their weight will add at least 300 kg/m? to
the building structure (Berardi et al. 2014). In addition, intensive green roofs, due to their deeper
growing media depth, have a higher potential in improving insulation, enhancing stormwater
management, and energy performances of buildings, however the type of vegetation used plays an
important role (Cascone et al. 2018). In Table 2-1, the classification of green roofs has been

summarized.



Table 2-1: Green Roof Classification

Green Roof Type Extensive Green Roof Intensive Green Roof
Depth 5-20cm 20 —-200 cm
Vegetation Low dlversz}rla(sssdum, herbs, High diversity (shrubs, trees)
Irrigation Mainly not required; optional Required
Accessibility Inaccessible to public Accessible t.o public; used for
recreation purposes
Weight 60 — 150 kg/m2 Above 300 kg/m2
Maintenance Low High
Installation Easy Complex
Cost Low High
2.1.2 Benefits

The primary focus of this research is the energy performance of green roofs and their effect on
reducing the energy consumption of buildings. However, green roofs offer other benefits such as
reduction of stormwater runoff, reduction of Urban heat Island (UHI) effect and ecological

preservation due to the greenery area they provide. These benefits are summarized below.

Green Roof Reduction on Energy Consumption

The main goal of green roofs in urbanized cities is the thermal benefit they offer, which is
considered of great importance to local municipal authorities (Ghaffarianhoseini et al. 2013).
Green roofs have been proven to be highly efficient in decreasing indoor temperature, heat flux
through and out of the roof, surface roof temperature fluctuations, and the overall energy
consumption of buildings in various climates (Maiolo et al. 2020; D’Orazio et al. 2012;
Mahmoodzadeh et al. 2020). Many parameters affect thermal green roof performance. The green
roof design variables such as growing media (composition and thickness), vegetation type, and
irrigation all affect the energy performance of green roofs (Maiolo et al. 2020; Bevilacqua et al.
2016). As mentioned previously, the performance of the green roof is extremely climate dependent
hence most design variables vary based on the climate zones the green roof is located in. For this
reason, the implementation of the green roof has created an obstacle for policymakers and
designers. Building characteristics such as the building type (e.g. office, school, hotel, supermarket

or an apartment), building size, and the material used in the building such as type of insulation, all
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affect the green roof thermal performance and building energy consumption (Karachaliou et al.
2016). In older buildings, due to poor insulation the impact of green roofs is proven to be higher
in reducing building total energy consumption compared to newer improved insulated buildings,
where the contribution of the green roof in energy reduction has been much lower; however, these
conclusions are highly climate-dependent (Mahmoodzadeh et al. 2020; Berardi 2016). One way of
understanding the green roof contribution to the reduction of energy consumption of buildings is
through the building heating and cooling loads. The building heating load is the amount of heat
energy needed to be added to the indoor environment to maintain a suitable temperature. The
cooling load is the amount of heat energy needed to be removed from the indoor environment, or
cool the space, to maintain a suitable temperature. The suggested thermostat heating setpoint in
winter and cooling setpoint in the summer according to the United States Environmental Protection
Agency (EPA) is 21 °C and 25.5 °C, respectively (Maiolo et al. 2020). Other than the reduction in
heating and cooling loads, there have been studies where the thermal performance of the green
roof is evaluated through roof surface temperature and roof heat flux (Maiolo et al. 2020; D’Orazio
et al. 2012; He et al. 2020). Green roofs have shown to reduce surface roof temperature and daily
temperature fluctuations in all types of climates (D’Orazio et al. 2012). Additionally, the insulation
provided by the green roof reduces heat transfer and improves the indoor temperature. Therefore,
both heat flux and roof surface temperature have been considered as a valuable strategy for

measuring the thermal performance of green roofs (Maiolo et al. 2020).

Stormwater Reduction

The second most important environmental benefit of the green roof next to the reduction in energy
consumption of buildings is the reduction of stormwater runoff (Cascone et al. 2018; Mentens et
al. 2006). Studies have emphasized that green roofs' reduction of runoff depends on the water
availability in green roofs design, its roof plants, and the plant types in climates with low water
availability (Czemiel Berndtsson 2010). The roof slopes have also been an affecting factor in
reducing and retaining runoff water; retention values decrease as slope increases (Getter et al.
2007a). Runoff mitigation of green roofs, for extensive green roofs could reduce the runoff water
up to 60% and for intensive green roofs up to 100% (Berardi et al. 2014); however, results may
vary depending on climate, roof structure, and plant type. In another study, three different roof
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surfaces, a standard commercial roof with gravel ballast, an extensive green roof system without
vegetation, and a typical extensive green roof with vegetation, were used to quantify the
differences in stormwater retention. Overall, the results showed the mean percentage rainfall
retention was between 48.7% for gravel and 82.8% for the vegetated roof (VanWoert et al. 2005).
Talebi et al. (2019) investigated the retention performance of a green roof through modelling in
six Canadian climates. Results showed a reduction of runoff varies from 17% to 50% depending
on climate for low water use plants. Both Toronto and London had the highest volume in water
retention performance for low water use plants. Sensitivity analysis showed vegetation type had a
more significant impact on reducing runoff than an increase in growing media storage capacity in
all climates (Talebi et al. 2019). The impact of climate on four Canadian cities on water retention
performance of green roofs in Sims et al. (2016) showed antecedent moisture condition (AMC)
had the largest impact for medium-sized storms. Optimizing the AMC through growing media
design by changing field capacity, plant type, and higher stormwater retention could be achieved
(Sims et al. 2016). A study by Zhang et al. (2019) found species with higher evapotranspiration
(ET) not only result in replenishing storage between rainfall events more effectively, but they can
also reduce maximum growing media storage capacity due to the creation of preferential flow
caused by their rooting system. The preferential flow is the fast transport of water and other
compounds in a small portion of the pore system. This finding suggested that plant selection first
needs to be based on their effect on growing media storage capacity since plants with high ET can
reduce the storage capacity and reduce water retention performance. Therefore, green roofs are

valuable designs in reducing stormwater runoff.

Urban Heat Island (UHI) Mitigation

Increase in urbanization, especially in developed countries, has caused many negative
environmental impacts, including the urban heat island effect (UHI). In urbanized environments,
due to higher human activity, the heat generated in the atmosphere is greater; therefore, the
temperature in these environments is typically higher than in non-urbanized areas. Green roofs
could contribute to solving the problem of rising urbanized temperatures through the cooling effect
they provide. The albedo of green roofs is much higher (0.7 to 0.85) than the albedo of
conventional roofs such as bitumen, tar, and gravel roofs, ranging from 0.1 to 0.2 (Berardi et al.
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2014). Past studies show green roofs reduce the ambient temperature from 0.3 to 3 °C, and they
have been considered effective technologies in reducing the UHI effect (Santamouris 2014).
Additionally, in a comparison study between cool roofs and green roofs, it was concluded, the
green roof had a higher cooling effect during the daytime, while the cooling effect of the cool roof
was better at nighttime (He et al. 2020). Berardi et al. (2014) findings concluded the highest impact
of green roofs in reducing the UHI effect is in dry and hot climate conditions by 1.5 to 2 °C on

average.

Ecological preservation

Green roofs can increase biodiversity and habitat wildlife. The greenery environment provided by
the green roof enhances the quality of the environment and ecological preservation. The green roof
plays an essential role in urban ecology; however, measuring these benefits is challenging. Many
studies show that green roofs help reduce the loss of habitat in urbanized areas (Shafique et al.
2018; Francis and Lorimer 2011). In addition, green roofs promote wildlife habitat by the greenery
area they provide and promote recreational activities in urban environments. In one study, the life-
cycle analysis on the environmental benefit of green roofs compared the emissions produced
through green roof material manufacturing processes such as polymers against the capacity of the
pollution removal of the green roof such as NO>, SOz, and PMjo. In the long term, the study
concluded that green roofs are sustainable products to use since the air pollution produced by the

polymer process can be balanced by green roofs in 13 years (Berardi et al. 2014).

2.1.3 Climate Dependency

Green roofs generally impact the building energy demand through two mechanisms. The first
mechanism is the change of heat flow through the roof, also called the direct effect. The second
mechanism is altering the surrounding air temperature that is assumed to be entrained into the
building and providing fresh air for occupants, called the indirect effect (Virk et al. 2015). These
green roof mechanics are affected in three ways: first, the growing media layer acts as an insulation
layer; second, the plant canopy shades the roof surface; third, the evapotranspiration process has a
cooling effect (Eksi et al. 2017). Evapotranspiration is evaporation from the growing media layer
and the transpiration from the vegetation area (Sailor 2008). The evapotranspiration effect cools
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down the air temperature around the building and provides a lower surface temperature at roof
level. The thermal mechanism of the green roof is climate-dependent since the magnitude of its
influence is affected by weather variables such as solar radiation, ambient air temperature,

precipitation, snow cover and thus growing media moisture (Eksi et al. 2017).

Both experimental and numerical studies have evaluated the effect of green roofs on the energy
consumption of buildings in different climates. Generally, the impact of green roofs in warm
climates is significant on cooling loads; however, their reduction in heating loads has been
marginal (la Roche and Berardi 2014). In subtropical regions, intense rainfall levels and high
temperatures create a great potential for extensive roofs (Simmons et al. 2008). An experimental
study in Greece found that an extensive green roof reduced the cooling loads between 2% to 48%
depending on the green roof covered area (Ghaffarianhoseini et al. 2013). Another study in a
Mediterranean coastal climate showed that due to the increase in green roof vegetation density, the
cooling load reduction was 60% compared to a conventional roof (Olivieri et al. 2013). The energy
performance of a conventional roof with an extensive green roof in Italy showed the green roof
reduced 100% of heat flux entering the roof in the summer, while only 30% to 37% of heat loss
was prevented in winter (Bevilacqua et al. 2016). Another experimental study on green roof
thermal performance in a Mediterranean climate located at Calabria University concluded the
benefit of green roofs in the summer is much higher than winter when compared to a conventional
roof (Maiolo et al. 2020). Green roofs with no insulation layer showed better overall thermal
performance than added insulation layers in Mediterranean climates (Maiolo et al. 2020). The
effect of the green roof on the reduction of heating and cooling load in three different European
climates of hot, temperate, and cold was investigated through modelling by Jaffal et al. (2012).
The cooling reduction loads were impacted significantly in the hot and temperate climates of
Athens and La Rochelle, respectively. In Stockholm, a cold climate, the reduction in cooling loads
was negligible. However, the insulation effect of green roof growing media caused a decrease of
8% in heating loads during the winter for Stockholm. Overall, green roofs in all three different
climates decreased the total building energy demand (Jaffal et al. 2012). In one study in the
Midwestern U.S. with hot and humid summers and cold and snowy winters, the impact of the green

roof on surface temperature and heat flux was significantly higher in summer compared to winter
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(Getter et al. 2011b). Another experimental study in Toronto, Canada, showed the reduction of
heat flow through the roof was more in summer (70% - 90%) and less in winter (10% - 30%);
however, the use of extra insulation significant impact in lowering heat flow through the roof in
winter (Liu and Minor 2005). Hence, the thermal performance of green roofs varies on cooling

and heating reduction depending on the climate.

Most research studies evaluate green roof influence on building energy performance based on the
green roof design variables and climate (Mahmoodzadeh et al. 2020; Eksi et al. 2017; Maclvor et
al. 2016; Sailor et al. 2012). The most common green roof design parameters considered in
research studies are the vegetation characteristics such as leaf area index (LAI), plant height,
stomatal resistance, leaf albedo, and emissivity; and growing media characteristics such as
growing media thickness, thermal properties, and moisture content (Mahmoodzadeh et al. 2020).
Eksi et al. (2017) evaluated the thermal properties of an extensive green roof, through experiment,
based on the effect of growing media depth and vegetation type (sedum compared to herbaceous
perennials and grasses) in Michigan. Based on the result, the herbaceous roof, compared to the
sedum, experienced more heat entering the building during the summer and less heat escaping the
building during the winter. Therefore, during the winter months, the herbaceous roof would reduce
heating costs, while in the summer, it increased cooling costs. Thus, the study concluded that
results go against conventional logic that plants with high transpiration rates are superior. During
the summer months, the sedum roof outperformed the herbaceous roof due to the herbaceous roof
displaying more heat flux entering the building (Eksi et al. 2017). Another experimental study in
Toronto, Canada, evaluated the impact of plants and growing media type using irrigation on
extensive green roof surface temperature (Maclvor et al. 2016). Two types of plants, sedum and
meadow mix of wildflowers, were used. Sedum roof cooled the roof significantly more than
meadow vegetation due to the sedum capability of storing a significant amount of water. The
irrigated meadow mix of wildflowers performed as well as unirrigated sedum vegetation. Findings
concluded that the sedum promoted improving green roof cooling due to constant, near 100%
vegetative cover; however, additional benefits might come from combining sedum and other

suitable wildflowers and grasses to improve green roof functions (Maclvor et al. 2016).
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In one study, green roof thermal performance was analysed through modelling using EnergyPlus
software, based on different LAI and growing media thickness in four U.S. cities. Results showed
that in colder cities, a thicker growing media layer impacts the reduction in heating loads. While
increase in LAI reduces the cooling load for warm cities through a combination of
evapotranspiration and shading effect (Sailor et al. 2012). Vera et al. (2015) used EnergyPlus to
evaluate the effect of irrigation, growing media density, plant height and LAI of a green roof on
the cooling and heating load in Santiago of Chile. Based on the results, change in plant height was
negligible in affecting the building cooling and heating loads with various growing media densities
and LAI An increase in the amount of irrigation showed an increase in the reduction of cooling
loads for heavy growing media due to higher moisture content and higher thermal conductivity;
however, it also generated higher heating loads. As for the influence of LAI, higher LAI decreased
the cooling loads and increased the heating loads; however, the increase in heating loads was less
significant than the reduction in cooling loads. The study also concluded LAI is the most important
parameter in reducing the energy consumption of supermarket buildings in semiarid climates (Vera

etal. 2015).

Gomes et al. (2019) used EnergyPlus to evaluate the effect of growing media density, LAI, plant
height, growing media depth, and irrigation on the energy performance of green roofs in Portugal.
Results showed that irrigation was more effective in reducing the cooling loads than heating loads
since the use of irrigation increased the building heating consumption. The heating loads reduced
as the growing media depth increased due to higher thermal resistance. The cooling loads are
reduced by increasing LAI and plant height due to higher evapotranspiration and shading effects.
Sensitivity analysis performed assessed the influence of each parameter, growing media depth,
plant height, and LAI on the cooling and heating loads' magnitude. The growing media depth had
the highest impact on energy variation, followed by LAI and plant height. The findings concluded
that irrigation is more important in reducing the cooling loads than the volume of water irrigated
since the use of irrigation with a flow rate of 3 mm/day was more effective than the use of 6
mm/day (Gomes et al. 2019). In Sailor (2008), the variation of growing media thickness, LAI, and
use of irrigation on the thermal performance of green roofs in two cities of Chicago and Houston

were analysed through modelling using EnergyPlus. The results suggested the growing media
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thickness layer has the highest effect due to its insulation, and higher thickness would decrease

heating and cooling loads.

The effect on reduction of heating loads was more in cold climates. Increasing LAI reduced the
cooling loads in summer; however, the heating loads increased due to the shading effect. An
increase in irrigation was effective in the summer and reduced cooling loads; however, it was most
effective in less humid climates (Sailor 2008). Another study in Toronto, Canada, used EnergyPlus
to investigate the benefits of green roof retrofits on a university campus. An extensive green roof
was modelled by considering LAI and growing media depth as design parameters. Results
indicated an increase in growing media depth caused an increase in energy savings in the winter.
In contrast, green roofs with higher LAI and growing media thickness in the summer resulted in
higher energy savings. Based on the parametric analysis, increasing the growing media depth is

more effective than increasing the LAI in green roof energy savings performance (Berardi 2016).

Ascione et al. (2013) used EnergyPlus to analyse the thermal performance of the green roof against
a cool roof and conventional roof'in six European climates of Tenerife, Sevilla, Rome, Amsterdam,
London, and Oslo. The study considered influencing parameters such as rainfall intensity, different
types of vegetation (different plants, height, and LAI), and irrigation needs on an office building.
Results showed in warm climates such as Tenerife, Sevilla, and Rome using cool roofs was better
in the energy reduction of the building than the green roof in the summer. However, during winter,
the green roof with the most vegetated area (highest LAI and plant height) had the lowest heating
demand. Results concluded that due to the lower heating degree days of warm climates, a cool roof
is the better choice than a green roof since the annual energy consumption of a cool roof is lower.
On the other hand, for cold climates such as Amsterdam, London and Oslo use green roofs to
reduce the annual energy demand compared to cool and conventional roofs due to higher heating
degree days for these climates. The study also concluded that if enough precipitation is not
available in warm climates, there is a need for irrigation for green roofs to perform well (Ascione
et al. 2013). He et al. (2020) evaluated the thermal performance of five green roofs designed with
a different combination of growing media depth and vegetation compared to a cool roof and a
conventional roof in Shanghai through modelling. Simulation results showed that a green roof

could reduce the cooling and heating loads of the top floor by 3.6% and 6.2%, respectively. The
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cool roof could reduce the cooling load by 3.6% and increase the heating load by 10.4%. The
parametric analysis showed LAI is most effective in summer due to the reduction of cooling loads
than in winter since an increase in LAI would increase the heating loads due to higher
evapotranspiration and shading effect. The effect of growing media depth is more in the winter as
it acts as an insulator; the analysis showed as the growing media depth passes 10 cm, the decrease
in cooling loads becomes negligible. An increase in the insulation layer reduced the heating loads
in winter but increased cooling loads in summer. The overall use of both cool roofs and green roofs

was much more effective in reducing the energy consumption of buildings (He et al. 2020).

The thermal performance of green roofs on buildings with a high level of thermal transmittance,
meaning added insulation layer with the green roof, is also studied (D’Orazio et al. 2012; Maiolo
et al. 2020). D’Orazio et al. (2012) compared the thermal performance of insulated green roofs in
summer and winter periods under temperate climates with various strongly insulated conventional
roofs. Results showed the green roof heat loss and the delay of roof heat flux rate during summer
are higher than a conventional roof. Additionally, in winter, green roofs provided the insulation
needed and reduced the heat loss through the roof (D’Orazio et al. 2012). Maiolo et al. (2020)
analysed the thermal impact of insulated and non-insulated green roofs in summer and winter in
southern Italy climate. Results showed that green roofs without insulation have a higher difference
in temperature compared to the insulated green roof, indicating green roofs without insulation
performed better in summer seasons. On the other hand, in winter the green roof with insulation
showed a higher difference in temperature (difference with referenced roof) compared with a green
roof without insulation. Overall, the study concluded in Mediterranean climates, no use of
insulation improves green roof performance in summer, and this effect prevails despite the

negative effects on heating loads in winter (Maiolo et al. 2020).

Various studies under different climate conditions concluded that the growing media depth and
LAI have the most impact on decreasing building overall energy consumption. However, based on
design parameters, the reduction of green roofs on heating and cooling loads may vary depending
on the climate conditions. Studies have also shown that in warmer climates cooling load reduction
is higher compared to heating. On the other hand, in cold climates, green roofs are more effective

in reducing heating loads. Some research studies also concluded that green roofs increase heating
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loads during summer and limit the overall energy benefits. Furthermore, few studies on the impact
of added insulation layer on green roof thermal performance have shown that the reduction of
heating and cooling loads by insulated green roofs is significantly dependent on the climate.
Hence, findings by other research studies highlight the importance of green roof design parameters

and their thermal performance dependency based on climate conditions.

2.1.4 Design Components

The main design parameters that the thermal performance of the green roof is affected by are the
growing media and vegetation layer. The characteristics of the parameters of each layer affect the
thermal performance of the green roof differently, and therefore understanding the effect of each

parameter helps to evaluate the green functioning better.

Vegetated Area

LAI and Fractional Vegetative cover

The LAI represents the type of vegetation density used, or in other terms, it’s a representation of
the plan-form area coverage of the leaves (Sailor 2008). The LAl is the ratio of one-sided leaf area
per unit ground area (1 m?). LAT is unitless due to being ratio of areas. For example, a canopy with
LAI of 1 have a 1:1 ratio of leaf area to ground area; meaning both the leaf area and ground area
have area of 1 m?. A canopy with LAI of 4 would have a 4:1 ratio of leaf area to ground area. The
fractional coverage describes the fraction of the roof surface directly covered by at least one leaf.
LALI is different from fractional vegetation cover; LAI is the dimensionless ratio of the projected
leaf area for a unit ground area. The fractional vegetative cover is the ratio of the shaded ground
surface to the total ground surface area. The fractional vegetated cover is the governing parameter
in radiative characteristics of growing media. It is related to LAI however; it displays and refers to
a different concept. Usually, the larger the LAI, the higher the shading provided by the plants and
less of the roof area is exposed to solar radiation, as a result, the roof surface temperature decreases.
Other than the shading effect, LAI has a major impact on the evapotranspiration rate. An increase
in LAI would increase the evapotranspiration rate as it has a proportional inverse relation to the

stomatal resistance of plants (Sailor 2008). Based on various studies, higher LAI has a significant
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impact on reducing cooling loads in all climates during summer (Mahmoodzadeh et al. 2020;

Sailor 2008; Ascione et al. 2013).

Stomatal Resistance

Stomatal resistance is a biophysical parameter that describes the rate at which the plant can
transpire moisture through its leaf stomata (the intercellular openings between epidermal cells on
the leaf surfaces) for a given environmental condition. In other words, the diffusion of water vapor
from these epidermal cells on the leaf into the atmosphere is called stomatal resistance. The actual
stomatal resistance (7y) at any time is proportional to minimum stomatal resistance (75 ;) and

inversely proportional to LAI (Equation 1) (Sailor 2008).

s mi .
rg = iX}n fif,f; Equation 1

The stomatal resistance is modified by fractional multiply factors, f; f5 f3, that depend on incoming
solar radiation and atmospheric moisture (Sailor 2008). Other than LAI being an effective factor
in the evapotranspiration rate, there are other parameters such as plant height, solar radiation, wind
speed, ambient air temperature, relative humidity and growing media moisture that affect the

evapotranspiration rate (Mahmoodzadeh et al. 2020).

Plant Height

The plant height like LAI affects the shading of the roof surface and the evapotranspiration rate.
In some studies, for short plants, the growing media area on the roof surface is exposed to greater
solar radiation than taller plants, therefore, the higher solar radiation increase the growing media
temperature and cancels the cooling impact caused by the evapotranspiration (Zeng et al. 2017).
The use of taller plants impact the thermal performance of green roofs and reduce the cooling loads
(Mahmoodzadeh et al. 2020; Gomes et al. 2019; Ascione et al. 2013; Vera et al. 2015). An increase
in plant height causes the wind velocity within the canopy to increase, which leads to higher
evapotranspiration; this effect is strongly related to the aerodynamic resistance (Sailor 2008).
There are thick boundary layers formed on the leaf surface where air close to the leaf surface has
marginal movement, this area is called aerodynamic resistance; it’s the resistance to moisture
exchange on the leaf surface. When water vapor leaves the stomata, it transfers through this
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motionless boundary layer to reach the atmosphere, therefore, the thicker the boundary layer, the
slower the transpiration rate. Aerodynamic resistance, measured in units of (s/m) is influenced by
wind speed, surface roughness and stability of the atmosphere (Maclvor et al. 2016). The
aerodynamic resistance of plants is inversely proportional to wind velocity, meaning the lower the
wind velocity, the higher the aerodynamic resistance and thicker the boundary. The combined
effect of aerodynamic resistance (7,;) and stomatal resistance (ry) to vapor diffusion is called

surface wetness factor (r") and its the ratio of aerodynamic resistance to total resistance (Equation

2).

" I,
r = i
4, Equation 2

In tall plants, the aerodynamic resistance is small due to the higher wind velocity effect. When the
aerodynamic resistance is small, the wetness factor approaches zero leaving the leaf surface dry as
the moisture readily evaporates. However, as the aerodynamic resistance increases relative to
stomatal resistance, the wetness factor approaches 1, indicating the moisture readily travels to the
leaf surface, and it’s not easily evaporated (Sailor 2008). Therefore, an increase in plant height
would reduce the aerodynamic resistance, decrease the wetness factor of the leaf surface and allow
moisture to evaporate readily, hence a higher rate of evapotranspiration. Therefore, after LAI, plant
height has the highest impact on decreasing cooling loads and increasing both LAI and plant height
would increase the thermal performance of green roofs in summer (Mahmoodzadeh et al. 2020;

Ascione et al. 2013).

Plant Albedo

The albedo is the reflectivity of the leaf surface to the solar energy incident on the surface that is
received (Sailor 2008). The lower the plant albedo, the higher the plant surface temperature since
more incident solar radiation is absorbed by the plant's surface. He et al. (2020) analysis on green
roof optical property showed a green roof with an albedo of 0.13 would reflect 13% of incident
global solar radiation and absorb 56%, which indicated the estimated solar radiation entering the
roof to be 31% (the green roof had LAI of 4). Higher plant albedo prevents heat from penetrating
the roof surface; however, higher plant albedo means higher plant surface temperature. The plant

surface temperature affects the energy balance on green roofs; if plant surface temperature is high
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(lower albedo), the ambient air temperature increases, reducing the green roof's mitigation effects
(Mahmoodzadeh et al. 2020). The plant surface temperature depends on the amount of solar
radiation, thermal radiation adsorption, convective heat transfer with ambient air, and the latent
heat of the transpiration process. Mahmoodzadeh et al. (2020) found low albedo increases both the
plant surface and growing media temperature due to higher solar adsorption. The high plant surface
temperature led to a higher evapotranspiration rate; however, this created a tradeoff system and
did not affect the energy performance of the green roof. The higher rate of evapotranspiration and
its cooling effect is cancelled out by the increase in growing media temperature (Mahmoodzadeh

et al. 2020).

Growing Media

Growing media has the highest impact on the green roof, higher than LAI and plant height, in
decreasing the energy consumption during summer and winter. Based on several studies, an
increase in growing media depth would reduce the heat flux into or out of the building (Sailor
2008; Liu and Minor 2005; Gomes et al. 2019; Berardi 2016; Eksi et al. 2017). Solar radiation
heats the growing media faster when the depth is shallower. However, one study concluded the
use of a growing media with a depth of 7.5 cm or 15 cm had no impact on lowering the net heat
loss (Lundholm et al. 2014). Various reasons could affect the capability of growing media depth
in the reduction of heat flux, such as growing media composition, compact, and the climate
condition the green roof'is exposed to. Ouldboukhitine et al. (2012) concluded growing media with
heat-expanded slate had two to three times higher thermal conductivity than growing media with
a silica-based aggregate. In many other studies, such as Sailor and Hagos (2011) and Pianella et
al. (2016), both have found differences between the growing media composition. The growing
media characteristics such as density, specific heat, thermal conductivity, particle size distribution,
and thermal diffusivity affect the heat transfer in the growing media (Mahmoodzadeh et al. 2020;
Eksi et al. 2017; Sailor 2008). Generally, as density increases, the growing media's thermal
conductivity and heat flux increase (Castleton et al. 2010a). Additionally, the air pockets in the
growing media increase the ability to act as an insulator (Saadatian et al. 2013). When the moisture
content of growing media increases, the density and thermal conductivity also increases
(Ouldboukhitine et al. 2012). The increase in moisture content would fill the pores with water and
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increase the specific heat capacity of growing media (the storage heat capacity of water is higher
than air) (Mahmoodzadeh et al. 2020). An increase in moisture content also reduces the albedo of
growing media due to the surface wetness and causes higher absorption of solar radiation. Thermal
diffusivity is another factor that is affected by an increase in the moisture content of the growing
media. The ability of materials to conduct the energy relative to their thermal capacity is called
thermal diffusivity, and it plays an important role in the heat transfer of growing media. Therefore,
all the thermal properties are affected when the moisture content of growing media increases

(Mahmoodzadeh et al. 2020).

The thermal conductivity and thermal diffusivity of growing media affect the thermal performance
of the green roof differently in terms of the reduction of heat flow in or out of the roof. During
winter, the thermal conductivity becomes of great importance since the higher the conductivity of
growing media, the higher the heat flux out of the roof surface and more heat is lost through the
roof. On the other hand, the thermal diffusivity of growing media plays a key role in the summer
due to the temperature oscillations occurring, which are higher than in winter. As mentioned
before, thermal diffusivity is the ability of growing media material conducting energy and due to
the higher temperature difference between day and night in the summer, the thermal diffusivity
has a higher effect on heat transfer than thermal conductivity (Mahmoodzadeh et al. 2020). The
thermal performance of the green roof was studied in Mahmoodzadeh et al. (2020) based on
different growing media compositions of light and heavy and water content. The light-weight
growing media had higher specific heat capacity, lower thermal conductivity, and lower thermal
diffusivity than the heavy-weight growing media. The thermal performance of the green roof was
higher in terms of reduction of cooling loads in summer due to the higher thermal conductivity of
the heavy-weight growing media. However, the lower thermal diffusivity of the light-weight
growing media caused the green roof to perform better (Mahmoodzadeh et al. 2020). The study
also found that in light-weight growing media, as the moisture content increased, the thermal
diffusivity remained almost unchanged, whereas, in heavy-weight growing media, the thermal
diffusivity increased as moisture content increased. Therefore, even at the highest moisture content
level (100%), the light-weight growing media performed better than heavy-weight growing media.

On the other hand, in winter, thermal conductivity impacted the energy performance of the green
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roof the most. The thermal conductivity of heavy-weight growing media was twice as light-weight
at higher moisture content levels, which led to higher heating loads as more heat was lost through
the roof (Mahmoodzadeh et al. 2020). Hence thermal conductivity plays a major role during winter
and thermal diffusivity plays a key role during summer. However, the study mentioned the use of
growing media characteristics such as density, thermal heat capacity, and thermal conductivity,
depends on the climate the green roof is exposed. In cold dominant cities where the heating degree
days are higher, the thermal conductivity characteristic of growing media plays a more important
role, and the choice of light-weight growing media with lower thermal conductivity would be ideal.
On the other hand, in warm climates, the effect of light-weight or heavy-weight growing media on
the overall performance (accounting for both heating and cooling loads) of the green roof would
be minimal (Mahmoodzadeh et al. 2020). Therefore, it is concluded designing green roof
parameters specific to the climate they are installed in is extremely crucial as the thermal

performance of green roofs varies in different climate conditions.

2.1.5 Energy Balance

In general, the energy balance system of the green roof is driven by the radiative heat being forced
from by the sun. The solar radiation is balanced by the sensible heat (convection heat which is the
heat required to change temperature; no change in phase) and by the latent heat flux (the heat
required to convert vapour or liquid, without the temperature change) from the growing media and
vegetated (Sailor 2008). It's combined with the conduction heat of the growing media and long-
wave radiation (radiation gets emitted back to the atmosphere) to and from the growing media and
vegetated layer (Sailor 2008). As mentioned before, green roof performance is climate-dependent;
however, based on various studies on the thermal performance of green roofs in different regions
around the world, the phenomena occurring in the green roof have been summarized in three main
principles. First, the growing media is the inertial mass with high heat thermal capacity where it
provides a high lag time effect and reduces the dynamic thermal transmittance. Second, the shading
effect of the foliage provokes the convection heat transfer as well as the absorption of the thermal
energy through the process of photosynthesis. Lastly, the growing media and the vegetative layer

cause the evaporative and evapotranspiration cooling effect (Berardi and Jafarpur 2020).
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Green roofs have the capability of reflecting the solar radiation and absorb the radiation through
the photosynthesis process. An increase in depth of the growing medium and the use of lighter
colours would also reduce heat flow and increase the thermal energy performance of the green
roof (He et al. 2020). Studies have also shown the thermal performance of the green roof is affected
by the thermal resistance layer beneath the green roof, such as insulated roofs. If the green roof is
built upon a well-insulated roof, the energy balance would be decoupled from that of the building
and have more impact on the urban environment than energy performance. On the other hand, the
green roof installed on a poorly insulated roof could maximize the potential benefit of green roofs
on thermal energy influences (D'Orazio et al., 2012). For these reasons, understanding the heat

fluxes in the green roof is important.

The heat flux is a key process in the heat transfer of green roofs. In a green roof energy balance
system, there is the radiative exchange of shortwave and long-wave radiations, the convective
thermal flow of the vegetation area, the evapotranspiration through the growing media and the
vegetation layer, and the heat transfer through the ground with accounting for the change in
growing media thermo-physical properties and moisture content. More on the energy balance

system of green roof is explained in section 3.1.

2.2 Green Roof Modelling Using Building Simulation Tools

Simulation tools are needed to help design and evaluate green roofs' potential thermal
performance. The thermal behaviour of the green roof needs to be modelled through the study of
several interacting phenomena like heat and mass transfer, as well as plant physiology. The main
mechanisms of heat and mass transfer in green roofs are based on how vegetation and growing
media counterbalance the incident solar radiation on the roof by means of evapotranspiration and
shading. These phenomena are based on the canopy and growing media parameters: (1) the plant
height; (2) LAI, (3) stomatal resistance for water vapour transport; (4) growing media
hygrothermal properties; and (5) growing media thickness (Vera et al. 2015) There have been
several studies where field measurements have been used to employ mathematical models on
predicting energy performance of green roofs (Kumar and Kaushik 2005; Takakura et al. 2001;
Sailor 2008; Jaffal et al. 2012). These models are based on the heat balance system of green roofs,
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the decrease in thermal transmittance of the roof, as well as the influencing phenomena such as
solar shading by foliage and cooling by evapotranspiration. In Kumar and Kaushik (2005), a
mathematical model was developed based on the green roof components: green canopy, growing
media, and roof support layer to evaluate cooling potential and solar thermal shading in buildings.
The green roof model developed is incorporated in the building simulation code using fast Fourier
transform (FFT) techniques in MATLAB. In Takakura et al. (2001), temperature profiles and
influencing environmental parameters were used to evaluate the cooling effect of green roofs. The
system was constructed and simulated using the Continuous System Modelling Program (CSMP).
In Sailor (2008) the energy balance model of the green roof was developed using energy balance
equations and integrated into the EnergyPlus program. This model was validated on a green roof
building at the University of Florida and used to evaluate the energy consumption of office
buildings in the software in the cities of Chicago and Houston. Jaffal et al. (2012) developed a
green roof energy balance model using heat balance equations based on Sailor (2008) and
Frankenstein et al. (2004), where the model was coupled with Transient System Simulation

Program (TRNSYYS).

Green roof growing media parameters such as thermal conductivity, specific heat capacity, short-
wave reflectivity, and albedo vary depending on the moisture content level (Sailor 2008).
Additionally, the shape and the optical properties of the foliage layer varies because of the outdoor
conditions, the growing media water content level, mineral deficiencies, etc. (Jaffal,
Ouldboukhitine, and Belarbi 2012). In green roof models, these properties are assumed to be
constant. Therefore, there is a significant issue in developing coupled heat and mass transfer

models with considering properties of vegetation and growing media that need to be studied.

Green building could also be referred to as "the practice of increasing the efficiency of using
energy, water, and materials in the building, while reducing the negative impacts on the
environment and human health, through better siting, design, construction, maintenance,
operation, and removal during the complete life cycle of the building" (Al Ka'bi 2020). Building
Information Modelling (BIM) is often used for planning, designing, implementing, and managing
green building projects. BIM provides information on how the building functions; detailed

information on the building infrastructure and its individual components (floors, walls, doors,
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windows, and internal energy systems). BIM gives full flexibility to building designers to achieve
the most efficient models for the building. Energy modelling software applications are part of BIM,
and they are used to design efficient energy systems in green buildings, such as the use of efficient
energy usage resources, increasing usage of natural energy resources, and reducing the negative
impacts of fossil fuel on the environment. There are a variety of energy modelling applications
available where the design processes of green buildings are at different levels of complexity, and
each has a different use of design parameters as well as operating conditions (Al Ka'bi 2020). In
general, there are 10 most common energy simulation models used in analyzing energy
consumption and the design of green buildings. In one study, the performance of each software
was evaluated based on four main objectives: (1) the details of the building geometry, (2) the user
interface of the application, (3) the application capability of importing/exporting data from/to other
applications, (4) the accuracy of the simulation results, documentation, and the user support. A
typical residential building model was created and used by all the energy simulation applications
to produce building energy simulation models for the building, and thus, models were analysed,
compared and ranked against certain design criteria and operating conditions. It was concluded the
best software tool is TRNSYS with a 91% score, followed by Ecotect, Autodesk-Green Building
Studio, and EnergyPlus with scores of 85%, 82%, and 79%, respectively. However, the study
specified the type of software chosen still depends on the user and the type of application it is
being used. TRNSYS software included limitations such as the incapability to connect with
AutoCAD software application in terms of importing and exporting files, while in this aspect,
EnergyPlus is more suitable to be used (Al Ka'bi 2020). When it comes to coupling green roof
modelling with building energy programs, TRNSYS and EnergyPlus have been the most used
software (Jaffal et al. 2012; Mahmoodzadeh et al. 2020). The model developed by Sailor (2008)
has been the most well-adapted in evaluating the performance of green roof systems, which has
been coupled with EnergyPlus software. In Castleton et al. (2010), it is recommended EnergyPlus
be used as the thermal software for green roof modelling. In this model, the heat transfer

phenomenon of green roofs is considered in a relatively simple way, explained in section 3.1.
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2.2.1 EnergyPlus

Green roof models are coupled with building energy programs to evaluate the green roof thermal
performance. The model needs to consider both the green roof system (growing media and canopy
layer) and the heat transfer in the roof structure to accurately evaluate the thermal impact of the
green roof (Jaffal et al. 2012). The model developed by Sailor (2008) has been adaptable well in
evaluating the energy performance of green roofs, and it is coupled with the building energy
program, EnergyPlus. Most works of literature on evaluating the thermal performance of green
roofs have used EnergyPlus as their building energy software program (Berardi 2016a; Gomes et
al. 2019; Castleton et al. 2010; Chan and Chow 2013; Scherba et al. 2011; Yang et al. 2018;
Mahmoodzadeh, Mukhopadhyaya, and Valeo 2020). There is a study where TRNSY'S software is
used as the building energy software program for green roof thermal performance (Jaffal et al.
2012), however, EnergyPlus, due to its relatively simple model for heat transfer, is the most well-

known energy modelling tool used.

EnergyPlus is an energy and thermal load simulation program model developed by the U.S.
Department of Energy (DOE), capable of modelling hourly energy consumption of a building
subject to user-specified construction, internal loads, schedules, and weather. It can compute and
report hourly heat gain components, including heat conduction and solar radiation, through the
building envelope. The heat fluxes are calculated based on the indoor and outdoor environmental
conditions of the building surfaces. The heat balance system on the outside surface of the building
is calculated based on the absorbed short-wave solar radiation flux, the net long-wave radiation
flux exchange, the convective flux, and the conduction heat flux into a wall. The heat Conduction
is calculated using the Conduction Transfer Function (CTF) method (U.S. DOE 2010). The most
important input parameters are roughness coefficients, wind speed, tilt angle, surface temperature,
and the ambient temperature of the environment building is exposed. A typical EnergyPlus used 6
—15-time steps per hour to represent the building operation subject to a typical meteorological year
(Scherba et al. 2011). EnergyPlus at its core, relies on two key element programs: BLAST and
DOE-2. The Army Construction Engineering Research Laboratory developed the building loads
analysis and system thermodynamics tool (BLAST), intended for building designers and architects
wishing to size HVAC equipment. The Department of Energy developed another similar building
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energy simulation code — DOE-2 — that has become the industry standard for building energy
simulation. The developers of EnergyPlus combine the best features from each code in a modular
framework that facilitates the development of the new featured software, in which the green roof
model is one example (Sailor 2008). EnergyPlus reports the heating, cooling, lighting, ventilation,
and other energy flow systems based on indoor and outdoor environmental conditions. Two main
input files are required for the simulation to be conducted: a building input data file (IDF) and a

weather data file (Scherba et al. 2011).

2.3 Generating Current and Future Weather Files for Building
Simulation Tools

To evaluate green roof thermal performance using building simulation tools under current and
future climates, hourly weather data files are needed. Building simulation programs require hourly
meteorological data to evaluate energy and thermal behaviour of buildings, therefore, providing

suitable weather data files representing both current and future conditions is important.

2.3.1 Typical Weather Files Conditions

The building simulation tools are used to evaluate a proposed design of a building under probable
climate conditions that the building is exposed during its lifetime. In numerical models, weather
data define the external conditions of the building, therefore hourly data is required to describe the
dynamic energy behavior of the building. Weather files are based on actual historical weather data
however they may come from different baseline observation periods (Moazami et al. 2019). These
weather files are based on a year of typical weather data that represents a typical regional climate
condition. Typical weather condition files include hourly data on temperature, dew point, global
horizontal radiation, diffuse solar radiation, wind speed, and wind direction. These weather data
are based on a continuous-time span of 20 to 30 years of historical observed data, depending on
the availability of data. The number and weighting of different meteorological variables are
considered a feature of weather file type and hence different typical weather files are used around
the world. Typical meteorological year (TMY) is one type of typical weather data and it’s
computed using the Finkelstein—Schafer (FS) statistic (Herrera et al. 2017). The data sets are

derived from years of 1961 — 1990, where input variables such as minimum, maximum, and mean

29



values of dry bulb temperature, dew point temperature, global radiation, direct normal radiation
are used. TMY2 and Weather Year for Energy Calculations 2 (WYEC?2) are similar to TMY but
they have more complex solar models; the weightings for dry bulb and dew point temperature are
slightly changed and less emphasis is given to wind speed. The base period for TMY?2 is 1961 -
1990 as well. The TMY3 is similar to TMY2 however the baseline is 1976 — 2005. The
International Weather for Energy Calculations (IWEC) year is created by the American Society of
Heating, Refrigerating, and Air-Conditioning Engineers (ASHRAE). These files are like TMY3
format; however, they contain weather observations of wind speed and direction, sky cover,
visibility, ceiling height, dry-bulb temperature, dew-point temperature, atmospheric pressure, and
liquid precipitation. IWEC has recently been updated to IWEC2 which contains slightly more
cooling degree-days, more variation in the solar radiation, lower weights for global horizontal
radiation, and higher weights for direct normal solar radiation than the previous version. The
IWEC?2 files are available for locations in the USA and Canada as well as some other countries

(Herrera et al. 2017).

2.3.2 Future Weather Files Conditions

To generate future weather data files to study the impact of climate change on building energy
performance many different approaches have been proposed and used. There are two main
approaches in obtaining future weather files in hourly datasets: prediction based on historical data
and prediction based on fundamental physical models. Historical models are based on
extrapolation of previous datasets and imposed offset methods where a historical pattern is mapped
to an average change. Physical models are based on stochastic and global climate models (known
as General Circulation Models (GCMs) (Guan 2009). Global climate models consider the energy
transfer mechanisms between a three-dimensional turbulent and radiation active atmosphere,
ocean, cryosphere, and land surface (Guan 2009). GCM is a type of global climate model that is
considered a reliable and most adapted source. The Intergovernmental Panel for Climate Change
(IPCC) has studied climatic change using several possible future emissions scenarios. The different
scenarios were created by varying the greenhouse gas production rate by using different socio-
economic scenarios. Based on the IPCC Fifth Assessment Report (ARS), the emission scenarios
have evolved into Representative Concentration Pathways (RCPs), and now provide the input to
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GCMs (Herrera et al. 2017; IPCC 2014b). GCMs produce data at a coarse resolution, typical
horizontal resolution is 300 km x 300 km and 24-hour temporal resolution (Belcher et al. 2005).
To assess the impact of climate change on building performance, local weather data at high
temporal resolution is required. For this reason, GCMs need to be downscaled and they are in

general two main methods of downscaling: dynamical and statistical downscaling.

Dynamical downscaling

Dynamical downscaling derives local or regional climate using a Regional Climate Model (RCM).
RCMs are numerical models that require explicitly specified boundary conditions from a GCM, or
an observation-based data set (Moazami et al. 2019). RCMs are finer in both spatial and temporal
resolution (climate information at a much finer resolution than GCM), one well known example is
UK MetOffice’s HadRM3 model (GCM: HadCM3) that produces regional (25 km resolution)
projections of future climate (Guan 2009; Roetzel and Tsangrassoulis 2012). An RCM is nested
into a GCM; therefore, the overall quality of the outputs is tied to the accuracy of the GCM.

Statistical downscaling

Statistical downscaling derives regional or local climate variables from larger-scale climate data
using stochastic or deterministic approaches. Statistical downscaling approach is simpler than
dynamical downscaling, however, since more hourly data is available (data can be directly
extracted from RCMs), number applications for locations worldwide is going to decrease for
statistical downscaling and increase more for dynamical downscaling (Moazami et al. 2019).
Statistical downscaling of GCM outputs can be achieved through two methods: stochastic and

morphing.

Stochastic

Stochastic weather models are based on a statistical analysis of recorded climate data. These
models can derive all weather variables using inputs of few independent weather variables and
generate an artificial meteorological database. However, this method due to its stochastic nature
needs to generate weather data over many years to be representative of the climatic patterns during

the desired time periods (Guan 2009). It has also been proven this method has difficulties in
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accurately modelling many climatic variables since it’s not meteorologically consistent (Belcher,
Hacker, and Powell 2005). Meteronorm is a software used for generating weather files based on
Stochastic method (Moazami et al. 2019). Meteronorm uses GCMs under the IPPC fourth

assessment report (AR4) and calculates typical years with hourly resolution for any site.

Morphing

The morphing method was proposed by Belcher et al. (2005) and it’s considered a deterministic
statistical downscaling method. In this method, the ‘baseline climate’ which is the weather data
for a specific location (such as TMY) is used to morph or transform the data. The data morphed
uses projections from GCM or RCM models. The morphing method is constructed based on three
algorithms that are applied to the hourly values of weather variables. These three algorithms are
called Shift, Stretch, and Combination of shift and stretch. Morphed weather files use historical
observation to represent the present-day climate, therefore they are meteorologically consistent,
but they ignore some aspects of future climate change like change in frequency of heat waves
(Herrera et al. 2017). Additionally, the morphing method assumes that the weather patterns will
not change in the future, the weather file generated will contain identical patterns of the base year
(Herrera et al. 2017). CCWorldWeatherGen and WeatherShift are two available tools, using the
morphing method to create climate change weather files starting from EnergyPlus weather files
(EPW). CCWorldWeatherGen provides future weather data for different locations around the
world. In this weather generator tool output data of HadCM3 with A2 emissions scenario of the
IPPC fourth report (AR4) is used and the morphing method is applied to generate EPW files
(Moazami et al. 2019). The baseline climates used is for years 1961 — 1990 and generates future
weather files for worldwide locations within three-time slices: 2011-2040 (referred as 2020s’),
20412070 (referred as ‘2050s’), and 2071-2100 (referred as ‘2080s’) (CCWorldWeatherGen
2009). WeatherShift tool is based on the representative concentration pathways (RCPs) of 4.5 and
8.5 emission scenarios of the IPPC fifth report (ARS) (Dickinson et al. 2016). In this tool, the
morphing method is applied to 14 GCMs and it provides three different time periods of 20262045
(referred to as ‘2035s”), 20562075 (referred to as ‘2065s’), 2081-2100 (referred as ‘2090s’). The

baseline climate used is based on the years 1976 -2005 for both emission scenarios. In this tool, a
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cumulative distribution function (CDF) is also constructed to enable users to assign a probability

to the projections (the warming percentile of future conditions) (Moazami et al. 2019).

Comparison of Future Weather Data Generation Methods

In (Moazami et al. 2019) the objective of the study was to identify the most reliable future weather
generation method to use in building energy simulations. The study first compared the methods of
generating future weather files through dynamical and statistical downscaling. The study then,
using the two main downscaling methods, generated four different future weather files and
investigated the energy performance of buildings under these weather files. The first three weather
data generated was based on statistical downscaling using CCWorldWeatherGen, WeatherShift
and Meteonorm weather generator tool, and the last weather file generated was based on dynamical
downscaling by using RCM (RCA4 model generated by Rossby Centre Regional Atmospheric
Climate Model). Based on the results, it was concluded that only those weather files generated
based on dynamical downscaling are the most reliable for providing representative boundary
conditions to test the energy robustness of buildings under future climate uncertainties (Moazami
et al. 2019). In Berardi and Jafarpur (2020) three different weather files based on the statistical and
dynamical downscaling method were generated to assess the impact of climate on the energy
performance buildings. The two statistical downscaled weather files were generated using
WeatherShift and CCWorldWeatherGen tools and a dynamically downscaled weather file was
generated using HRM3 (downscaled of HadCM3 GCM model). The results showed the higher
spatial resolution of dynamical downscaling (RCMs) compared to the statistical method presents
a better picture of the local climate conditions. Therefore, the impacts of climate change on
building energy demand were quantified better. Also, the HRM3 projected weather parameters in
3-h time-steps, which were significantly better than the monthly time-steps seen in HadCM3; this
reduces the significance of the statistics in data interpolation. Berardi and Jafarpur (2020)
concluded that the use of multiple GCMs rather than just a single model for future weather file
generation creates statistically significant results. Therefore, a combination of multiple GCMs, like
in the WeatherShift tool, as well as RCM, such as HRM3, provides the most accurate climate
prediction for the future (Berardi and Jafarpur 2020). In Herrera et al. (2017) various methods on
the generation of weather files have been discussed and compared. It was concluded among future
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weather files generated through RCMs, morphing, and synthetic (Stochastic), the most suitable to
generate future weather files are through RCMs, however, if the hourly temporal resolution is
provided. One main limitation of RCMs is that their resolution varies depending on the world

region targeted and models employed.

The morphing downscaling method is commonly used to generate future weather files and evaluate
the buildings energy performance (Robert and Kummert 2012; Chan and Chow 2013; Moazami et
al. 2019; Belcher et al. 2005). In Belcher et al. (2005) where the morphing method was proposed,
it has been mentioned the major disadvantage of this method is the future weather file has the
variability and character of the present data. In Belcher et al. (2005), the future weather data was
generated through the morphing method and compared to UKCIP02, which is a regional climate
model to validate the morphing process. The results showed the reduction in heating degree days
compared to present-day weather file agreed with the results calculated from the regional climate
model, which proved that the morphing method is valid to produce future weather file data
(Belcher, Hacker, and Powell 2005). In another study by Robert and Kummert (2012), future
weather files were generated through the morphing method to evaluate the impact of future
climates on net-zero energy buildings (NZEBs). It was also shown in the study that the data
generated using the morphing method matched the average changes of the GCM model HadCM3,
indicating again the validation of the morphing method (Robert and Kummert 2012). There have
also been studies by (Guan 2009) and (Chan and Chow 2013) which have validated the morphing
method and its use on evaluating the energy performance of buildings (Chan and Chow 2013;
Guan 2009). In Table 2-2, the advantages and disadvantages of downscaling methods for
generating future weather files for building energy simulation tools are summarized. As observed
from Table 2-2, the dynamical downscaling method is not constrained by historical data and has
high spatial and temporal resolution, however it is computationally intensive. On the other hand,
statistical downscaling method is widely available through various software and can be generated
in hourly durations. The major disadvantage of statistical downscaling is that future data generated

relies strictly on historical observations and could lead to similar historic climate patterns.
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Table 2-2: Methods for generating future weather data used in building energy simulation models.

Downscaling Advantages Disadvantages
method
High spatial resolution Resolution varies globally based
High temporal resolution on region targeted and models
Dynamical Physically consistent data set for employed; may need temporally
downscaling using different variables downscaling if resolution is too
RCM Not constrained by historic data coarse
Computationally intensive
All weather variables could be Difficulties in accurately
driven using few inputs modelling climatic variables
Statistical independent weather variables Not meteorologically consistent
downscaling: Hourly data generated through Relies statistically based on

stochastic method

software such as Meteonorm

Meteorologically consistent and
simple method
Accounts for local weather

historical observations climate
data

Assumes future weather patterns
will not change; weather file
generate contains identical

Statistical conditions patterns of the base year
downscaling: Available in variety of weather Some future climate change
morphing method generator tools such as aspects are ignored such as

CCWorldWeatherGen and
Weather Shift

change in heat waves frequency
is ignored

2.4 Research Gap and Objectives

Based on future projections, by the end of the 21st century, annual average temperatures across
Canada will increase by 1.8 °C for a low greenhouse gas emission scenario (RCP 2.6) to 6.3 °C for
a high emission scenario (RCP 8.5) compared to the reference time-period of 1986-2005. The
annual and winter precipitation is projected to increase in all parts of Canada, while there would
be a reduction in summer rainfall for southern parts of Canada (Zhang et al., 2019). Climatic
extremes are projected to become more intense and frequent because of climate change such that
the annual highest daily temperature, which currently occurs every 20 years, will become a once
in 5-year event by the mid-century under a low emission scenario and a once in 2-year under a
high emission scenario (Berardi and Jafarpur 2020). Therefore, buildings across Canada are
expected to be exposed to drastically different annual and seasonal climatic conditions with more

frequent and intense extreme events such as rain and heatwaves over their design life. This shows
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the importance of evaluating the thermal performance of new buildings under both current and
future climate conditions, so a failure in building design would be limited. Additionally, it’s as
important to measure the energy performance of buildings when effective design elements such as

green roofs are used to reduce the environmental impacts caused by climate change.

There have been various studies that have investigated the performance of buildings under future
climate conditions. All studies revealed similar conclusions that, in general, buildings in regions
with projected increases in temperature would require more energy for cooling space and lower
energy for heating space in future (Moazami et al. 2019). Robert and Kummert (2012) analysed
building performance under future climate conditions of Massena (NY) for horizon years of the
2020s and 2050s. Results showed the future conditions climate would be warmer, sunnier, and
dryer in the months of June to September, while winters are warmer and less sunny compared to
current climate conditions. In Roetzel and Tsangrassoulis (2012), the energy performance of a
building in Athens was studied under the future climate conditions through modelling using
EnergyPlus. As a result, the peak heating loads from the horizon year of the 2050s to 2080s would
decrease by 40 to 100%, and the peak cooling loads would increase by a factor ranging from 1.3
to 2.6. In Chan and Chow (2013), the impact of climate change for horizon years of the 2020s,
2050s, and 2080s on an office building using EnergyPlus was studied to evaluate the building’s
air-cooled and cooled chiller systems. The study concluded 3.9 to 4.2 % extension capacity should
be considered to meet the increasing cooling demand. In Canada, studies are performed on the
effect of climate change on building heating and cooling loads. In Berardi and Jafarpur (2020), the
building energy consumption under the future climate of Toronto city was analysed. The result
showed an average decrease of 18%—33% for the heating energy use intensity and an average

increase of 15%—126% for the cooling energy use intensity by 2070 (Berardi and Jafarpur 2020).

Although the impact of climate change on building thermal performance is evaluated, up to now,
there has been no research on the energy performance of green roof systems on buildings under
future climatic conditions in Canada or around the world. Green roofs are considered valuable
strategies for making buildings more sustainable and have proven to decrease and improve
building energy consumption. In addition, the impact of climate change and shift in weather

patterns in future conditions changes the building cooling and heating consumption magnitudes,
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which would impact the green roof thermal performance. Designing green roofs based on future
climate conditions could offer an opportunity to manage the energy patterns of buildings in the
future. Over the years, the green roof thermal performance evaluated globally under different
current climate conditions have shown green roof performance varies depending on the climate.
Thus, designing and optimizing green roof thermal performance specific to the climate they are

installed in is crucial.

In this research, optimizing green roof designs under both current and future climate conditions of
the City of Toronto is investigated through modelling. In 2012, the City of Toronto issued a by-
law that buildings with areas more than 2000 m? require the installation of green roofs. Thus, most
new buildings in the City of Toronto are considered to have green roofs, but they all have different
design configurations (various growing media and vegetation types). Therefore, it is important to
investigate the impact of green roofs in decreasing building energy consumption in the City of
Toronto to be able to optimize green roof design and implementation. Furthermore, adding an
insulation layer to green roof structures is a design requirement under Toronto climate. The impact
of added insulation thickness is not studied extensively, and its effect on various green roof design
configurations on building energy performance is unknown. Hence, this research aims to evaluate
the impact of added insulation thickness with various green roof design parameters on building

thermal performance.

Three design parameters of growing media depth, LAI and insulation thickness on green roof
thermal performance are considered. The growing media depth and LAI are selected due to being
the most effective green roof parameters in decreasing heating and cooling loads. The objective is
to determine optimal green roof design using varied ranges of growing media depth, LAI, and
thermal insulation thickness. The influence and importance of each parameter on green roof
thermal performance are quantified. The research is performed through modelling using
EnergyPlus software, which is a well-accepted simulation tool for modelling green roof thermal
performance on building energy consumption. Archetype benchmarks available by DOE on the
EnergyPlus simulation tool are used as reference buildings, and a green roof is defined in the
software with suggested design parameters. The current climate weather data is based on the

Canadian Weather Year for Energy Calculation (CWEC) file that is available in hourly durations.
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For future climate data, the CCWorldWeatherGen tool is used to generate future climate conditions
for the time frame of the 2080s using CWEC current climate as the baseline year. In this research,
precipitation is also considered as the moisture input source of green roofs; however, due to the
unavailability of hourly precipitation data under both current and future conditions, the

precipitation data is generated using a different approach explained in Chapter 3 section 3.2.3.

The primary stage of this research determines optimal green roof design parameters in the City of
Toronto that would be most effective in decreasing the energy consumption of a secondary school
building compared to the conventional roof (no green roof installed). According to (NRCan 2013),
primary/secondary school buildings are considered the largest energy consumers in Canada.
Hence, the secondary school building is chosen as the reference building for evaluating the green

roof thermal performance and energy savings.

In the secondary stage, the green roof energy savings are analysed based on two other building
archetypes. The second stage aims to determine if building type and characteristic would impact
the green roof performance on building energy savings and compare the difference for the green
roof optimal design in the first and second stage. An office and a hospital building archetype are
considered in the second stage of this research. These two archetypes are selected due to their
different characteristics compared to secondary school. The impact of green roof thermal
performance for office and hospital buildings are evaluated under current, and future climate
conditions and optimal green roof configuration designs are suggested similar to the secondary

school.

Lastly, the green roof water retention performance is analysed for all three archetypes to showcase
other green roof benefits. For more details on the objectives of this research, the reader can refer

to Chapter one, section 1.3.
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Chapter Three: Methodology

The method employed in this research simulates the energy balance for three building archetypes
of a secondary school, an office and a hospital using the EnergyPlus building simulation tool with
green roof designs under current and future climates in the City of Toronto. In addition, a
sensitivity analysis using three design parameters of growing media depth, LAI, and thermal
insulation thickness to evaluate the effect of green roof thermal energy performance on building

energy consumption is performed.

3.1 EnergyPlus Simulation Tool

In this research, EnergyPlus, a widely accepted simulation tool for modelling annual building
energy consumption, is used. EnergyPlus is an energy and thermal load simulation program
developed by the United States Department of Energy (DOE). It is used to model the hourly energy
consumption to specified building construction layers, internal loads, schedules, and weather (U.S.

DOE 2010).

The heat fluxes are calculated based on the indoor and outdoor temperature of building surfaces.
EnergyPlus reports the heating, cooling, lighting, ventilation, and other energy flow systems based
on indoor and outdoor environmental conditions. The heat flux through the building envelope is
calculated using Conduction Heat Transfer (CTF) method (U.S. DOE 2010). Two main input files
are required for the conduction simulation: a building input data file (IDF) and a weather data file
in EnergyPlus weather (EPW) format. The IDF describes the building characteristics and HVAC
system. The weather file includes climatic variables such as wind speed, wind direction, direct and
diffuse solar radiation, dew point temperature and dry bulb temperature. EnergyPlus includes a
one-dimensional green roof model, called Ecoroof, developed by Sailor (2008). It allows users to
specify a green roof as the outer layer of a building rooftop. The user can select various aspects of
the green roof design parameters such as growing media depth, the height of plants, LAIL leaf
albedo, the depth, density, thermal conductivity, and specific heat of the growing media (referred
to as “soil” the software). To account for soil moisture conditions in Ecoroof, irrigation and

precipitation schedules can also be implemented in EnergyPlus. The Ecoroof module contains
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energy budgets for both the foliage layer and soil surface. The green roof energy balance is
dominated by solar radiation and the model accounts for long-wave and short-wave radiative
exchange within the plant canopy; effect of plant canopy on sensible heat exchange among the
ambient air, leaf, and soil surfaces; thermal and moisture transport in the soil with moisture inputs
from precipitation and irrigation; evaporation from the soil surface, and transpiration from the
vegetation canopy. In addition, the green roof model is fully coupled with the EnergyPlus building
energy simulation code that accounts for the internal and environmental loads on the building,
mechanical HVAC system and models the building system for 8760 hours in a "typical" year
(Sailor and Bass 2014).

The solar radiation is balanced by sensible (convection) and latent (evaporative) heat flux from
soil and plant surfaces combined with heat conduction into the growing media and long-wave
(thermal) radiation to and from the soil and leaf surfaces. The energy budget analysis follows the
fast-all-season soil strength (FASST) model developed by Frankenstein and Koenig and the energy
and moisture balance (including ice and snow) within vegetated soil is tracked. The green roof
model is a one-dimensional model that draws heavily from other plant canopy models
(atmospheric modelling communities), the Biosphere-Atmosphere Transfer Scheme (BATS) and
the Simple Biosphere Model (SiB). The model adopts a relatively thin soil layer and the sign
convention used assumes all heat fluxes are positive when energy is absorbed into the layer (Sailor
2008). The Ecoroof model energy balance in EnergyPlus is shown in Figure 3-1. In Sailor (2008),
the model has been validated using soil surface temperature data from a monitored green roof on

a building in Florida. Verification of the current model is also discussed in section 3.3.1.
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Figure 3-1: Energy Balance of Green Model by Sailor (D. J. Sailoir 2008).

The green roof model by Sailor (2008) is a one-dimensional model that contains energy budgets

for both the foliage layer (Ff) and ground surface layer (Fy). The foliage energy balance is given

by (Equation 3):
OFEYEFO :
— s l feg<r Equation 3
Fr = oplls(1 — o) + ey, — 0T/ ] + e (Tg = T7) + Hy + Ly 1
Where:
— Equation 4
Equation 5

Lf = lfLAIpafoWaf T'"(qaf - Qf,sat)

The energy budget of the foliage layer accounts for short (Is) and long-wave radiation (Ii;) as well
as sensible heat flux (Hy) and latent heat flux (Ly) transfer in the vegetation layer, Equation 4 and
Equation 5, respectively. The sensible heat transfer between the foliage and near canopy air (H;) is
influenced by the temperature difference between the foliage temperature (T;) and air temperature
within the canopy (T,;), wind speed in the canopy (W,,), and LAI In equation 4, constant 1.1
accounts for heat transfer from stems, twigs, and limbs; p, the density of air near the foliage; ¢,

is the bulk transfer coefficient and C, , is the specific heat of air at constant pressure.
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The process of water loss through plant respiration is known as transpiration. It is controlled by
opening and closing of the stomata. The resistance to leaf activity (diffusion of water vapour into
and out of stomata) or the stomatal resistance depends on light intensity, soil moisture content, and
the vapour pressure difference between the leaf interior and the ambient air. The actual stomatal
resistance at any time is proportional to this minimum resistance and inversely proportional to LAI
(Sailor 2008). Additionally, the boundary layer formed due to aerodynamic resistance; depends on
wind speed, surface roughness, and atmospheric stability. The combined effect of aerodynamic
and stomatal resistances to vapour diffusion creates the foliage surface wetness factor. The higher
the wind speed, the lower the aerodynamic resistance, which would result in a smaller wetness
factor, implying that the leaf surface remains dry, and moisture is readily evaporated. However,
with low wind speed, the aerodynamic resistance increases, and the wetness factor approaches 1.0.
This indicates that moisture readily travels to the leaf surfaces but is not easily evaporated. The

latent heat flux transfer of the foliage layer (Ly) is based on the latent heat of vaporization (), the
foliage wetness factor (), the wind speed within the canopy (W, ), the difference between the
saturation mixing ratio at the foliage surface temperature (qs sq¢) and the mixing ratio of the air
within the canopy (q4f). The mixing ratio is the mass of water vapour to mass of dry air. The soil

surface energy balance (F,) is given by (Equation 6):

0rEGEFO oT,
F, =1 —-0n)[l(1—ay) + gl — g50T ] + % (T4 —T#) +Hy + Ly + K Equation 6

g
0,
Where the sensible heat (Hg), latent heat flux (Lg) and multiple reflections associated with long-

wave and short-wave radiation is presented. The last term on the right side gives the conduction

of heat into the soil.

The soil energy budget is mainly influenced by the soil thermal properties, the amount of foliage
coverage (o;) and the amount of moisture in the soil. The heat released or gained due to phase
changes of soil water, precipitation heat flux and heat flux due to vertical water transport in the
soil are ignored. The energy equation of the soil combines reflections associated with short and
long-wave radiation, sensible heat flux H, (Equation 7), latent heat flux L, (Equation 8) and

conduction of heat through the soil. Sensible heat flux (H,) between the soil surface and the air is
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dependent on the temperature difference between the ground surface temperature (T,) and air
temperature within the canopy (T,;), and the wind speed within the canopy (W,). Equation 7,

Cyg presents the sensible heat flux bulk transfer coefficient at ground layer.

Hy = pagCpaChgWar(Tay — Ty) Equation 7

Ly = Ce‘glgWafpag(qaf - qg) Equation 8

The removal of water vapour from the soil surface depends on the difference between the mixing
ratio at the ground surface (q,4) and mixing ratio at the foliage-atmosphere interface (q,y), the
wind speed within the canopy (W,,), and the latent heat vaporization at ground surface temperature
(I4) resulting in latent heat flux (Equation 8). The C,4 is the latent heat flux bulk transfer

coefficient at ground layer, presented in Equation 8.

The other elements of the energy balance, heat conduction is assumed to be uniform in the
horizontal direction. This one-dimensional heat conduction allows the thermal properties to vary
in response to the moisture content of the soil The user specifies albedo values, thermal
conductivity, specific heat capacity, and density for dry soil. The green roof module updates these
properties based on the current moisture state of the soil and generalised sensitivity functions. This
sensitivity function is based on experimental work performed by Sailor (2008). As a rule, it was
found that diffusivity and thermal conductivity varied linearly with soil moisture saturation level,
with saturated soil having a 40% higher specific heat capacity and twice the thermal conductivity
of their dry counterparts. As mentioned previously, EnergyPlus can track precipitation through a
user supplied schedule. The precipitation schedule serves as a moisture input for the soil layer. In
general, moisture leaves the soil through one of three mechanisms: runoff, evaporation from the
soil surface, or evapotranspiration from vegetation surfaces. Runoff results when precipitation
occurs when the soil is saturated. Evaporation and evapotranspiration are calculated directly from
the latent heat flux calculations for the soil (L) and vegetation layers (Lf) and the corresponding
values of latent heat of vaporisation of water. Within each time step the soil moisture state is

updated based on the net inflow of moisture to the soil layer.
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The soil surface (Tg) and foliage (Tr) temperature equations are solved each time step
simultaneously, inverting the CTF to extract heat flux information for the energy balance
calculation. This model functions as an integral component of the simulation software, performing
an energy balance on a vegetated rooftop within each time step. This Ecoroof model in EnergyPlus
can simulate and evaluate the thermal and energy performance constructed with a green roof
system. Detailed energy balance analysis and resulting equations within the Ecoroof model can be

found in Sailor (2008).

3.2 Weather Climate Data

Building energy simulation programs require meteorological data to evaluate buildings' energy
and thermal behaviour; therefore, providing suitable weather data files representing both current
and future conditions is essential. In this research, hourly weather data files were obtained to assess
green roof thermal performance using EnergyPlus software under current and future climate and

are described below.

3.2.1 Base Year Current Climate Weather Data

Weather files are based on actual historical weather data; however, they may come from different
baseline observation periods (Castleton et al. 2010). These weather files are based on a year of
typical weather data that represents a typical regional climate condition. Typical weather condition
files include hourly data on temperature, dew point, global horizontal radiation, diffuse solar
radiation, wind speed, and wind direction. Typically, depending on data availability, these files are
based on continuous-time span (20 to 30 years) of observed historical data. As weather file types
differ based on the number and weighting of different meteorological variables, other weather files
are used worldwide. In Canada, the Canadian Weather Year for Energy Calculations (CWEC) is a
typical weather file available, developed by joining twelve typical meteorological months from the
Canadian Weather Energy and Engineering Datasets (CWEEDS). The CWEC months are chosen
by statistically comparing individual monthly means with long-term monthly means for daily total
global radiation, dry bulb temperature, dew point temperature and wind speed (MSC 2008). The
latest CWEEDS update was in 2016 and included 492 Canadian locations for periods between
1998 and 2014. In this research, the current climate data (or base year) was taken to be CWEC
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2016 in EPW format (WMO station 716240), which is available publicly by the Government of

Canada.

3.2.2 Future Climate Weather Data

Many different approaches have been proposed by others to generate future weather data files to
study the impact of climate change on building energy performance. Physical models are based on
stochastic and global climate models (Wilde and Coley 2012) that consider the energy transfer
mechanisms between a three-dimensional turbulent and radiation active atmosphere, ocean,
cryosphere, and land surface (Guan 2009). A General Circulation Model (GCM) is a global climate
model that is considered reliable and adapted by many (Guan 2009; Chan and Chow 2013; Berardi
and Jafarpur 2020; Robert and Kummert 2012). To assess the impact of climate change on building

performance, local weather data at high temporal resolution is also required.

For this reason, GCM has to be downscaled either through dynamical or statistical downscaling
methods. In this research, Climate Change World Weather Generator (CCWorldWeatherGen) tool
is used to statistically downscale GCMs and generate hourly future weather files (University of
Southampton 2009). The CCWorldWeatherGen generates climate change weather files through a

statistical downscaling method called morphing.

Building simulation tools require hourly weather data files for various climate variables such as
hourly dry bulb temperature, dew point temperature, wet bulb temperature relative humidity,
atmospheric pressure, wind speed, wind direction, total sky cover, horizontal infrared radiation,
diffuse solar radiation, and direct solar radiation. Additionally, in EnergyPlus, all weather files
need to be in EPW format. Accessing downscaled future weather data that includes all weather
variables under the same emission scenarios and time periods at hourly resolution can be
challenging. Therefore, the CCWorldWeatherGen tool is a suitable method available to generate
the future weather data in EPW format using the morphing method. In this research morphing
approach was chosen as the statistical downscaling method due to reliable baseline climate
(CWEQC) since it's the present-day weather series. The spatial downscaling is achieved through
morphing due to baseline weather data obtained from observations at a real location. Thus,

morphing method technique has been validated in producing future weather files in many research
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studies, discussed previously in section 2.3.2. Weather files generated using the morphed method
have been shown to match the average changes of the GCM model HadCM3. One limitation of
the morphing method is that the generated future weather data has the variability and character of
the baseline, present-day weather file; therefore, the future time frames may have different climate
characteristics. However, the morphing method is a practical method to generate future weather
files and it gives future weather files that are meteorologically consistent. Lastly, the morphing
method has been the most widely used approach in literature for generating future weather files to
evaluated building energy demand under future years (Berardi and Jafarpur 2020; Moazami et al.

2019; Robert and Kummert 2012; Chan and Chow 2013; Belcher et al. 2005).

The morphing method was proposed by Belcher et al. (2005). It uses the 'baseline climate', which
is the typical weather data for a specific location (such as CWEC), to morph or transform data with
projections from GCMs. The morphing method produces weather data for building simulations by
considering the changes in the climate conditions. The morphing method consists of shifting,
stretching, or combination of both of current present-day climatic variables time-series resulting
in the generation of new time series that contains the average change in climate conditions. It
should be noted that morphed weather data maintains the physical realistic weather sequences of
the source (base climate) data. The three main algorithms of shift, stretch, and combination of shift

and stretch used in the morphing method are listed in Equation 9 to 12, respectively.

X = X, + Axp, Equation 9
X = UpuX, Equation 10
X = Xo+ Axpy + ap (X9 — (X)) Equation 11

Where x, is the hourly present climate variable, Ax,, is the absolute change in monthly mean
climate variable for month m, a,, is the fractional change in monthly mean climate variable for
month m and (x,),, is the climatic variable x, averaged over month m. The "shift" algorithm
(equation 10), adds the monthly mean change to the current (base climate) hourly weather variable

data and shifts the baseline data by Ax,,,. The second algorithm (equation 11), "stretch" the current

46



hourly data and scales the data with relative monthly mean change of the weather data. "Stretch"
is used when there is change to the mean or variance as a percentage or fractional change rather
than an absolute increment. For combined shift and stretch, the current hourly weather data is
shifted by adding absolute monthly mean change and stretched by a monthly diurnal variation of
the parameter (equation 12). A combination of shift and stretch is applied when there is a change
in both mean value and variance. A typical example of the shift approach is adjusting atmospheric
pressure while the stretch approach is mainly used for solar irradiance (due to solar irradiance
having a value of zero at night). The combined shift and stretch approach is primarily used in
adjusting dry bulb temperature to account for changes in daily mean, minimum and maximum

daily temperature.

In this research, the CCWorldWeatherGen tool, based on HadCM3 with A2 emission scenario, is
selected as the software for generating future climate data. Emission scenario A2 describes a
continuous population increase with regionally oriented economic growth and slow technological
change (IPCC 2000a). The CCWorldWeatherGen tool is based on Microsoft Excel, and data is
transformed from the present climate weather file (EPW format) to future climate conditions in
EPW. In this research, to generate the future files using CCWorldWeatherGen, first, the EPW
format from CWEC files was uploaded. Then HadCM3, A2 scenario and a future time frame was
selected. There are three different future time frames provided by CCWorldWeatherGen, the
2020s, 2050s and 2080s. In this research, the time frame of 2080s was chosen. After choosing the
future time frame, the morphing procedure was started to superimpose the future climate data onto

the CWEC file. Lastly, the climate change data was generated in the EPW weather file.

It is important to note, in the morphing method, the averaging period used for the baseline, present-
day data, should be the same as the period for the baseline used for the climate change scenario.
In this research, the CCWorldWeatherGen tool applied the projected changes in 1961-1990
baseline data from 1998-2014 of CWEC. This difference in baseline period would result in higher
maximum, and minimum temperatures since baseline 1998-2014 climate have higher temperature
values. In statistical downscaling such as the morphing method, the baseline is used to superimpose
the future changing climate to create the future climate. Selecting a different historical period for

the baseline weather file than the baseline used for the climate change scenario could result in
47



variations of the projected future climate (Berardi and Jafarpur 2020). In this research, the
CCWorldWeatherGen tool generates future climate conditions based on HadCM3, where the
baseline used for the climate change scenario is the historical period of 1961-1990. Due to the
unavailability of data, CWEC data for averaging periods of 1998-2014 was selected. Hence, the
use of different averaging periods for the present day baseline data and baseline periods for climate
change scenarios in generating future climate data using the morphing method is a limitation of

this research.

150 mm

Precipitation
Data Growing
Media
Depth (mm)

Green Roof Modelling Green Roof Design Leaf Area
using EnergyPlus Parameters Index (LAI)

Base Year Weather Climate
(CWEC 2016) Data (EPW)

Insulation
Thickness
(mm)

CCWorldWeatherGen
Tool

Figure 3-2: Method schematic

In Figure 3-2, the schematic of the method used in this research is presented. There are three
fundamental steps involved: the weather files in EPW format; the schedule precipitation data; and
the green roof design parameters. There are two weather files for the base year (current climate)
and future time horizon of 2080s. The precipitation data is inserted as scheduled files for the two
time periods of base year and 2080s; creating precipitation schedule files are explained in section
3.2.3. Lastly, the three design parameters of growing media depth, LAI and insulation thickness,

which were used in a sensitivity analysis are explained in section 3.3.
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3.2.3 Current and Future Precipitation Weather File Generated
Current Precipitation Data

In this research, precipitation as a source of moisture input is considered in the green roof
simulation using EnergyPlus. Precipitation weather data includes rain and equivalent water content
of snow; however, most building weather data files do not contain precipitation; if they do,
EnergyPlus does not consider it in green roof simulation. The CWEC2016 in EPW includes
weather observations for light, moderate and heavy rainfall in meter per hour. The light rainfall is
considered to be 0.00083 m/hr, moderate rainfall is 0.0067 m/hr, and heavy rainfall is 0.002 m/hr.
However, these values reported as light, moderate and heavy rainfall in weather observations of
EPW estimate the intensity of rainfall and not the actual values of precipitation. Hence, new
rainfall data needs to be generated that accounts for the rainfall's hourly duration and intensity

scale.

In EnnergyPlus, the precipitation data needs to be defined as a schedule separately through the
"Site: Precipitation" object in EnergyPlus, used by the "Material: RoofVegetation" object. The
"Site: Precipitation" object is often used to define precipitation rates (m/hr) using the "Schedule"
object. In this research, the precipitation schedule data was developed using the observation fields
from CWEC2016 weather file, EPW format, and the average monthly precipitation for the same
CWEC 2016 weather site provided by Canadian Climate Normals (Environment Canada 2013).
International Pearson Airport weather station data was used for both CWEC2016 in EPW and

Canadian Climate Normals.
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Table 3-1: Monthly and total precipitation for EPW observations and Canadian Climate Normals (Toronto Pearson
Intl AP Station)

ID 716240 6158733
Climate Data EPW Observations Precipitation Canadiar} Climate Normals
(mm) Precipitation (mm)
Jan 92 51.8
Feb 48 47.7
Mar 97.2 49.8.5
Apr 192 68.5
May 172.8 74.3
Jun 128 71.5
Precipitation Jul 123.2 75.7
Aug 96.8 78.1
Sep 108 74.5
Oct 164 61.1
Nov 162 75.1
Dec 116 57.9
Sum 1500 786

The Canadian Climate Normals provide the average monthly precipitation data in the last 15 years
for certain locations. Table 3-1 provides the monthly and sum of precipitation data for both EPW
observations and Canadian Climate Normals data. From Table 3-1 it can be observed the annual
precipitation from EPW observation precipitation is 1500 mm while the annual precipitation data
from Canadian Climate Normals is 786 mm; indicating EPW precipitation data are not presenting
realistic values. Therefore, to generate realistic rainfall data for the precipitation schedule in
EnergyPlus, the hourly weather observations from the EPW file that indicates the hourly duration
of the rainfall were used to sum the monthly observations rainfall and rescaled to meet the average
precipitation for the Canadian Climate Normals data. The monthly ratio of Canadian Climate
Normals precipitation to weather observation precipitation were used to scale the hourly
observation precipitation of EPW to generate an hourly base precipitation weather data, as shown

in Equation 12.

Ratio Monthly Canadian Climate Normals Equation 12

Monthly Weather Observataion Precipitation (EPW)

To show the step by step process of the method used to generate precipitation, weather observation

data for the 24 hour duration of January 18" is chosen as a sample calculation. First, monthly
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precipitation from both Canadian Climate Normals and observation weather data (EPW) for month

of January given in Table 3-1 is used to calculate the ratio for month of January using Equation

12.

) 51.8
Ratioy,, = 57 = 0.563

Then, the calculated ratio for month of January is used to scale the observation weather
precipitation data (EPW) at hourly duration to realistic precipitation data similar to the Canadian
Climate Normals. Table 3-2 shows the weather observation data from EPW for light, moderate

and heavy precipitation, and the scaled generated data for January 18™.

Table 3-2: Sample of generated precipitation data at hourly duration

) Weatlgel.‘ ob.servation Wezftl.ler .observatimL New Generated
Time (Hour) pre:g;t‘;t)ntz?n ;lata Preﬂplgﬂgggl’w) Precipitation Data (m)
01/18 01:00:00 1.17E-03 1.17E-03 * 0.563 6.57E-04
01/18 02:00:00 2.00E-03 2.00E-03 * 0.563 1.13E-03
01/18 03:00:00 2.00E-03 2.00E-03 * 0.563 1.13E-03
01/18 04:00:00 8.33E-04 8.33E-04 * 0.563 4.69E-04
01/18 05:00:00 0.00E+00 0.00E+00 * 0.563 0.00E+00
01/18 06:00:00 1.17E-03 1.17E-03 * 0.563 6.57E-04
01/18 07:00:00 8.33E-04 8.33E-04 * 0.563 4.69E-04
01/18 08:00:00 1.17E-03 1.17E-03 * 0.563 6.57E-04
01/18 09:00:00 8.33E-04 8.33E-04 * 0.563 4.69E-04
01/18 10:00:00 0 0*0.563 0
01/18 11:00:00 0 0*0.563 0
01/18 12:00:00 0 0*0.563 0
01/18 13:00:00 0 0*0.563 0
01/18 14:00:00 1.17E-03 1.17E-03 * 0.563 6.57E-04
01/18 15:00:00 8.33E-04 8.33E-04 * 0.563 4.69E-04
01/18 16:00:00 0 0*0.563 0
01/18 17:00:00 0 0*0.563 0
01/18 18:00:00 0 0*0.563 0
01/18 19:00:00 0 0*0.563 0
01/18 20:00:00 0 0*0.563 0
01/18 21:00:00 0 0*0.563 0
01/18 22:00:00 0 0*0.563 0
01/18 23:00:00 0 0*0.563 0
01/18 24:00:00 0 0*0.563 0
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It should be noted that the average climate condition for the precipitation data is based on 1981-
2010, and the average climate condition for CWEC2016 (EPW) is 1998-2014; this difference was
due to the unavailability of data. The generated hourly precipitation data was inserted in the

"Schedule: file "object in EnergyPlus.

Future Precipitation Data

The CCWorldWeatherGen tool downscales all weather variables within the CWEC weather file,
however since precipitation data was not included in the CWEC file, future precipitation data was
generated using a different approach. The CCWorldWeatherGen tool projections are based on
HadCM3 A2 emissions, which is considered to be older version of climate scenarios and the
projected precipitation data under these emission scenarios are unavailable. Additionally,
projected future precipitation data should match the projections from the HadCM3 A2 emission
scenario and use of other GCMs and emission scenarios would create inconsistency in results.
Therefore, the precipitable water climate variable which is included in the CWEC (EPW) format
was used to generate future precipitation projections. The precipitable water is the amount of water
potentially available for precipitation; however, it does not represent the total amount of actual
precipitation. While using the CCWorldWeatherGen tool, the precipitable water climate variable
is morphed, and the projections for the precipitable water variable is generated. Therefore, the
hourly current precipitation data generated in the Current Precipitation Data section with the
current precipitable water from the CWEC2016 (EPW) weather file was used to determine the
ratio presented in Equation 13. This ratio scales the precipitable water climate of future projection
and generates hourly future precipitation data; the precipitable water for each hour time period of

2080s was scaled accordingly.

Hourly Current Precipitation Data Equation 13

Ratio =
hour ™ Hourly Current Precipitable Water Data

Table 3-3 presents a sample of hourly generated precipitation on January 23rd where equation 14
is used to calculate the ratio for each hour. The precipitable water for each hour of 2080s period is

then multiplied by the ratio of each hour to determine the precipitation at each hour. Additionally,
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Table 3-4 provides the monthly precipitation from the current climate and generated precipitation

data and the percentage change for the future time frame of the 2080s.

Table 3-3: Sample of generated future precipitation data

rrent s .
Time (hour) Prgclil(ll)rilt:ation lgj‘l;,irf:lllt) Ratio nour 208(0;1)1) w Ztlzgsiopl:iflf 12t3§t;1(())snp(‘n‘17):

01/23 01:00:00 0.0E+00 12 0.0E+00 14 0.0E+00
01/23 02:00:00 0.0E+00 12 0.0E+00 14 0.0E+00
01/23 03:00:00 0.0E+00 13 0.0E+00 15 0.0E+00
01/23 04:00:00 0.0E+00 13 0.0E+00 15 0.0E+00
01/23 05:00:00 6.6E-04 13 5.1E-05 15 7.6E-04
01/23 06:00:00 1.1E-03 13 8.7E-05 15 1.3E-03
01/23 07:00:00 1.1E-03 14 8.0E-05 16 1.3E-03
01/23 08:00:00 1.1E-03 13 8.7E-05 15 1.3E-03
01/23 09:00:00 1.1E-03 15 7.5E-05 18 1.4E-03
01/23 10:00:00 1.1E-03 18 6.3E-05 21 1.3E-03
01/23 11:00:00 1.1E-03 18 6.3E-05 21 1.3E-03
01/23 12:00:00 1.1E-03 18 6.3E-05 21 1.3E-03
01/23 13:00:00 4.7E-04 19 2.5E-05 22 5.4E-04
01/23 14:00:00 0.0E+00 18 0.0E+00 21 0.0E+00
01/23 15:00:00 6.6E-04 17 3.9E-05 20 7.7E-04
01/23 16:00:00 1.1E-03 20 5.6E-05 24 1.4E-03
01/23 17:00:00 1.1E-03 18 6.3E-05 21 1.3E-03
01/23 18:00:00 4.7E-04 18 2.6E-05 21 5.5E-04
01/23 19:00:00 0.0E+00 18 0.0E+00 21 0.0E+00
01/23 20:00:00 0.0E+00 20 0.0E+00 24 0.0E+00
01/23 21:00:00 6.6E-04 20 3.3E-05 24 7.9E-04
01/23 22:00:00 1.1E-03 18 6.3E-05 21 1.3E-03
01/23 23:00:00 1.1E-03 21 5.4E-05 25 1.3E-03
01/23 24:00:00 4.7E-04 18 2.6E-05 21 5.5E-04

*PW: precipitable water
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Table 3-4: Baseline (current) and future precipitation for time periods of 2080s with percentage change in
precipitation future climates

Month Prec1p1t?lt19(;119(-1;151113‘-)Basehne Prec1p-1;3t818;1(mm) Precipitation%-2080s
Jan 52 61 15%
Feb 48 62 23%
Mar 50 66 24%
Apr 69 85 19%
May 74 99 25%
Jun 72 67 -7%

Jul 76 57 -33%
Aug 78 61 -28%
Sep 75 71 -6%
Oct 61 73 16%
Nov 75 94 20%
Dec 58 68 15%
Total 786 864 9%

To validate the generated precipitation data for future climates, projections for Toronto climate
were compared to projected precipitation data for future time periods in other studies. In Rincon
(2020), the projection precipitation data for Toronto climate were presented for three future time
periods of the 2020s, 2050s and 2080s. The projections in Rincon (2020) were based on RCP 4.5
and 8.5 instead of emission scenario A2, which was used in this research. The RCPs are more
recent climate scenarios developed by the IPPC that have replaced the Special Report Emissions
Scenarios (SRES); A2 emission is one of the four scenarios of this report. The SRES was chosen
in this research due to constrains in CCWorldWeatherGen and only offering the A2 emission
scenario for projections of future climates. The RCP 8.5 is characterized based on a scenario of
increasing greenhouse gas emissions, leading to higher greenhouse gas emissions, while RCP 2.5
represents a climate scenario leading to very low greenhouse gas emissions (IPCC 2014b).
Therefore, results for RCP 8.5 instead of RCP 2.5 were chosen from Rincon (2020) to compare
the precipitation projections for future times. The RCP 8.5 and the A2 emission have a similar
scenario basis and both continue to increase greenhouse gases production in future periods (IPCC
2000a; IPCC 2014b). Figure 3-3(a), presents the monthly precipitation for projected future
climates from (Rincon 2020), and Figure 3-3(b), shows the monthly precipitation data for projected

years generated in this research.
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As observed from Figure 3-3, the precipitation projections for both Figure 3-3(a) and (b), show
higher annual precipitation compared to baseline (observed) data. Generally, the future
precipitation projection in both Figure 3-3(a) and (b) show higher precipitation during spring and
lower during winter. It can also be seen that for projections of 2071-2100 both Figure 3-3(a) and
(b), show a decrease in precipitation in June and July while having the highest annual precipitation.
Overall, similar monthly trends were observed to precipitation projections presented in (Rincon
2020); however, slight variations were expected due to different emission scenarios, downscaling

method, and baseline (observed) period data.
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Figure 3-3: Monthly precipitation for projected future climates. Figure 3-3(a) present monthly precipitation for
future projected years under RCP 8.5 emission scenario (image reproduced from Rincon 2020). Figure 3-3(b)
presents monthly precipitation for future projected years under A2 emissions (this research).

Another study (Zhang et al. 2019) was compared to the projected precipitation data for future
periods. In Zhang et al. (2019), the projected precipitation for Canada under emission scenarios
RCP 2.5 and RCP 8.5 for two time periods of 2031-2050 and 2081-2100 were presented. It was
concluded in Zhang et al. (2019) that under high emissions (RCP 8.5) in the late century (2081-
2100), Southern Canada would experience decrease in precipitation during summer (Zhang et al.
2019). Figure 3-4, presents the Canada map for summer precipitation change under emission
scenario RCP 8.5 for the two time periods. As observed from the colour shading scale in Figure
3-4, Southern Canada, including Toronto, Ontario, would experience negative percentage
precipitation during the 2081-2100 period. Figure 3-5, presents the winter map for Canada changes
in precipitation under emissions scenario RCP 8.5 for both periods. Figure 3-5 shows that the

Southern Ontario region would experience an increase in precipitation, especially in 2081-2100.
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To verify the generated precipitation data in this research, the seasonal precipitation data was

compared to the parentage scale coloured map in Zhang et al. (2019).

Precipitation change RCP8.5 (2031-2050) Precipitation change RCP8.5 (2081-2100)
a) June-August b) June-August

— s
-50 40 -30  -20 -10 0 10 20 30 40 50

Figure 3-4: Canadian summer precipitation projections under emission RCP 8.5 for periods of 2031-2050 and 2081-

2100. Image from (Zhang et al. 2019).

Precipitation change RCP8.5 (2031-2050) Precipitation change RCP8.5 (2081-2100)
a) December-February b) December-February

—— ——
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Figure 3-5: Canadian winter precipitation projections under emissions RCP 8.5 for periods of 2031-2050 and 2079-

2100. Image from (Zhang et al. 2019).

Table 3-5 presents the seasonal percentage precipitation for the time period of 2071-2100 under
A2 emission scenario for the City of Toronto. The seasonal percentage precipitation values in
Table 3-5 for the period of 2080s shows negative reduction during the summer season and higher

percentage in winter; similar conclusions have also been reported in Zhang et al. (2019).
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Additionally, the annual mean percentage precipitation change under emission scenario RCP 8.5
reported in Zhang et al. (2019) for Ontario is 17.3% with 8.5% (25" percentile) and 26.1% (75"
percentile) for the period 2080s. The annual mean percentage precipitation for the period of 2080s
under the A2 emission scenario generated for the City of Toronto in this research are also presented
in Table 3-5. It can be observed based on results in Table 3-5, the annual mean percentage for
precipitation for the time period of 2080s is within the findings found in Zhang et al. (2019) for

Ontario.

Table 3-5: Seasonal precipitation percentage change for time periods of 2071-2100 under emission scenario A2 (this

research).
Season Precipitation Projected (2071-2100)
Winter 17%
Spring 23%
Summer -22%
Fall 11%

3.3 Building Archetype and Green Roof Design Parameters

The American Society of Heating and Refrigerating and Air-Conditioning Engineers (ASHRAE),
focus on building systems, energy efficiency, indoor air quality, refrigeration, and sustainability
of the built environment. ANSI/ASHRAE/IES Standard 90.1 is a globally used benchmark to set
minimum energy performance standards (MEPS) and energy codes. It provides minimum
requirements for the energy-efficient design of most building types. Standard 90.1 is a crucial
reference needed in designing buildings and building simulation tool systems. These reference
buildings are supported by DOE and provide complete descriptions for whole-building energy
analysis in EnergyPlus software. There are a total of 16 commercial building archetypes available
for 19 climate zones, (16 in U.S. cities and three international locations) for Standard 90.1 (DOE
2018). These benchmarks are available for DOE's EnergyPlus simulation software as input files
(IDF format). Building archetype models change across various locations, therefore, design and
construction of the building needs to be according to the standards and codes of the building
location. To comply with the National Energy Code of Canada for Buildings (NECB), ASHRAE
Standard 90.1 — 2013 edition was chosen in this research. Each archetype has a designated IDF for
each thermal climate zone. The City of Toronto is considered climate zone 5A with cool and humid

conditions (Berardi 2020).
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In this research, three building archetypes following the ASHRAE standard 90.1-2013 are used.
The secondary school archetype is shown in Figure 3-6. The secondary school building model
consists of two floors with a roof area of 11,902 m? and gross floor area of 19,592 m?, a window-

to-wall ratio of 33%, metal roof albedo of 0.2 and 46 thermal zones.

Figure 3-6: Secondary school archetype model from ASHRAE standard 90.1 (DOE 2018).

In addition to the secondary school archetype, two other building types of office and hospital are
used to evaluate the thermal energy performance of the green roof. The office building archetype
consists of 12 floors with a roof area of 3563 m? and a floor area of 46 320 m?. The window-to-
wall ratio of the large office is 37.5%, with a metal roof albedo of 0.2 and 74 thermal zones. The
hospital archetype has five floors with a roof area of 3739 m? of, floor area of 22,436 m?, the
window-to-wall ratio is 16%, with 162 thermal zones. The layout of both large office and hospital

archetypes are provided in Figure 3-7 and Figure 3-8, respectively.

Figure 3-7: Large office archetype model from ASHRAE standard 90.1 (DOE 2018).
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Figure 3-8: Hospital archetype model from ASHRAE standard 90.1 (DOE 2018).

In this research, all building characteristics of the benchmark remained unchanged except for the
roof layer structure and the addition of a green roof on the outer roof layer. Three design parameters
were examined, through a sensitivity analysis, to determine the effect of green roof thermal
performance on building energy reduction: growing media depth, LAI and roof thermal insulation
thickness. The purpose was to evaluate thermal performance of extensive green roof types.
Therefore, the growing media depths and LAI values were chosen based on extensive green roof
design characteristics. As mentioned in section 2.1.1, extensive green roofs, are shallow in growing
media depth, are simple to instal, have low cost and maintenance, and are a light load structure
compared to intensive green roofs. Hence, extensive green roofs have an advantage over intensive
green roofs and can be installed on almost any roof. Therefore, in this research, three growing

media depth ranges representing extensive green roofs were selected.

The type of plant selected on green roofs is based on design parameters like LAI, leaf albedo, and
plant height. Sedum is a common plant used on extensive green roofs because it can withstand
harsh environmental conditions on the roof, and it’s also effective in reducing stormwater runoff
(Blanusa et al. 2013). Hence, in this research, sedum plant was chosen due to its suitability to the
City of Toronto climate. The LAI for sedum reported in studies ranges from 1 to 3 (Ascione et al.
2013; Gomes et al. 2019; Berardi 2016) and therefore these three LAI ranges have been considered

in this research.

All green roof parameters (growing media and LAI) and thermal insulation thickness are taken

from previous studies (Mahmoodzadeh, Mukhopadhyaya, and Valeo 2020; Berardi 2016). For the
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thermal insulation layer, eight different levels of thicknesses were considered. Due to Toronto
being located in a heating-dominated region, the thermal insulation layer is required to increase
the thermal resistance (R-value) of the roof. Thus, various ranges of thermal insulation thickness
were selected from low - high to determine the impact on green roof thermal energy performance.
Polyurethane was used as the insulation material with a thermal conductivity, specific heat, and
density of 0.04 W/m-K, 1600 J/kg-K and 40 kg/m?, respectively. A layout of the sensitivity
analysis is presented in Figure 3-9 where variations of design parameters for growing media depth,
LAI and thermal insulation thickness are provided; in total, there were 72 green roof design

simulations for the secondary school building under current climate conditions.
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Figure 3-9: Sensitivity analysis of three green roof design parameters: growing media depth, leaf area index (LAI)
and insulation (I).

To simulate the green roof on the building roof layer, the design characteristics were defined in

the green roof construction element, RoofVegetation (Ecoroof), in EnergyPlus. The input
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parameters are height of plant, LAI, leaf reflectivity, leaf emissivity, minimum stomal resistivity
and thickness, thermal conductivity, density, specific heat of the growing media layer. In this
research, three different growing media depths of 100, 150 and 200 mm and three LAI values of
1, 2 and 3 were chosen to evaluate the thermal performance of green roof through a sensitivity
analysis. The remaining green roof parameters remained constant. The list of constant design
parameters in the RoofVegetation element of EnergyPlus is provided in Table 3-6. Once input
parameters were inserted, the RoofVegetation element was added onto the outer roof layer

construction and initializing stage of green roof layer in EnergyPlus was completed.

Table 3-6: Green roof input parameters in EnergyPlus (Ecoroof).

Green Roof Parameter Input Value
Height of Plants (m) 0.2
Leaf Reflectivity (-) 0.11
Leaf Emissivity (-) 0.95
Minimum Stomatal Resistance (s/m) 300
Roughness Medium Rough
Conductivity of Dry Soil* (W/m-K) 0.21
Density of Dry Soil* (kg/m3) 765
Specific Heat of Dry Soil* (J/kg-K) 1284
Thermal Absorptance (-) 0.9
Solar Absorptance (-) 0.73
Visible Absorptance (-) 0.75
Saturation Volumetric Moisture Content of the Soil* 0.5
Layer (-)
Residual Volumetric Moisture Content of the Soil* 0.01
Layer (-)
Initial Volumetric Moisture Content of the Soil* 0.2
Layer (-)
Moisture Diffusion Calculation Method Advance

*Growing media is referred to as soil in EnergyPlus.

The building built-up roof structure in EnergyPlus consists of roof membrane, thermal roof
insulation layer, and metal decking (Figure 3-10). The characteristics of the built-up roof structure
was defined in the Material construction of the software. The thickness, density, specific heat and
thermal conductivity for roof membrane and metal decking remained constant throughout all the
simulations using the same characteristic defined in the EnergyPlus construction library tool. The
thermal property of the built-up roof structure is provided in Table 3-7. However, to evaluate the
thermal insulation thickness effect on green roof thermal performance, variation of insulation
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thickness within ranges of 50 to 300 mm were chosen in the sensitivity analysis. The complete
roof layer structure is shown in Figure 3-10 where both the built-up roof structure and the added

green roof layer are presented.

Table 3-7: Thermal properties of built-up roof structure.

Material Thickness Conductivity Density Specific Heat
(m) (W/ m?.K) (kg/m°) (J/kg.K)
Roof Membrane 0.0095 0.16 1120 1460
Insulation Layer Varies* 0.04 40 1600
Metal Decking 0.008 45.28 7824 500

*Insulation layer thickness varies from ranges of 50 — 300 mm

Vegetation Layer|

Growing Media

Roof Membrane

E«— Insulation Layer|
Figure 3-10: Layout of roof structure and green roof layers implemented in EnergyPlus.

Metal Decking

Lastly, to add the precipitation data, a schedule file was created using Excel with 8760 hours
representing the annual precipitation at hourly duration. There were in total three different
schedule files created for each time period of base climate, time horizon 2080s. The created
scheduled files were first attached in the Schedule:File object of EnergyPlus, and then the

precipitation was defined for each time period using the Site:Precipitation object.

The analysis for the secondary school archetype served as the primary stage, where optimal design
criteria for green roof design parameters were established (chapter four). In the secondary stage of
the research, office and hospital archetypes were chosen to evaluate the green roof thermal
performance with respect to optimal designs outcomes from the primary stage (chapter five). In
the second stage, the design parameters selected are mainly influenced by the outcome from the

preliminary results, which are discussed in chapter four.

For both office and hospital archetypes only three insulation thicknesses of 50 mm, 120 mm and

300 mm were chosen. The green roof design parameters were growing media depth of 100 mm,
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150 mm and 200 mm with LAI of 1, 2 and 3. The impact of thermal insulation thickness was
analysed through four levels of no insulation, low insulation (50 mm), medium insulation (120
mm) and high insulation (300 mm). All other design parameters remained the same as in the
preliminary stage; this includes green roof constant parameters and the built-up roof structure

characteristics.

3.3.1 Modelling Verification

EnergyPlus software is a widely accepted simulation tool in modelling annual building energy
consumption. In EnergyPlus, Ecoroof has been implemented to create a representation of green
roof energy and water balance. In Sailor (2008), the Ecoroof model was tested successfully using
observations from a monitored green roof in Florida. However, to verify the green roof modelling
in this research, comparison of results from other studies are used. Various research studies that
used EnergyPlus software for either building thermal simulation modelling were chosen and sub-
sections of the research results were replicated to verify the correct use of EnergyPlus. Although
it was challenging to replicate other studies due to lack of all simulation details, general trends
were seen that established confidence in the model and its ability to predict energy consumption
of buildings with green roofs. In particular, the following was tested: use of the various archetypes,
correct implementation of Ecoroof, impact of green roof on cooling and heating loads, impact of

thermal insulation, and implementation of growing media depth and LAI in EnergyPlus.

To test the use of various archetypes, a study using EnergyPlus software to analyse the effect of
various roof designs on building energy consumption under four different climates was used. The
investigation used two different archetype buildings, office and multi-lodging buildings for each
city of New York City, New York; Houston, Texas; Phoenix, Arizona; and Portland, Oregon. The
electricity and gas consumption for each archetype in all city climates were presented in Sailor,
Elley, and Gibson (2012) . To verify proper use of archetypes and EnergyPlus simulation system,
results for two archetype buildings (office and multi-lodging building) were replicated and
compared to findings in Sailor et al. (2012). The roof design presented in Sailor et al. (2012) were
used to regenerate the building characteristics and simulations using EnergyPlus software were

conducted. The annual energy consumption results generated were then compared to findings in
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Sailor et al. (2012) and presented in Figure 3-11(a) and (b). The identical weather climate data
used in Sailor et al. (2012) was unavailable and the replicated results were generated based on a
newer version of climate data with higher cooling degree days (CDD) and lower heating degree
days (HDD). The difference in CDD and HDD resulted in a higher electricity consumption due to
higher CDD and lower gas consumption due to lower HDD, for both buildings (Figure 3-11).
However, the comparison of the annual energy consumption for two building archetypes in the
four cities showed a similar trend between the generated results and Sailor et al. (2012). It can be
observed that the total energy consumption of the archetypes in the four various climate cities
follow a similar trend in both Figure 3-11(a) and (b) and that the multi-lodging building (L)
consumes more annual energy than the office building (O). Since the objective of this exercise was
to verify that the building archetypes were being used correctly, the results corroborate that this

was achieved.
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Figure 3-11: Annual energy consumption of multi-lodging (L) and office (O) building in four climates of Phoenix
(PHO), New York City (NYC), Portland (POR) and Houston (HOU). Figure 3-11(a) are the plots from (David J.
Sailor, Elley, and Gibson 2012) and Figure 3-11 (b).

To ensure that the Ecoroof model in EnergyPlus works properly, a replica of results from Berardi
(2016) was selected, where EnergyPlus was used to evaluate the effect of several green roof
designs on a retrofit building in Toronto, Canada. In Berardi (2016), local microclimate weather
data was used to observe the impact of an extensive green roof on building energy savings at a
university campus in Toronto, Canada. EnergyPlus software was used to compare the energy-

saving results of four green roof designs. The measured building energy consumption was
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compared to the simulated one using EnergyPlus and confirmed the validity of Ecoroof model in
Berardi (2016). To verify that the Ecoroof model simulation in this research is executed correctly,
results for the four simulated green roof models in Berardi (2016) were replicated and compared.
It should be noted that using the identical building model used in (Berardi 2016) was difficult due
to a variety of unknown building characteristics; therefore, the secondary school archetype model
from ASHARE Standard 90.1-2013, which has the closest building characterises to a university
campus, was used instead. The results for the annual energy savings for the four green roof designs
from Berardi (2016) and the replicated results are presented in Figure 3-12. It is difficult to verify
the whole energy building model when different reference building models are used since the
building system, energy usage, equipment, occupant, and characteristics vary. Therefore, variation
in magnitude of annual energy savings for the four green roof designs in cooling, heating and fan
system was compared. As observed in Figure 3-12(b), the replicated results for cooling loads
(cooling load and fan system) are different compared to (Berardi 2016) plots, Figure 3-12(a). The
cooling load energy savings are much lower, and fan system energy savings are much higher for
Figure 3-12(b) compared to Figure 3-12(a). This shift in the distribution of energy savings in
cooling load and fan system in Figure 3-12(a) and (b), could be due to different types of Heating,
Ventilation and Air Conditioning (HVAC) systems and the effect on building energy consumption
usage on cooling type. Additionally, the trend in energy savings for each roof design for the heating
load was different than Berardi (2016) (Figure 3-12). This is due to unavailability of information
for green roof characterises such as growing media thermal properties, roof optical properties and
roof insulation parameters which all affect the heating saving. Most green roof parameters, as well
as roof insulation, were assumed in replicating the plots from Berardi (2016). Another reason for
the difference in results was the use of different weather climate data. In Berardi (2016), a local
weather station of the City of Toronto was used whereas the replicated results in this research was
based on the weather station of Toronto Pearson International airport. Although similar, these two

weather data can result in some differences between the two studies.
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Figure 3-12: Annual energy savings for all green roof designs with divided energy use. Figure 3-12(a) are plots from
(Berardi 2016) and Figure 3-12(b) represents the replicated results.

However, once the total annual energy savings of all green roof designs were compared, results
followed the same conclusion as found in Berardi (2016), where higher growing media (soil depth)
and higher LAI achieved the highest building energy savings. In Figure 3-13, the results for total
monthly energy savings for all four green roofs are compared to the findings in Berardi (2016).
The trend for the total annual energy savings of the four green roof designs in Figure 3-13(b) is
similar to the results found in Berardi (2016), shown in Figure 3-13(a); excluding the slight
variations which were due to reasons mentioned previously. The comparison of results of the two
studies show that green roof design parameters such as LAI and growing media (soil) depth are

behaving similarly, and therefore the implementation of the EcoRoof within EnergyPlus was done

correctly.
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Figure 3-13: Monthly energy savings for four green roof designs. Figure 3-13(a) results from (Berardi 2016) and
Figure 3-13(b) represents the replicated plot.
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Another study was used to compare cooling and heating results of Ecoroof using EnergyPlus based
on Toronto, Canada climate. Mahmoodzadeh et al. (2020) evaluated the influence of green roof
parameters on the thermal energy performance of a secondary school building, using EnergyPlus,
in four North American climates of Vancouver, BC; Toronto, ON; Las Vegas, NV; and Miami,
FL. In Mahmoodzadeh et al. (2020), several green roof design parameters such as LAI, growing
media depth, leaf albedo, plant height and thermal insulation were considered in evaluating green
roof thermal performance. For comparison purposes, only part of the results reported in
Mahmoodzadeh et al. (2020) were used to replicate and verify the impact of green roof on cooling
and heating loads under the City of Toronto climate. The same archetype model of secondary
school, ASHRAE Standard 90.1-2013, and identical green roof design parameters were used to
replicate results. Figure 3-14(a) plots green roof heating loads with LAI variations from
Mahmoodzadeh (2020) and Figure 3-14(b) represents the replicated results. As it can be observed,
the trend in green roof designs with different LAls are similar; the only difference is the magnitude
of the heating load. The same outcome could be seen in Figure 3-15(a) and (b), where cooling
loads for the green roof with variation in LAI are provided. The variation between the two models
could be the addition of an insulation layer and the insulation material characterises that were
unknown. Comparison results concluded that the green roofs under the City of Toronto climate
using EnergyPlus are behaving accordingly with respect to the design parameters used in
Mahmoodzadeh (2020). Although the magnitude of the heating and cooling loads were different,

the trend and impact of green roof designs were similar.
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Figure 3-15: Annual heating loads (MWh) for green roof design with three of LAI 1, 2 and 3 no insulation (NIS);
insulated conventional roof (CR) and no insulation conventional roof (CR-NIS). Figure 3-15(a) represents results
from (Mahmoodzadeh, Mukhopadhyaya, and Valeo 2020) and Figure 3-15(b) are the replicated results.

As mentioned before, it is crucial to verify that the modelling system of Ecoroof in EnergyPlus is
correct and results are following the same behaviour established in other research studies. The
growing media depth and LAI and their impact on green roof thermal performance have been
verified by comparing results to Berardi (2016) and Mahmoodzadeh et al. (2020). However, the
impact of thermal insulation thickness layer, which is a design parameter used in this research, and
its impact on the energy performance of green roof also needs to be confirmed with other research
studies. Therefore, Moody and Sailor (2013) work was used to verify the impact of thermal
insulation layer on green roof energy performance using Ecoroof in EnergyPlus. The Dynamic

Benefit of Green Roofs (DGBR), which is the ratio of HVAC energy use for a building with a
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conventional roof to that of a building with a green roof, was used to evaluate the thermal
performance of green roofs in Moody and Sailor (2013). In other words, if the green roof results
in lower energy use compared to a conventional roof with the same level of thermal resistance,

then the DBGR value would be greater than unity.

In Moody and Sailor (2013), an office building archetype model was used to estimate the DGBR
in four climates of Portland, Oregon; Chicago, Illinois; Atlanta, Georgia; and Houston, Texas. To
verify the impact of thermal insulation on green roofs using EnergyPlus, part of the results was
used to replicate and compare with findings in Moody and Sailor (2013). Variety of thermal
resistance (R-values) were used in Moody and Sailor (2013) to observe the effect on HVAC energy
usage during summer in Portland. The purpose was to show that adding insulation onto green roof
increases the energy use of HVAC as well as showing the HVAC energy consumption curve for
the conventional and green roof asymptotically approach each other but do not cross. The same
office building archetype with similar green roof design parameters and insulation characteristics
were used to simulate building thermal loads under Portland climate using EnergyPlus software.
It should be noted, that the green roof design parameters and insulation characteristics used in
replicating the results were not identical to Moody and Sailor (2013), due to unavailability of the
information; thus, variation in results were anticipated. Figure 3-16 presents the asymptotic
behaviour of HVAC energy consumption during summer for the conventional and green roof as
insulation was added. It can be observed in Figure 3-16 (a) and (b) that the results from this
research follow similar trends to that of Moody and Sailor (2013). Therefore, it was concluded,
the Ecoroof model is working correctly, and for different R-values the HVAC system is behaving

similarly to results found by others (Moody and Sailor, 2013).
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Figure 3-16: Asymptotic behaviour of HVAC energy usage of a conventional and green roof with added insulation
layer. Figure 3-16(a) is a plot from (Moody and Sailor 2013) and Figure 3-16(b) is the replicated work.

Other approaches were used to conform to the proper use of EnergyPlus and Ecoroof modelling.
EnergyPlus installation comes with example files; "EcoroofOrlando.idf" is one of many examples
provided where the use of the "Material: RoofVegetation" object, also known as Ecoroof, is
demonstrated. All example files also include an HTML output file, where the results for each
example simulations are provided. The "EcoroofOrlando.idf" was used to run the simulation in
EnergyPlus and results for the cooling/heating loads (W) for each zone under the "Zone Sizing

Information" were compared and verified with the given HTML output in the example files.

Lastly, all results regarding simulations in EnergyPlus and use of Ecoroof were also verified by a
source, Bigladder software, which is a Denver-based company, providing software and services
for building the energy modelling industry. They specialise in all information related to the

EnergyPlus simulation engine and provide consulting services.

3.4 Evaluation

This research analyses the green roof thermal performance on reducing the energy consumption of
specific building types under current and future climate conditions in Toronto. Three design
parameters, thermal insulation thickness, green roof growing media depth and LAI, are considered.
The influence and importance of each parameter on green roof thermal performance are quantified.
The overall objective of this research is to determine the optimal green roof design parameter for
the City of Toronto that would be most effective in lowering the energy consumption of secondary

school, office and hospital buildings.
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In chapter four, a sensitivity analysis is performed by varying three design roof configurations,
insulation thickness layer, growing media depth and LAI. All design simulations are performed on
secondary school buildings, and the annual heating, cooling and total energy consumption for each
design is presented for both green roof and reference conventional roof. The reference
(conventional) roof in this research is a building with no green roof installed. The building thermal
performance is evaluated by comparing the green roof energy consumption to the conventional
reference roof. Results are reported in the amount of energy saved (MWh) for annual cooling and
heating loads for each design. The growing media surface temperature (°C) and rate of
evapotranspiration (mm/day) are also reported to measure the impact of LAI for green roof design
on building thermal performance. The building inside surface temperature for both the green roof
and reference conventional roof are compared and reported to analyse the effect of green roof
designs on roof ceiling temperature. The cooling and heating loads for all designs are evaluated
for each season to understand the impact of green roofs on building energy consumption. The
green roof energy savings compared to the conventional are also measured. In addition, the
Dynamic Benefit of Green Roof (DBGR) for all green roof designs are reported under both current
and future climate conditions to evaluate the impact of insulated green roofs with the conventional

roof of same insulation thickness.

In chapter five, the annual cooling and heating energy consumption for an office and hospital
building design are compared to the conventional roof under current and future climates. In
addition, all green roof designs are compared to conventional reference roofs to evaluate the impact
of green roof thermal performance; results are presented in the amount of energy saved (MWh)
for both heating and cooling loads. The DBGR for all green roof designs are reported. Lastly, the
amount and percentage of water captured by the green roof for all three building types are

presented.
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Chapter Four: Results and Discussion

This chapter presents the results from modelling green roof designs under both current and future
climate conditions for a secondary school. The annual total heating and cooling for each green roof
designs are compared to the conventional reference roof. The impact of different LAI on green
roof thermal performance through growing media surface temperature and evapotranspiration rate
are analysed. The influence of different growing media depths and insulation thicknesses on the
inside surface temperature of green roofs versus the conventional roof are explained. In addition,
the seasonal cooling and heating variation for all green roof designs are compared to the
conventional roof to determine the behaviour and performance of green roofs under each season.
Furthermore, the green roof energy savings on total annual cooling and heating loads are compared
to the conventional roof and reported. Finally, the DBGR values are presented to determine the
decrease in building annual energy consumption using green roofs compared to a conventional

roof with the same R-value.

4.1 Secondary School - Current Climate

The secondary school building uses electricity for cooling and gas for the heating loads. Figure
4-1, Figure 4-2 and Figure 4-3 show all the roof design combinations for heating, cooling, and
total energy consumption (heating and cooling) for the secondary school. Each figure compares
the energy consumption of the conventional reference roof and the green roof designs for different
growing media (GM) depth and LAI with and without insulation thicknesses. Figure 4-1 and
Figure 4-2, illustrate how the secondary school is a heating-dominated building as it uses more
heating than cooling load. For example, the heating load for the insulated conventional building
with an insulation thickness of 50 mm, was 844 MWh, while the cooling load was only 322 MWh.
Comparing the conventional reference uninsulated roof to the different uninsulated green roof
configurations showed heating and cooling energy consumption were lowered significantly,
shown in Figure 4-1 and Figure 4-2 (NI represents no insulation thickness). However, the
conventional and green roof designs with the same insulation thicknesses showed a smaller

difference than uninsulated roofs. This indicates that uninsulated green roofs decreased building
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cooling and heating loads more effectively than insulated green roofs. Furthermore, the results
showed that as the insulation thickness increases, the efficacy of green roofs decreases, and

insulation thickness becomes dominant.
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Figure 4-1: Total heating loads for all roof designs; all insulation thickness; LAls; and growing media depths under
current climate conditions — secondary school.
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Figure 4-2: Total cooling loads for all roof designs; all insulation thickness; LAls; and growing media depths under
current climate — secondary school.
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As seen in Figure 4-1, for each LAI and insulation thickness combination, the 200 mm growing
media depth was the most effective in decreasing the heating load compared to the 100 mm and
150 mm depths. This was due to the growing media of the green roof acting as an insulator. Hence,
a deeper growing media depth resulted in higher insulation effect on the roof and lowered the
building heating load consumption more compared to lower growing media depths. These results
align with the findings reported in Berardi (2016) and Mahmoodzadeh et al. (2020), under Toronto
climate, where higher growing media depths have shown to decrease the heating loads more

compared to lower growing media depths.

In Figure 4-2, it was evident that the use of LAI of 3 led to a lower cooling energy consumption
than LAI of 1 and 2 for the same insulation thickness. This is because the green roof vegetated
area, through evapotranspiration, provided a cooling effect and caused lower building cooling
loads. The higher evapotranspiration rate of larger LAI led to lowering the building cooling loads
more than smaller LAIs. The impact of different LAIs on cooling loads were similar to findings in
Maclvor et al. (2016), where larger LAI reduced higher cooling loads. However, the added
insulation thickness layer impacted the green roof's cooling effect and caused an increase in the
building’s cooling loads. For example, the green roof design with a growing media depth of 200
mm and LAI of 3 with insulation thickness of 50 mm consumed a cooling load of 307 MWh, while

with insulation thickness of 300 mm the green roof cooling load is increased to 315 MWh.

74



1 GM Depth 200 mm-
B GM Depth 150 mm-
mGM Depth 100 mm-
m GM Depth 200 mm-
m GM Depth 150 mm-
= GM Depth 100 mm-
B GM Depth 200 mm-
B GM Depth 150 mm -
B GM Depth 100 mm -
m Refrence Roof

Refrence Roof

GM Depth 100 mm - LAJ |
14.’6 —‘ GM Depth 150 mm - A] !
101% L W ‘849 ” ’T‘ E E ‘759_‘ GM Depth 200 mm- [ Al 1

[o15] |876 847\ [815] 9 ‘7,6 39 GM Depth 100 mm- L AT 2

GM Depth 150 mm- [ A]

[779]
" LAL 2 o
GM Depth 200 mm- LAJ 2 -
I I .I .' l' .‘ ' .’ .’ GM Depth 100 mm- LA] 3 S
GM Depth 150 mm- L AT 3

GM Depth 200 mm- 3
S50mm 80mm 100 mm 120 mm 150 mm 200 mm 250 mm 300 mm : mm- LAL 3

Insulation thickness

Figure 4-3: Total heating and cooling loads for all roof designs; all insulation thickness; LAls; and growing media
depths under current climate conditions — secondary school.

Figure 4-3 presents the secondary school combined total energy consumption for heating and
cooling loads. The growing media depth of 200 mm with an LAI of 3 resulted in the lowest total
energy consumption compared to other green roof designs for various insulation thicknesses.
Additionally, the uninsulated green roof with growing media depth of 200 mm and LAI of 3 had
the highest energy consumption reduction of 71.7% compared to the conventional uninsulated
roof, shown in Figure 4-3. This showed that the combined effect of high growing media depth of
200 mm decreased the heating loads and the use of LAI of 3 decreased the cooling loads which
resulted in the lowest total energy consumption of the building. Thus, the use of high insulation
thickness on green roofs resulted in increased total heating and cooling loads compared to insulated
conventional roofs. This can be observed in Figure 4-3, where at insulation thicknesses above 120
mm, green roof designs started to consume more energy than the conventional roof, and green
roofs no longer provided any energy benefit. Additionally, the green roof thermal performance
became limited when insulation thicknesses were greater than 120 mm since the added insulation

took over as the dominant effect.

In this research, the objective was to determine suitable design parameters for green roofs in

Toronto. It is essential to understand the behaviour of each green roof design parameter on building
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thermal performance to identify an optimal green roof design. Therefore, in the following sections,
the impact of LAI, growing media and insulation thickness on green roof thermal performance are
defined and evaluated. Additionally, to better understand the behaviour of green roof designs
compared to conventional reference roofs, the seasonal heating and cooling loads of the
conventional roof and green roof designs are compared as well as the annual energy savings

achieved by the green roofs.

4.1.1 Impact of LAI on Evapotranspiration and Growing Media Surface
Temperature

The green roof with a larger LAI would provide more coverage on the roof surface and shield the
roof from solar radiation exposure. Hence, higher LAI would result in lower growing media
surface temperature. Additionally, LAI affects the evapotranspiration rate; a higher LAI would

result in a higher evapotranspiration rate, lowering roof surface temperature through cooling.

Growing Media Surface Temperature

This section only considers the uninsulated green roof designs in analysing the impact of LAI
values on growing media surface temperature. Figure 4-4 presents the surface temperature during
typical summer days for various LAls with a growing media depth of 200 mm. Figure 4-4 shows
that the surface temperature for all green roof designs was generally higher than the ambient
temperature due to higher solar radiation absorption. However, the green roof design with LAI of
3 and 2 had lower surface temperatures with an average of 22.6 °C and 22 °C, respectively,
compared to LAI of 1 with average surface temperatures of 28.6 °C. This is because the higher
LAI provided more vegetated coverage during summer and decreased the roof surface temperature.
The use of larger LAl also led to cooler surface temperature than smaller LAI when growing media

depth of 100 mm and 150 mm were used due to more coverage.
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Figure 4-4: Growing media surface temperature for green roof design with growing media depth of 200 mm and
LATI of 1, 2 and 3 in typical summer days - no insulation.

Figure 4-5 and Figure 4-6 presents the surface temperature during typical spring and fall day,
respectively, for various LAIs with growing media depth of 200 mm. In spring and fall, similar to
patterns in summer, the green roof surface temperature was higher than the ambient temperature.
However, during spring, due to higher solar absorption compared to fall, the growing media
surface temperature was warmer for a more extended period throughout the day. Additionally, LAI
of 3 resulted in a lower average surface temperature for spring and fall than LAI of 1 and 2. This
is due to evapotranspiration being larger for LAI of 3, leading to higher cooling and decreasing
the roof surface temperature. Figure 4-5 presents the roof surface temperature for typical spring
days; LAI of 3 resulted in an average roof surface temperature of 14.3 °C, while LAI of 1 and 2
resulted in an average surface temperature of 15.2 °C and 15 °C, respectively. Similar findings are
observed during fall (Figure 4-6), where the average surface temperature for LAI of 3 is 19.8 °C
while for LAI of 1 and 2, the temperatures are 20.9 °C and 20.5 °C respectively. In both spring and
fall, larger LAI led to cooler surface growing media surface temperatures for 100 mm and 150 mm

depths.
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Figure 4-5: Growing media surface temperature for green roof design with growing media depth of 200 mm and
LAI of 1, 2 and 3 in typical spring days - no insulation.
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Figure 4-6: Growing media surface temperature for green roof design with growing media depth of 200 mm and
LAl of 1, 2 and 3 in typical fall days - no insulation.

During typical winter days, use of green roof designs with LAI of 1, 2 and 3 had an average roof
surface temperature of 1.1 °C, 1.2 °C and 1.0 °C, respectively while the average ambient
temperature was -4.7 °C for growing media depth of 200 mm (Figure 4-7). All LAI of 1, 2 and 3

acted as insulators and caused warmer roof surface temperatures than the ambient temperature,
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shown in Figure 4-7. The growing media surface temperatures were similar for all LAIs when

growing media depths of 100 mm and 150 mm were used.
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Figure 4-7: Growing media surface temperature for green roof design with growing media depth of 200 mm and
LAIof 1, 2 and 3 in typical summer days — no insulation.

Evapotranspiration

The monthly rate of evapotranspiration was analysed to understand the impact of different LAI
values. The LAI parameter significantly impacts the evapotranspiration rate, and as the LAI value
increases, the rate of evapotranspiration increases. Although, other than LAI the
evapotranspiration process is affected by parameters such as wind speed, solar radiation, relative
humidity, ambient temperature, and growing media moisture content. Figure 4-8 presents the
monthly evapotranspiration rate (mm/day) for growing media of 200 mm, without insulation, of
different LAIs. It should be noted, the evapotranspiration rate in EnergyPlus accounts for both
evaporation from the growing media and vegetation. As observed in Figure 4-8, the monthly
evapotranspiration is low during the winter months due to lower solar radiation absorption and
ambient temperature. During spring, which is considered late March up to late June in this research,
the evapotranspiration rate is higher towards the mid-spring (Figure 4-8). During summer,
considered from late June onwards up to late September, the evapotranspiration rate increased and
peaked in July. The evapotranspiration rate was highest in July for LAI of 2 and 3. However, there

was a decrease in evapotranspiration rate using LAI of 1 during July. This decrease was due to low
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vegetation density of LAI of 1, high solar radiation and ambient temperature in July. In green roofs
with low vegetation density (LAI 1), the amount of solar radiation absorbed by the plants and the
coverage provided on the green roof was lower than green roofs with denser vegetation (LAI 2
and 3). Therefore, in a month like July, the green roof with LAI of 1 had limited moisture content
and low evapotranspiration rate compared to LAI of 2 and 3. The growing media moisture ratio
for LAI of 2 and 3 for July was 0.33 and 0.361, respectively, while for LAI of 1, it was 0.26. The
densely vegetated area maintains more moisture content in the growing media, absorbs higher solar
radiation and leads to higher evapotranspiration. During the fall season, considered late-September
to late-December, lower solar radiation decreased evapotranspiration rate compared to summer.
Similar to spring and summer, LAI of 3 maintained a higher evapotranspiration rate than LAI of 2
and 1 during fall (shown in Figure 4-8). As for winter, the evapotranspiration rate was minimum,

and all LAIs of 1, 2 and 3 maintained similar evapotranspiration rates.
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Figure 4-8: Monthly evapotranspiration rate (mm/day) for growing media of 200 mm with LAI of 1,2 and 3 -
without insulation.

Overall, due to higher solar absorption, the evapotranspiration rate was higher during summer and
spring compared to fall and winter. Results showed the evapotranspiration rate during summer and
spring for LAI of 3 with growing media of 200 mm were 616 mm/day and 473 mm/day,
respectively, while for fall, the evapotranspiration rate was only 177 mm/day and even lower
during winter with the rate of 132 mm/day. Additionally, results showed that the impact of
different growing media depths on evapotranspiration rate with the same LAI was not notable. In
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Figure 4-9, all three different growing media depths with LAls of 2 and 3 are presented. As
observed in Figure 4-9, for growing media depths of 100 mm, 150 mm, and 200 mm, there was a

limited difference between the monthly evapotranspiration when LAI of 2 and 3 was used.

This section concludes LAI impacts the growing media surface temperature and the rate of
evapotranspiration during all seasons. All three LAIs caused the growing media surface
temperature to be warmer during spring and fall than the ambient temperature. The higher
evapotranspiration rate by LAI of 3 led to the lowest growing media surface temperature among
other LAIs due to higher cooling effects during spring and fall. In winter, the vegetated area for
all LAIs of 1, 2 and 3 acted as an insulator and increased the growing media surface temperature
compared to the ambient temperature. During summer, larger LAI provided more coverage,
shielded the roof area from the solar radiation and lowered the roof surface temperature through

the evapotranspiration process.
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Figure 4-9: Monthly evapotranspiration rate (mm/day) for all growing media of 100 mm, 150 mm and 200 mm with
LAI of 1, 2 and 3 - without insulation.

4.1.2 Impact of Insulation Thickness Layer and Growing Media Depth on Inside
Surface Temperature

The added thermal insulation layer and green roof growing media depth both act as insulators and
impact the building’s total energy consumption. The higher the growing media depth and thermal

insulation, the higher the insulation effect and reduction of heat flux in and out the roof building.
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The inside roof temperatures for the green roof designs and the conventional roof were analysed
to measure the thermal performance of growing media depth and insulation thickness on reducing
roof heat flux. In this section, the impact of growing media depth on the inside roof surface
temperature for designs without insulation and high insulation (300 mm thickness) are compared
to the conventional roof for each season. In addition, the green roof design with LAI of 3 was only
considered in evaluating the inside roof surface temperature since it had the highest impact on

building thermal performance.

Figure 4-10 and Figure 4-11 present the inside roof surface temperature, during a typical spring
day, for green roof designs and conventional roofs without insulation and with insulation thickness
of 300 mm, respectively. Figure 4-10 shows all growing media depths display warmer
temperatures than the outdoor ambient air while maintaining lower temperature and fluctuations
than the conventional (CONV) roof. This indicated that the green roof growing media depth
provided insulation effect and reduced the temperature fluctuations throughout the day. There is
also an average difference of 1 °C between the inside surface temperatures for different growing
media depths. However, the addition of 300 mm insulation layer caused all growing media depths
to maintain similar temperatures (Figure 4-11). This indicated the thermal performance of green
roof designs with different growing media depths is affected by the added insulation layer. The
added insulation thickness of 300 mm caused the inside roof surface temperature to be the same
for all green roof designs and conventional roof, shown in Figure 4-11. The conventional roof
displayed no fluctuations at high insulation thicknesses and maintained steady inside temperatures

like all green roof designs.
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Figure 4-10: Inside roof surface temperature for conventional roof and green roof designs with growing media
depths of 100 mm, 150 mm and 200 mm with LAI of 3 without insulation during a typical spring day.
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Figure 4-11: Inside roof surface temperature for conventional roof and green roof designs with growing media
depths of 100 mm, 150 mm and 200 mm with LAI of 3 with insulation of 300 mm during a typical spring day.

All green roof designs maintained inside surface temperature close to the ambient air temperature

during a typical summer day. Figure 4-12 and Figure 4-13 present the inside surface temperature

without insulation and 300 mm insulation, respectively, for green roofs and conventional roof

design for typical summer days. All green roof growing media depths maintained temperatures

close to the ambient air and reduced the daily temperature fluctuations, unlike the conventional

roof. However, for insulation thickness of 300 mm, both the conventional roof and green roof

designs reached similar inside roof temperatures (Figure 4-13).
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Figure 4-12: Inside roof surface temperature for conventional roof and green roof designs with growing media
depths of 100 mm, 150 mm and 200 mm with LAI of 3 without insulation during a typical summer day.
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Figure 4-13: Inside roof surface temperature for conventional roof and green roof designs with growing media
depths of 100 mm, 150 mm and 200 mm with LAI of 3 with insulation of 300 mm during a typical summer day.

During a typical fall day, the green roof designs had inside surface temperatures higher than the

cold ambient temperature in the fall. However, the conventional roof still experienced temperature

fluctuations for roof designs without insulation like the spring and summer. This indicated that the

uninsulated green roofs, during fall, would perform much better in maintaining steady inside roof

temperatures with fewer fluctuations compared to the conventional uninsulated roof (Figure 4-14).

The use of 300 mm insulation thickness caused the conventional roof and all green roof designs to

behave and maintain the same inside surface temperature in fall, shown in Figure 4-15.
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Figure 4-14: Inside roof surface temperature for conventional roof and green roof designs with growing media
depths of 100 mm, 150 mm and 200 mm with LAI of 3 without insulation during a typical fall day.
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Figure 4-15: Inside roof surface temperature for conventional roof and green roof designs with growing media
depths of 100 mm, 150 mm and 200 mm with LAI of 3 with insulation of 300 mm during a typical fall day.

During a typical winter day, green roof growing media depths insulated the building and

maintained warmer inside surface temperatures than the cold ambient temperature (Figure 4-16).

On the other hand, the conventional uninsulated roof experienced colder inside surface

temperatures than uninsulated green roofs, as shown in Figure 4-16. However, once the insulation

thickness of 300 mm was used, all green roof designs and the conventional roof maintained the

same inside surface temperature (Figure 4-17).

Compared to the conventional roof, the analysis showed that green roof designs provide the most

benefit in reducing the inside surface temperature fluctuations when no insulation thickness is

used. The inside surface temperature for both the conventional roof and green roof behaved
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similarly when the insulation thickness of 300 mm was added for all seasons, indicating a minimal

difference in thermal performance of different roof types.
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Figure 4-16: Inside roof surface temperature for conventional roof and green roof designs with growing media
depths of 100 mm, 150 mm and 200 mm with LAI of 3 without insulation during a typical winter day.

——GMI00;LAI3  —®-GMIS0;LAI3  ——GM200;LAI3 ——CONV  ——Outdoor Temperature

50

40
<]
5
& 30
<
¥ e
& 20 2
s M
10
=
7
a0
z // \\\_

/
" - i
-20
S & & &S S & S S S & & &S

SN T NNV N S SN P N N O R N S

N N N Ng J N N & N N N N < N N N < N N » » 3 v >

Q QA Q \ A Q Q A 0 Q \ Q Q \ A
RN NI N NI ¢ & NN & NI N N NN N NN
\Y N N\ N N N N \Y N NV \Y N N7 \Y N N N N N\ N N

Figure 4-17: Inside roof surface temperature for conventional roof and green roof designs with growing media
depths of 100 mm, 150 mm and 200 mm with LAI of 3 with insulation of 300 mm during a typical winter day.

4.1.3 Seasonal Heating and Cooling Loads

The LAI and growing media depth impact the building cooling and heating loads. The LAI
provides a cooling effect through evapotranspiration, while the growing media depth insulates the

building by reducing the heat flux in and out of the building. Green roof thermal performance is
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dependent on the climate conditions; therefore, it is important to evaluate the impact of LAI and

growing media depth on cooling and heating loads based on each season.

As mentioned previously, the increase in added insulation thickness limits the green roof
performance in decreasing the cooling and heating loads. Hence, in this section, the impact of LAI
and growing media depth with insulation thicknesses of low (50 mm), medium (120 mm) and high
(300 mm) on seasonal cooling and heating loads are analysed. Table 4-1 is an identification table
for the design names used in the seasonal cooling and heating plots. The green roof designs for
seasonal cooling and heating loads have been compared to the conventional roof with three
insulation layer thicknesses in each plot.
Table 4-1: Identification labels for seasonal heating and cooling plots
Design Name Tags:

Conventional Reference Roof + Insulation Thickness
Growing Media Depth + LAI + Insulation Thickness

ID Description
CON Conventional Reference roof

A Growing Media Depth: 100 mm
B Growing Media Depth: 150 mm
C Growing Media Depth: 200 mm
1 LAIL: 1
2 LAI: 2
3 LAIL: 3

50 Insulation Thickness: 50 mm

120 Insulation Thickness: 120 mm

300 Insulation Thickness: 300 mm

Impact of LAI on Cooling and Heating Loads

The insulated green roof designs for growing media depth of 100 mm and LAI of 1 showed no
benefit in decreasing the cooling loads compared to the conventional roof during spring and
summer. This indicated that the cooling effect provided by the small LAI through
evapotranspiration was limited and caused the green roof to provide no benefit in decreasing the
cooling loads during spring and summer. Due to the limited cooling effect provided by an LAI of
1, the impact of growing media was dominant, and the green roof consumed more cooling loads

than the conventional roof. The secondary school building uses both cooling and heating loads
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throughout the year; hence, small magnitudes of the cooling load were consumed by the building
during the fall and winter. However, the impact of LAI of 1 on decreasing the cooling loads
compared to the conventional roof for all insulation thicknesses with growing media of 100 mm
was negligible during fall and winter. At an insulation thickness of 300 mm, both the conventional
roof and green roof consumed similar cooling loads in all seasons, indicating the insulation

thickness layer takes over the dominant effect on building thermal performance.

The green roof design with LAI of 2 and growing media depth of 100 mm showed decreased
cooling loads compared to the conventional roof during spring and summer. The impact of LAI of
2 on decreasing cooling loads was higher when low insulation thickness (50 mm) was used. As
the added thermal insulation thickness increased, the green roof performance on cooling saving
loads compared to the conventional roof was inhibited. In summer, the green roof with insulation
thickness of 50 mm consumed 209 MWh of cooling load, and the conventional roof consumed 217
MWh, while with insulation thickness of 300 mm, green roof and conventional roof consumed
cooling loads of 205 MWh and 206 MWh, respectively. Due to high evapotranspiration rates in
summer, the cooling loads were decreased more in summer than spring. During fall and winter,

minimal impact on lowering the cooling loads compared to the conventional roof were observed.

Results for growing media of 100 mm with LAI of 3 showed a relatively larger decrease in cooling
loads than LAI of 1 and 2 during the spring and summer season, shown in Figure 4-18. However,
at higher insulation thicknesses of 120 mm and 300 mm, the green roof performance was impacted,
and the cooling consumption was less reduced. In fall and winter, similarly to LAI of 1 and 2,
minimal impact on cooling loads was observed between the conventional roof and green roof

design with growing media depth of 100 mm and LAI of 3.

The use of LAl of 1, 2 and 3 with the same growing media depth showed that the impact on cooling
loads are more significant during spring and summer. The green roof design with LAI of 1 had no
impact on cooling reduction, while the use of LAI of 3, due to a higher evapotranspiration rate,
had the highest reduction of cooling loads during summer and spring. In addition, the green roof

performance was inhibited on cooling reduction when high insulation thicknesses were used.
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Figure 4-18: Seasonal cooling loads for conventional roof (CON) and green roof with design of growing media of
100 mm and LAIT of 3 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (secondary school).

The magnitude of the secondary school heating loads was higher during fall and winter compared
to spring and summer. The insulated green roof consumed lower heating loads than conventional
insulated roofs during fall and winter due to the higher insulation effect of green roofs. However,
during spring and summer, the green roof required higher heating loads than the conventional roof.
This is observed in Figure 4-19, where the green roof for growing media depth of 100 mm and
LAI of 1 consumes more heating loads than the conventional roof. One reason for the increase in
heating loads during spring and summer is the growing media insulation effect. Another reason
for the increase in green roof heating loads during spring and summer is the evapotranspiration
effect; the green roof vegetated layer provides a cooling effect and indirectly causes higher heating
loads compared to the conventional roof. This is observed in Figure 4-20, where the green roof
with LAI of 3 and growing media depth of 100 mm requires higher heating loads compared to the
conventional roof and the green roof design with LAI of 1 (shown in Figure 4-19). Therefore, the
increase in heating loads during spring and summer compared to the conventional roof is due to
the combined effect of the added growing media depth and the cooling mechanism provided
through evapotranspiration. However, at higher insulation thicknesses, the impact of
evapotranspiration by LAI and the growing media on increasing the building heating loads
decreased due to the insulation layer acting as the dominant effect. As shown in Figure 4-20, the
heating loads during summer for LAI of 3 with insulation thickness of 50 mm is 102 MWh, while
with insulation thickness of 300 mm, the green roof heating load decreased to 99 MWh. Similar

behaviour was observed during spring where at insulation thickness of 50 mm with LAI of 3, the
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green roof consumed 92 MWh of heating loads, while with added insulation thickness of 300 mm,
only 57 MWh was consumed.

The use of different LAIs for the same growing media depth showed limited impact on heating
loads during fall and winter, observed in Figure 4-19 and Figure 4-20. This is due to low
evapotranspiration rates during fall and winter that cause a minimum impact on the building

heating consumption when different LAIs with the same growing media depth is used.
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Figure 4-19: Seasonal heating loads for conventional roof (CON) and green roof with design of growing media of
100 mm and LAIT of 1 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (secondary school).
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Figure 4-20: Seasonal heating loads for conventional roof (CON) and green roof with design of growing media of
100 mm and LAIT of 3 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (secondary school).

The combined total seasonal heating and cooling loads showed during spring and summer, the

green roof required higher total energy than the conventional roof. This is because the total energy
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benefit provided by the green roof cooling effect during spring and summer was cancelled off by

the increase in heating loads during these seasons. As observed in Figure 4-21 and Figure 4-22 the

green roof consumes higher total energy than the conventional roof during spring and summer

when different LAls of 2 and 3 with the same growing media is used. On the other hand, since the

LAI impact on cooling and heating loads was minimal during fall and winter, the total energy

consumption of the green roof and conventional building stayed the same for different LAIs.
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Figure 4-21: Seasonal total heating and cooling loads for conventional roof (CON) and green roof with design of
growing media of 100 mm and LAI of 2 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate
(secondary school).
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Figure 4-22: Seasonal total heating and cooling loads for conventional roof (CON) and green roof with design of
growing media of 100 mm and LAI of 3 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate
(secondary school).

Results for the impact of LAI on total cooling and heating consumption conclude that LAI's highest

effect is first during summer and then spring. For cooling consumption, the use of larger LAI
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resulted in a higher reduction of cooling load during spring and summer. However, the cooling
benefit provided by the green roof was cancelled out due to the rise in heating loads during spring
and summer, leading to the higher green roof total energy consumption compared to the
conventional roof. Results also showed that as the insulation thickness increased, the green roof

cooling effect was impacted and inhibited.

Impact of Growing Media Depth on Cooling and Heating Loads

Different growing media depths with the same LAI impacted the heating loads during fall and
winter while having a minimum effect on cooling loads. As the growing media depth increased,
the green roof experienced lower heating loads for all insulation thickness in fall and winter than
the conventional roof; this was due to a greater insulation effect provided by the green roof than
the conventional roof. However, at low insulation thicknesses during summer, the increase in
growing media depth and greater insulation effect caused a small increase in green roof cooling
and heating loads for the same LAI values. The increase in growing media depth with the same
LAI value decreased the green roof cooling and heating loads compared to the conventional roof;
however, the impact was low. Figure 4-22, Figure 4-23 and Figure 4-24 present the total seasonal
heating and cooling consumption for growing media depths of 100 mm, 150 mm and 200 mm,
respectively, with LAI of 3. Total seasonal cooling and heating consumption showed higher
growing media depth lowers the green roof energy consumption than the conventional roof during
fall and winter. For example, the use of a higher growing media depth of 200 mm lowered the total
energy consumption to 321 MWh in winter for insulation thickness of 50 mm, while lower growing
media depth of 150 mm and 100 mm with the same insulation thickness consumed 359 MWh and
340 MWh, respectively.

For growing media depths of 100 mm, 150 mm, and 200 mm with LAI 1 and 2, results generally
followed the same pattern; higher growing media depth provided more insulation effect and
resulted in a higher reduction of total energy consumption during winter and fall seasons for all
insulation thickness. In addition, for both LAI of 1 and 2, the increase in growing media depth had

a small impact on cooling and heating loads during spring and summer.
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Figure 4-23: Seasonal total heating and cooling loads for conventional roof (CON) and green roof with design of
growing media of 150 mm and LAI of 3 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate
(secondary school).
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Figure 4-24: Seasonal total heating and cooling loads for conventional roof (CON) and green roof with design of
growing media of 200 mm and LAI of 3 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate
(secondary school).

Generally, the seasonal impact of growing media and LAI on cooling and heating loads showed
that in fall and winter, due to the heating-dominance of these seasons, the growing media depth
has the highest impact on green roof thermal performance. On the other hand, for spring and
summer that are considered cooling-dominant seasons, the LAI has the highest impact on green

roof thermal performance.

The combined effect of a higher growing media depth of 200 mm and large LAI of 3 resulted in
the lowest total annual energy consumption of all seasons combined compared to other green roof

designs. A growing media depth of 200 mm resulted in the lowest heating loads during winter and
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fall for all insulation thicknesses compared to the conventional roof. The LAI of 3 caused higher
evapotranspiration, provided the highest cooling effect and lowered the cooling loads during spring
and summer compared to a conventional roof. Therefore, the combination of LAI 3 and growing
media depth of 200 mm, used the advantage of each green roof parameter and lowered the total
annual cooling and heating consumption the most compared to all other green roof designs.
However, no green roof design maintained total energy consumption lower than the conventional
roof all season. In fall and winter, the higher insulation effect provided by the growing media depth
and the thermal insulation thickness helped reduce energy consumption compared to the
conventional roof (for all green roof designs). On the other hand, during spring and summer, the
total energy consumption of the green roof always remained higher than the conventional roof.
This is due to heating loads being used during spring and summer and causing the green roof to
always maintain higher heating loads than the conventional roof. Hence, no green roof design
could have lower energy consumption than the conventional roof in all seasons. All plots for the
seasonal cooling and heating loads for various roof designs with insulation thicknesses of 50 mm,

120 mm and 300 mm for the secondary school under current climate are provided in Appendix A.

4.1.4 Annual Cooling and Heating Energy Savings

The impact of LAI and growing media depth were determined in the previous sections based on
seasonal analysis for low, medium, and high insulation thicknesses. However, to evaluate the
thermal performance of green roofs compared to the conventional roof on building energy
consumption, the total cooling and heating energy savings achieved by the green roof for each
design is analysed. This section discusses the impact of all green roof designs with and without
thermal insulation on building energy savings. The energy savings are the amount of energy

consumption reduced by the green roof compared to the conventional reference roof.

Figure 4-25 presents the total heating and cooling energy savings (MWh) for all growing media
depths and LAIs for uninsulated green roof designs. All uninsulated green roof designs provide
positive energy savings for cooling and heating loads. Based on Figure 4-25, growing media depth
of 200 mm with LAI of 3 had the highest annual total energy savings compared to all other green

roof designs. This is due to the thick growing media depth of 200 mm providing a higher insulation
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effect than growing media of 100 mm and 150 mm and having more energy savings. In addition,
the large LAI of 3 provided a higher cooling effect through evapotranspiration and vegetation

coverage compared to LAI of 1 and 2, resulting in higher cooling savings.
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Figure 4-25: Total heating and cooling energy savings (MWh) of green roof compared to conventional roof for all
growing media (GM) depths and LAIs; without insulation layer -current climate (secondary school).

Green roof energy savings, however, changed significantly once the thermal insulation layer was
added. Figure 4-26 presented the energy savings for cooling and heating loads for all green roof
designs with an insulation thickness of 50 mm. The added thermal insulation layer impacted the
green roof thermal performance and lowered the energy savings for cooling and heating loads
compared to uninsulated green roofs without insulation. It is observed in Figure 4-26 designs with
an LAI of 1 experienced negative savings in cooling loads, indicating the conventional roof
consumed less cooling energy compared to the green roof designs. The evapotranspiration rate is
limited for green roofs with an LAI of 1, and once the insulation layer is added, any benefit
provided by the green roof on cooling load savings is inhibited due to the high insulation effect.
The cooling energy savings are positive for green roof designs with LAI of 2 and 3 due to the
higher evapotranspiration rate for these designs (Figure 4-26). However, the added insulation layer
of 50 mm thickness lowered the cooling energy savings of green roofs with LAI of 2 and 3 by a

magnitude of more than 100 MWh compared to uninsulated green roofs.

The heating energy savings with insulation thickness of 50 mm were lowered significantly
compared to uninsulated green roof designs. However, all designs maintained positive total energy
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savings, indicating that the green roofs with insulation thickness of 50 mm could lower building
total energy than the conventional roof. The results for cooling and heating energy savings with
insulation thickness of 50 mm showed the added thermal insulation impacts the performance of

the green roof and lowers the green roof energy savings compared to uninsulated green roofs.
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Figure 4-26: Total heating and cooling energy savings (MWh) of green roof compared to conventional roof for all
growing media (GM) depths and LAIs; with 50 mm insulation layer — current climate (secondary school).

Green roof designs with added thermal insulation thickness of 120 mm showed even lower energy
savings for all green roof designs. Figure 4-27 shows the growing media depth of 200 mm with
LAI of 2 and 3 are the only green roofs with total energy savings of 6 MWh and 11 MWh,
respectively, and all other designs experienced negative energy savings in cooling and heating
loads. Furthermore, the added thermal insulation thickness of 120 mm caused a decrease in green
roof energy savings on heating loads compared to green roofs with 50 mm insulation thickness.
Green roof negative heating energy savings are due to the cooling effect provided by the green
roof during spring and summer, causing the green roof to consume more heating loads than the
conventional roof. However, the cooling energy savings for LAls of 2 and 3 maintained positive
for green roofs with insulation thickness of 120 mm, indicating that the green roof always provides

cooling benefits even at high thermal insulation thickness.
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Figure 4-27: Total heating and cooling energy savings (MWh) of green roof compared to conventional roof for all
growing media (GM) depths and LAIs; with 120 mm insulation layer — current climate (secondary school).

Similar to insulation thickness of 120 mm, the cooling energy savings for LAI of 2 and 3 were
positive for green roof designs with insulation thicknesses of 300 mm (Figure 4-28). Although
green roofs with insulation thickness of 300 mm had lower cooling savings than green roof designs
with insulation thicknesses of 50 mm and 120 mm. The heating loads for all green roof designs at
thermal insulation thickness of 300 mm continued to have negative heating energy savings, shown
in Figure 4-28. Therefore, at high thermal insulation thickness of 300 mm, no benefit on total
annual energy savings was provided by the green roof designs, and the conventional roof
consumed less total energy. Overall, the negative heating energy savings cancelled any cooling
benefit provided and resulted in negative total energy savings for all green roof designs. For all
plots on green roofs' heating and cooling energy savings compared to the conventional roof for all
insulation thicknesses for the secondary school under the current climate conditions, refer to

Appendix A.
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Figure 4-28: Total heating and cooling energy savings (MWh) of green roof compared to conventional roof for all
growing media (GM) depths and LAIs; without insulation layer — current climate (secondary school).

The added thermal insulation layer, even at low thicknesses, impacted the total energy savings of
the green roof. As the insulation thickness layer increased, the energy savings provided by the
green roof decreased until at high insulation thickness of 300 mm, the green roof provided no total
energy benefit compared to the conventional roof. Therefore, the use of added thermal insulation
thickness with green roofs inhibits their energy performance, and once the thermal insulation
thickness above a specific range is reached, the green roof starts to require more energy than the
conventional roof. Consequently, to identify optimal thermal insulation thickness range for green
roof designs that lower the building energy consumption and provide energy benefit compared to

the conventional roof, the ratio of DBGR is determined and discussed in the next section.

4.1.5 Dynamic Benefit of Green Roof (DBGR)

In this research, different green roof designs with added thermal insulation thickness are compared
with the conventional roof of the same added thermal insulation. The objective is to determine
whether the green roof can reduce the building’s annual energy consumption compared to the
conventional roof with the same R-value (thermal resistance). The R-value measures roof building
insulation; a higher R-value means higher roof insulation. The thermal resistance is calculated
using the thickness of the insulation layer and its thermal conductivity. Thus, having different
thermal conductivities for the growing media and the added thermal insulation causes the

conventional and green roofs to have different R-values.
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The Dynamic Benefit of Green Roof (DBGR), Equation 14, is the annual energy use for a
conventional membrane roof with an R-value equal to the measured R-value of the green roof

construction (Moody and Sailor 2013).

DBGR = Zer Equation 14

EGR

E R represents the annual heating and cooling consumption of the green roof and E,,, is the
annual heating and cooling consumption of the conventional roof. The DBGR greater than unity
indicates that the green roof membrane performs better than the conventional roof with the same

R-value.
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Figure 4-29: DBGR of all green roof designs under current climate (grey colour bars represent conventional roof) —
secondary school.

Figure 4-29 includes the DBGR for all roof designs; as the insulation thickness increases, the

DBGR for all green roof designs reach values below 1, indicating the green roof designs require
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more energy than the conventional (Conv) roof. On the other hand, at low insulation levels, the
green roof designs required lower energy compared to the conventional roofs and maintained a
DGBR value higher than 1. The green roof with growing media of 200 mm, and LAI of 3 had the
highest DBGR than all green roof designs with the same insulation thickness. For insulation
thickness of 50 mm, the green roof with growing media depth of 200 mm and LAI of 3 had a
DBGR of 1.08, while all other green roof designs with the same insulation thickness had DBGR
values of 1.06 and lower. The high growing media depth of 200 mm and larger LAI of 3 caused
the green roof to perform better in lowering the total heating and cooling loads compared to other
green roof designs. Figure 4-29 shows above certain insulation thickness; all green roof designs
start to consume more energy than the conventional roof and reach DBGR values less than 1. All
green roof designs at insulation thickness of 120 mm and below maintain DBGR equal or greater
than 1 (Figure 4-29). Among green roof designs with insulation thickness of 120 mm, the growing
media depth of 200 mm with an LAI of 3 has the highest DBGR of 1.01. However, once insulation
thicknesses were above 120 mm, all green roof designs required higher energy than the
conventional roof and had a DBGR less than 1, shown in Figure 4-29. The green roof thermal
performance was studied in Moody and Sailor (2013) using the DBGR ratio. Similar findings were
reported where a highly insulated green roof, depending on the climate, could require higher

energy than insulated conventional roofs.

The added thermal insulation layer is essential for building roof designs since it lowers the building
total energy consumption by providing a higher roof R-value. In all roof designs, as the added
insulation thickness increased, R-value increased, and thus, the total building energy consumption
decreased (Figure 4-3). For example, green roof designs with a growing media depth of 200 mm,
LAI of 3 and insulation thickness of 250 mm required less total energy than the same green roof
design with an insulation thickness of 200 mm. The same applied to conventional roofs, where the
increase in insulation thickness reduced the building’s total energy consumption. However, when
green roof designs were compared to conventional roofs with the same R-value, the outcome
differed. Green roofs thermal performance was impacted as the insulation thickness increased, this
indicated the total energy savings provided by the green roof was reduced as the insulation

thickness increased. Additionally, increase in insulation thickness caused the green roof to require
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more heating loads than the conventional roof. The green roof seasonal analysis for cooling and
heating loads showed that the cooling effect by the green roof during spring and summer caused
the building to require more heating loads compared to conventional roof and cancel any benefit
provided by the green roof on total energy savings. However, the thermal performance of
conventional roof was only affected by the added thermal insulation layer and as the insulation
thickness increased, the energy consumption of the building decreased. Therefore, when the energy
consumption for the conventional and green roof at insulation thicknesses above 120 mm were
compared, the green roof due to higher required heating loads during spring and summer

performed worse than conventional roof.

This research aims to determine optimal design parameters of extensive green roofs in the City of
Toronto. According to the Green Vegetative Roof Building Standard for the City of Toronto (City
of Toronto 2007), the roof thermal resistance for non-residential buildings must be a minimum of
R-3.91. Therefore, in the City of Toronto, it is a requirement for green roofs to maintain a certain
R-value. Table 4-2 presents the thermal resistance (R-value) provided by the conventional roof
and the green roof with added insulation thicknesses for all building designs.

Table 4-2: Thermal resistance (R) provided by each insulation thickness for the reference roof and green roof
growing media depths of 100 mm, 150 mm and 200 mm. Highlighted values are above the City of Toronto R-value

requirements.
Insulation Conventional Green roof growing  Green roof growing  Green roof growing
Thickness roof media depth 100 mm media depth 150 media depth 200 mm
(mm) (K.m%/W) (K.m%/W) mm (K.m*W)
(K.m*W)
No insulation - 0.5 0.7 1.0
50 1.25 1.7 2.0 2.2
80 2 2.5 2.7 3.0
100 2.5 3.0 3.2 3.5
120 3 3.5 3.7 4.0
150 3.8 4.2 4.5 4.7
200 5.0 5.5 5.7 6.0
250 6.3 6.7 7.0 7.2
300 7.5 8.0 8.2 8.5

The R-values for all insulated green roof designs within standards limits are designed with
insulation thicknesses above 120 mm (bolded values in Table 4-2), except green roof with growing
media depth of 200 mm that maintain standards with 120 mm insulation thickness. Results from

the DBGR suggested that green roofs with insulation thicknesses greater than 120 mm would result
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in higher energy consumption and reach DBGR values less than 1. Therefore, the use of green roof
designs with insulation thickness greater than 120 mm is not recommended. Instead, using
conventional roofs would provide more benefit in reducing the total building energy consumption

than green roofs.

Therefore, the recommended optimal design that could be used for extensive green roofs in the
City of Toronto under current climate conditions for the secondary school buildings is the green
roof with growing media depth of 200 mm, LAI of 3 and insulation thickness of 120 mm. This
design provides the highest total heating and cooling energy savings compared to all other green

roof designs with 120 mm insulation thickness and maintains DBGR higher than 1.

4.2 Secondary School - Future Climate

The energy consumption for green roof designs with different insulation thicknesses was different
under future climate conditions than current due to changes in weather patterns. Figure 4-30
presents the average monthly temperatures under current and future climate conditions in the City
of Toronto. The average monthly temperatures are predicted to rise in future conditions, and
warmer temperatures will be experienced. Figure 4-31 and Figure 4-32 presents the heating and
cooling loads of the secondary building for all roof designs under future climate conditions. Results
showed that the heating loads required yearly by buildings decreased, and the cooling loads

increased in future conditions.
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Figure 4-30: Monthly mean temperatures for current and future climate of 2080s — Toronto, ON.
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Figure 4-31: Total heating loads for all roof designs; all insulation thickness; LAls; and growing media depths under
future climate of 2080s — secondary school.
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Figure 4-32: Total cooling loads for all roof designs; all insulation thickness; LAls; and growing media depths under
future climate of 2080s — secondary school.

Under future climate conditions, the uninsulated green roof designs decreased the building cooling
and heating loads compared to the conventional uninsulated roof. In Figure 4-33, uninsulated green
roof with growing media depth of 200 mm and LAI of 3 reduced 65% of total energy consumption
compared to the conventional uninsulated roof. However, for insulated green roofs, the added
insulation layer affected the thermal performance and lowered the energy savings provided by the
green roof. The growing media depth of 200 mm with an LAI of 3 had the best overall performance
in reducing the heating and cooling loads compared to other green roof designs with the same

insulation thickness.

However, when green roof designs for total heating and cooling loads were compared to a
conventional roof with the same insulation thickness, the green roof designs with insulation
thicknesses of more than 80 mm consumed more energy than the conventional roof, shown in
Figure 4-33. This suggested that the green roof provides minimum benefit in terms of energy under

future climates compared to conventional roofs with insulation thicknesses more than 80 mm.
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Figure 4-33: Total heating and cooling loads for all roof designs; all insulation thickness; LAls; and growing media
depths under future climate of 2080s — secondary school.

To explain the reason for the increase of energy consumption of green roofs with higher insulation
thickness layers under future climate, the seasonal behaviour of the green roof is analysed. In the
future conditions, similar to the current climate, using a green roof was beneficial in reducing the
cooling loads during summer and spring for different insulation thicknesses (Figure 4-35).
However, the seasonal heating loads were different in future compared to the current climate
conditions. During fall and winter, the difference between the green roof heating loads and the
conventional roof was smaller, indicating that a green roof would provide a lower benefit in
decreasing the heating loads compared to the conventional roof. This is observed in Figure 4-34
when at insulation thickness of 80 mm during the fall season, the conventional and green roofs
have similar heating loads. Hence, the total benefit of the green roof during winter and fall on
decreasing the heating loads with different insulation thicknesses compared to the conventional
roof was much lower than the current climate. Additionally, like the current climate, the cooling
effect provided by the green roof during spring and summer caused the green roof to consume
higher heating loads during these seasons compared to the conventional roof, as shown in Figure

4-34. Therefore, the small benefit provided by the green roof on heating loads and the rise in
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heating loads (during spring and summer) led the green roof to require higher total energy

compared to the conventional roof (shown in Figure 4-36).

450
=
Z 400
2
= 350
S
2300 282
£ T
z 250
S 205 208
7, 200 174
g 150 il
5 |1 115112
2 100 ||
£ 71 68
E 402 52 ) - 47 48 I
S 50 I:I 32— 30 37 23 28 : ; |1

., NL B mit sl B8 i BN i

Spring Summer Winter
©CON-50 @C3-50 8 CON-80 OC3-80 m CON-300 #C3-300

Figure 4-34: Seasonal heating loads for conventional roof (CON) and green roof with design of growing media of
200 mm and LAI of 3 for insulation thicknesses 50 mm, 80 mm and 300 mm — future climate (secondary school).
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Figure 4-35: Seasonal cooling loads for conventional roof (CON) and green roof with design of growing media of
200 mm and LAI of 3 for insulation thicknesses 50 mm, 80 mm and 300 mm — future climate (secondary school).
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Figure 4-36: Seasonal total heating and cooling loads for conventional roof (CON) and green roof with design of
growing media of 200 mm and LAI of 3 for insulation thicknesses 50 mm, 80 mm and 300 mm — future climate
(secondary school).

The results for annual energy savings showed green roofs with insulation thickness of 80 mm
caused higher annual heating loads compared to the conventional roof. Hence all green roof
designs experienced negative heating energy savings, shown in Figure 4-37. On the other hand,
the green roofs with LAI of 2 and 3, due to high evapotranspiration and the cooling effect, caused
positive cooling savings. This led to positive total heating and cooling energy savings for all green
roof designs with LAI of 2 and 3. Figure 4-37 shows for growing media of 200 mm and LAI of 3,
the total energy saved by the green roof design is 6 MWh, indicating the green roof consumed
lower total energy compared to the conventional roof. Although, for insulation thicknesses of 100
mm and above, the total energy savings reached a negative value due to the insulation layer
inhibiting green roof thermal performance. This is shown in Figure 4-38 where with an insulation

thickness of 100 mm, all green roof designs have negative total energy savings.

All plots for the energy savings and seasonal cooling and heating loads for different roof designs
with insulation thicknesses of 50 mm, 80 mm and 300 mm for the secondary school under future

climate are provided in Appendix B.
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Figure 4-37: Total heating and cooling energy savings (MWh) of green roof compared to conventional roof for all
growing media (GM) depths and LAIs; with 80 mm insulation layer — future climate (secondary school).
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Figure 4-38: Total heating and cooling energy savings (MWh) of green roof compared to conventional roof for all
growing media (GM) depths and LAIs; with 100 mm insulation layer — future climate (secondary school).

All green roof designs maintained DBGR value more than 1 for green roofs with insulation
thicknesses of 50 mm under future conditions, shown in Figure 4-39. The growing media of 200
mm with an LAI of 3 achieved the highest DBGR value of 1.01 among all green roof designs with
an insulation thickness of 80 mm. However, for designs with insulation thicknesses more than 80
mm, all green roof designs had DBGR less than 1 and required higher energy than the conventional

roof.

The secondary school optimal green roof design under future conditions was not the same as the

current climate conditions due to the shift in building cooling and heating consumption. The
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suggested design under future conditions is the growing media depth of 200 mm with LAI of 3
and insulation thickness of 80 mm. The suggested optimal design consumes lower total energy
compared to the conventional roof and provides the highest energy savings among other green roof

designs (Figure 4-33).
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Figure 4-39: DBGR of all green roof designs under future climate conditions of 2080s (grey colour bars represent
conventional roof) — secondary school.

All in all, under both current and future climate conditions, green roof design with a growing media
depth of 200 mm and LAI of 3 performed best on lowering the total energy consumption of the
secondary school compared to all other green roof designs. However, the added thermal insulation
affected the green roof thermal performance. The use of green roofs with added insulation
thickness did not enhance the green roof thermal performance but caused limitations. Under both
current and future climate conditions, the uninsulated green roof designs had the highest total
energy savings. As the insulation thickness increased, the thermal performance of the green roof

on total energy consumption was impacted until, at a certain range, the added thermal insulation
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thickness inhibited any thermal benefit provided by the green roof. Under the current climate
conditions, the growing media depth 200 with an LAI of 3 had the highest energy savings among
all green roof designs yet required more energy than the conventional roof when insulation
thickness of 120 mm and higher were used. Under future climate conditions, growing media depth
200 mm with LAI of 3 caused the green roof to consume more energy than the conventional roof

when insulation thickness of more than 80 mm were used.

Therefore, it is concluded for a secondary school building in the City of Toronto, use of green
roofs compared to highly insulated conventional roof provides no benefit in terms of energy on
lowering building energy consumption. However, green roofs would have strong potential to be
used as retrofits on poorly insulated roofs. Uninsulated green roof (growing media depth 200 mm
and LAI 3) showed up to 71.7% and 65% energy reduction compared to conventional uninsulated
roofs under current and future conditions, respectively. Lastly, it is important to mention that this

research's conclusions are specific to climate, building type, and green roof design parameters.
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Chapter Five: Other Building Archetypes and Water
Retention Performance of Green Roof

Chapter four concluded that the use of green roof on secondary school building type in the City of
Toronto under current and future climate conditions with high thermal insulation thickness is not
a suitable replacement for a conventional roof. Therefore, other building archetypes were selected
to determine if the thermal performance of green roof would behave similarly. Green roof designs
with a growing media depth of 100 mm, 150 mm and 200 mm and LAIs of 1, 2 and 3 were
investigated on two building archetypes of office and hospital. Chapter four showed the green roof
thermal performance changes by small magnitudes as the insulation thickness increases. Thus, the
thermal insulation thicknesses considered for green roof designs in this section are low (50 mm),
medium (120) mm and high (300 mm). Additionally, the green roof thermal performance without
insulation on office and hospital archetypes is analysed. All in all, the objective of this chapter was
to determine if the hospital and office building at insulation thicknesses of a low, medium, and

high would have similar thermal performance as the secondary school.

In addition, the effect of the green roof on rainwater capture and runoff reduction for all three
archetype buildings of secondary school, hospital and office, were measured and presented to

showcase green roof stormwater retention benefits.

5.1 Office Building — Current and Future Climate

Current Climate

The green roof performance on building energy savings was lower than secondary school due to a
smaller roof area. The uninsulated green roof design (growing media 200 and LAI 3) saved 31%
of total energy by office building and 72% by the secondary school. The larger roof area and
vegetation coverage of secondary school led to higher energy savings by the uninsulated green

roof compared to the office building.

In Figure 5-1 the office building total energy consumption for all green roof designs and insulation

thickness is provided. The uninsulated green roof with higher growing media depth and LAI of 3
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resulted in the lowest building total energy consumption compared to other uninsulated green roof
designs for the office building. The energy savings by the uninsulated green roof designs was more
compared to insulated green roofs. This indicated that thermal insulation impacts the green roof
performance and at high thicknesses the green roof designs behaved similarly in lowering the
building energy consumption. Unlike the secondary school building, the green roof for all office
designs maintained lower energy than the conventional roof at all insulation thicknesses. Although
the energy consumed by the green roof designs and the conventional roof at insulation thickness
of 300 mm were within the same range, the green roofs designs did not require higher energy than
the conventional roof for office building (Figure 5-1). The building related characteristics, building
system and services related to characteristics and occupant related characteristics that influence
building energy consumption (Silva et al. 2012) caused different green roof thermal performance
on office and secondary school buildings. The seasonal energy consumption for the office building

is analysed to understand the difference in green roof thermal performance from secondary school.
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Figure 5-1: Total heating and cooling loads for all roof designs; all insulation thickness; LAIs; and growing media
depths under current climate— Office building.

The seasonal cooling and heating consumption for office building were different compared to the
secondary school due to the different building characteristics. Figure 5-2 and Figure 5-3 presents

the seasonal heating and cooling loads for the conventional and green roof with the growing media
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depth of 200 mm and LAI of 3 for different insulation thicknesses. The use of high growing media
depth caused the green roof with all insulation thicknesses to require a lower heating load
compared to the conventional roof during winter and fall (Figure 5-2). Additionally, the office
building required no heating loads during the summer season; this was unlike the secondary school
building, where heating loads were used throughout the year. Hence, no negative impact was
caused by the green roof during the summer season compared to the conventional roof. The green
roof on the office building at all insulation thicknesses maintained lower cooling loads compared
to the conventional roof during summer due to the cooling effect provided (Figure 5-3). Therefore,
the green roof's combined total heating and cooling loads were lower than the conventional roof
in all seasons (Figure 5-4). Results on seasonal office analysis indicated that the building
characteristics and system behaviour influence the green roof's thermal performance on building

energy consumption.
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Figure 5-2: Seasonal heating loads for conventional and green roofs with growing media of 200 mm and LAI of 3
for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (office building).
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Figure 5-3: Seasonal cooling loads for conventional and green roofs with growing media of 200 mm and LAI of 3
for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (office building).
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Figure 5-4: Seasonal total heating and cooling loads for conventional and green roofs with growing media of 200
mm and LAI of 3 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (office building).

Figure 5-5 and Figure 5-6 present the energy savings by the office building for all green roof
designs with insulation thicknesses of 50 mm and 300 mm. The total energy savings of heating
and cooling loads combined remained positive for all green roof designs for all insulation
thicknesses. This indicated that the conventional office roof with various insulation thicknesses of
low to high consumed higher energy than the green roof. As observed in Figure 5-5, all green roof
designs with insulation thickness of 50 mm had positive heating and cooling loads. The higher
insulation provided by the green roof caused the green roof to lower the building heating loads
more than the conventional roof. Additionally, the cooling provided by the green roof caused more

cooling energy savings compared to the conventional roof. However, at high insulation thickness,
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the green roof thermal performance was impacted, and the heating and cooling savings were
lowered compared to green roofs with low insulation, shown in Figure 5-6. The plots for annual
total heating and cooling consumption and savings for the office building under the current climate

conditions for all green roofs are presented in Appendix C.
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growing media (GM) depths and LAIs; with 50 mm insulation layer — current climate (office building).
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Figure 5-6: Total heating and cooling energy savings (MWh) of green roof compared to conventional roof for all
growing media (GM) depths and LAIs; with 300 mm insulation layer — current climate (office building).

Figure 5-7 presents the DBGR of the office archetype for all green roof designs. Results showed
that under the current climate conditions, green roofs with growing media of 200 mm and LAI of
1, 2 and 3 for insulation thicknesses of 50 mm all had a DBGR of 1.07. This indicated use of 50

mm insulation lowered the green roof efficacy and caused green roofs with a growing media depth
115



0f 200 mm, and different LAIs to have similar DBGR values. As the insulation thickness increased,
the DBGR value decreased for all green roof designs, and at insulation thickness of 300 mm, the
value of DBGR for all green roofs reached a value of 1. Thus, the green roof thermal performance
for the office building under current climate conditions indicated at high insulation thickness of

300 mm; both conventional and green roofs behaved similarly in building energy consumption.

011\ mm- LA 1

GM ] Depth 150 mm,_ LAT |

Cony
| “ r | GM Depth 100
I

2
=
@

S

o

Cony
G
)\I’)Lplh 200 my
" . n-LAJ |
b lDLPl]] 100 mm,.

Cony
(€
J. M Depth 150 mm_ LAL?

Cony
GM Depypy

LA 2

200
Cony mm- [ Ag 2

GM De ) - L/
°>pth |
. . : )mm LAI 3
T [l)q[h 150 mm- | Al 3

200 mp. . Al3

Figure 5-7: DBGR of all green roof designs under current climate conditions (grey colour bars represent
conventional roof) — office building.

The optimal suggested design under current climate conditions for the office building is green roof
with growing media depth of 200 mm and LAI of 3 for insulation thickness of 120 mm. The
suggested design requires lower energy than the conventional roof and saves the highest cooling
and heating loads among other green roof designs with insulation thickness of 120 mm. Annual
total heating and cooling consumption and savings for the office building under current climate

conditions for all green roofs are presented in Appendix C.
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Future Climate

The heating and cooling consumption under future climate conditions shifted for the office
building. Due to higher temperatures, building heating loads were decreased while the cooling
loads increased. Therefore, the use of thermal insulation impacted the green roof thermal
performance more compared to current climate conditions. The insulation layer is most effective
in reducing the heating loads of buildings; hence the use of insulation in future climate conditions
provides less benefit in reducing the total building energy consumption. Figure 5-8, presents the
DBGR for the green roof designs under future climate for the office building. The DBGR value at
insulation thickness of 50 mm was lower for the future than current climate conditions, indicating
that the green roof provides less benefit in reducing the total building energy consumption
compared to the conventional roof with the same insulation thickness. The green roof with a
growing media depth of 200 mm, LAI of 3 and insulation thickness of 50 mm had a DBGR of 1.04
under future climate conditions, while the same green roof design under had a DBGR of 1.07
current climate conditions. At insulation thicknesses of 120 mm and lower the green roof designs
decreased the building energy consumption compared to the conventional roof under future
conditions. However, at a high insulation thickness (300 mm), the green roof’s energy benefit was

minimal compared to the conventional roof (Figure 5-8).

The optimal green roof design in the future remained the same as the current climate conditions
for the office building. The suggested optimal design under future conditions is growing media
depth of 200 mm and LAI of 3 with insulation thickness of 120 mm. This design consumes lower
total energy compared to the conventional roof and provides the highest energy savings among
other green roof designs with insulation thickness of 120 mm. Annual total heating and cooling
consumption and savings for the office building under future climate conditions for all green roofs

are presented in Appendix D.
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5.2 Hospital Building — Current and Future Climate

Current Climate

The green roof thermal performance on the hospital building was different compared to the office
and secondary school. Figure 5-9, provides the annual total energy consumption for uninsulated
and insulated conventional and green roof designs. Uninsulated green roof design with growing
media of 200 mm and LAI of 3 performed the best in decreasing the building energy consumption
compared to the conventional uninsulated roof. However, at medium insulation (120 mm
thickness), the thermal performance for green roof designs changed; the green roof with the highest
growing media depth and largest LAI was no longer the best-performed design in reducing the
energy consumption of the building compared to other green roof designs. In Figure 5-9, at
insulation thicknesses of 120 mm, the green roof with lower growing media required less energy

than green roof designs with higher growing media depth. This difference was due to the different
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characteristics of hospital buildings causing the green roof to use more heating loads compared to
the conventional roof. The hospital building envelope is considered well insulated compared to
office and school buildings. Therefore, using a green roof with higher insulation thickness caused
the building to require more heating loads than a conventional roof. Figure 5-10 and Figure 5-11
presents the hospital seasonal heating loads for growing media of 150 mm and 200 mm with LAI
of 3, respectively. The green roof with high insulation thickness required more heating loads
during the winter season than the conventional roof. Results showed that as the growing media
depth increased, the heating loads increased for insulation thickness of 120 mm and 300 mm than
the conventional roof (Figure 5-10 and Figure 5-11). Due to the well-insulated envelope of the
hospital building, the insulation provided by the green roof growing media with high insulation

thickness led to more heating loads required than the conventional roof.
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Figure 5-9: Total heating and cooling loads for all roof designs; all insulation thickness; LAIs; and growing media
depths under current climate — hospital building.

119



o
(=3
=]

737
5693

591 _I

< 355 541547

N
=3
o

700 R

455454 452453

670082

=N

=3

S
o3
I
)

i
S
S
= | e B 4

400

370361 362360 360360

%)
=
(=]

200

Heating Energy Consumption (MWh)

(=3
=]

T

D

N

-
=N
£
=1

g

Spring Summer

B8 CON-50 BB3-50 BCON-120 C'B3-120

[}
Q
=}
z
<
=3
S

#iB3-300
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Figure 5-11: Seasonal heating loads for conventional and green roofs with growing media of 200 mm and LAI of 3
for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (hospital building).

During spring, fall and winter the green roof cooling loads remained unchanged with only small
savings in summer cooling loads. Thus, higher green roof heating requirements led to higher total
seasonal heating and cooling loads during winter than the conventional roof (Figure 5-12 and
Figure 5-13). Generally, the thicker growing media depth with 120 mm and 300 mm insulation
layers required higher heating loads. Therefore, green roof designs with a growing media depth of
200 mm and thicker insulation required more energy than green roof designs with a lower growing

media depth of 100 mm and insulation thicknesses.
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Figure 5-12: Seasonal total heating and cooling loads for conventional and green roofs with growing media of 150
mm and LAI of 3 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (hospital building).

900
=
£ 773
S 800

g Ry728 715721 907719
g 70 655 643 654 -
£ 598 N Tt 616 612611 604609 = :
S 600 0575 574573 570572 =il A N =N

- RN S = =il =1

% = =i = =

£ _ 500 =l =1 | = =i
£Z =N =N n =i

£ 400 = = =il =i
g2 = ! =t =i =i
37 300 = = = =
g = = =t =, !
3 = = = =
= 200 =l =N = 1

g = =il = = :

@ 100 ;I| =i =l zll
g 0 . N ETE Ll B | = e Bl e
T Spring Summer Fall Winter

§CON-50 BC3-50 BCON-120 0C3-120 BCON-300 £.C3-300

Figure 5-13: Seasonal total heating and cooling loads for conventional and green roofs with growing media of 200
mm and LAI of 3 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (hospital building).

The annual total heating and cooling energy savings for all green roofs at a low insulation thickness
of 50 mm were positive. However, higher heating loads required by the green roof compared to
the conventional roof, at insulation thickness of 300 mm, caused negative heating energy savings
(Figure 5-14). In addition, the insulation thickness also impacted the green roof cooling benefit
and caused most green roof designs to have zero cooling savings. As a result, all green roof
designs’ total energy savings with insulation thickness of 300 mm were negative, and the benefit
in terms of energy was minimal. Annual total heating and cooling consumption and savings for

hospital building under current climate conditions for all green roofs are presented in Appendix E.
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Figure 5-14: Total heating and cooling energy savings (MWh) of green roof compared to conventional roof for all
growing media (GM) depths and LAIs; with 300 mm insulation layer — current climate (hospital building).

Figure 5-15 presents the hospital building DBGR values for all green roof designs under current
climate conditions. At insulation thickness of 300 mm, all green roof designs performed poorly
and had higher total energy consumption than conventional roofs. However, at lower insulation
thickness of 50 mm and 120 mm, the DBGR for all green roof designs was higher than or equal to
1, indicating the green roof either required less energy or performed just as well as the conventional
roof. Overall, the use of an insulation layer impacted the green roof thermal performance compared
to the conventional roof, and even at low insulation thicknesses, most green roof designs behaved
similarly and maintained the same DBGR values. The optimal green roof designs under current
climate conditions for hospital building is growing media depth of 100 mm with LAI of 2 and
insulation thickness of 120 mm. The suggested optimal design saves the highest cooling and

heating loads among other green roof designs with same insulation thickness.
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Figure 5-15: DBGR of all green roof designs under current climate (grey colour bars represent conventional roof) —
hospital building.

Future climate

Due to the rise in temperatures under future climate conditions, the hospital building heating loads
decreased, and the cooling loads increased. Both green roof and conventional roof heating loads
compared to current climate conditions decreased; therefore, the impact of green roof on increasing
the heating loads (compared to the conventional roof) during winter was lower under future climate
conditions. Additionally, the green roof energy savings on cooling loads in summer was more
compared to current climate conditions. This led the green roof at higher insulation thicknesses to
have less negative heating energy saving and more positive cooling energy savings than current
climate conditions. Figure 5-16 presents the annual energy savings at insulation thickness of 300
mm. Compared to Figure 5-14, the green roof under future climate conditions at insulation
thickness of 300 mm has less negative energy savings. Under future climate conditions, the
uninsulated green roof with growing media of 200 mm and LAI of 3 saved the highest energy

compared to all other uninsulated green roof designs. However, as the insulation thickness
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increased for insulated green roofs, the green roof thermal performance was impacted, and the

green roof benefit on energy savings was limited.
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Figure 5-16: Total heating and cooling energy savings (MWh) of green roof compared to conventional roof for all
growing media (GM) depths and LAIs; with 300 mm insulation layer — future climate (hospital building).
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Figure 5-17: DBGR of all green roof designs under future climate (grey colour bars represent conventional roof) —

hospital building.
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Figure 5-17 provides the hospital building DBGR for all green roof designs under future climate
conditions. The DBGR values show at insulation thicknesses of 120 mm and 300 mm, the green
roof and conventional roof perform equally, and the green roof provides minimal benefit on
decreasing building energy consumption. All green roof designs with insulation thicknesses of 50
mm showed DBGR values higher than 1, indicating that green roof designs with low insulation
thicknesses provide energy benefit under future climate conditions. Green roofs with a growing
media depth of 200 mm and LAI of 3 had the highest DBGR value of 1.4 under future climate
conditions and provided the highest cooling and heating savings among all other green roof

designs.

The hospital’s optimal green roof design in the future was not the same as the current climate
conditions. The design configuration suggested under future conditions for the hospital building is
growing media depth of 100 mm and LAI of 3 with insulation thickness of 120 mm. The suggested
optimal design has the lowest energy compared to the conventional roof and highest energy
savings than all other green roof designs. All plots for annual total heating and cooling
consumption and savings for hospital buildings under future climate for all green roofs are

presented in Appendix F.

Overall, under both current and future climate conditions, results showed for all three archetypes
of secondary school, office, and hospital building, the uninsulated green roof with growing media
depth 200 mm and LAI of 3 achieved the highest energy savings among all other green roof
designs, regardless of the difference in building characteristics. Although, once the insulation layer
was added, the green roof thermal performance was affected. The added insulation thickness above
120 mm for the secondary school and hospital building caused higher green roof energy
requirements than the conventional roof under current climate conditions. However, for the office
building, the green roof maintained lower total energy compared to the conventional roof at all
insulation thicknesses. The dissimilarity of the insulated green roof thermal performance on
secondary school, office and hospital building were due to the different thermal behaviour and
seasonal consumption of these buildings. Results indicated the thermal performance of insulated

green roofs compared to conventional insulated roofs significantly depends on the building
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characteristics under both current and future climate conditions. Therefore, optimal green roof

designs may vary depending on the building type.

5.3 Green Roof Retention Performance

The runoff and rainwater captured by the green roof designs for all three archetypes were measured
to showcase the green roofs water retention performance. EnergyPlus reports the green roof net
annual runoff water. However, this feature is not explicitly validated, but it connects to the
accuracy of the energy balance model. Green roof runoff is affected by the growing media

composition characteristics and drainage layers, all of which are fixed in the Energyplus model.

Retained Water (Total Percipitation — Runo .
% Retained = ( - P . f1) Equation 15
Total Percipitation

The water captured by the green roof was calculated using the runoff output from EnergyPlus. The
amount of water retained is the total amount of precipitation subtracted by the water runoff. The
percentage of water retained was calculated by Equation 15. Table 5-1 provides the stormwater
runoff, water retained, and percentage of water retained by the green roof for all three building
archetypes under current and future climate conditions. The green roof design chosen to calculate
the water retained included growing media of 200 mm and LAI of 3 since this design was proven
to be the best performed design (without insulation) in the previous sections for all archetypes.
Results showed that the green roof captured 41% of stormwater for the secondary school under
the current and 45% under the future climate conditions. The warmer climate conditions in the
future lead to a higher vegetation transpiration and increase the rainwater captured (retained) by
the green roof. Similar trends were observed for office and hospital buildings where a higher
percentage of water was retained under future climate conditions. In addition, the increase of
insulation thickness with green roof designs had a limited impact on water retention performance.
Therefore, green roofs with and without insulation thickness could retain rainwater runoff unlike
the conventional roof, where water is not captured. Overall, green roofs under both current and
future climate conditions provided the benefit of reducing stormwater runoff, an advantage that

the conventional roof did not provide.
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Table 5-1: Runoff water and retained by green roof design, growing media 200 mm; LAI 3 no insulation, for
secondary school, office, and hospital archetypes under current and future climates.

Archetype Current Climate Future Climate 2080s
Runoff Retained o4 Retained Runoff Retained o4 Retained
(m) (m) (m) (m)
Sesci’l?iiry 0.464 0.322 41% 0.473 0.391 45%
Office 0.393 0.393 50% 0.411 0.453 52%
Hospital 0.4232 0.363 46% 0.4429 0.421 49%
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Chapter Six: Conclusion and Recommendation for Future
Research

In recent years, green roofs have shown potential in reducing building heating and cooling energy
consumption. However, their thermal performance is highly climate-dependent. Thus, green roofs
need to be designed specifically to the climate they are installed in. In 2012, the City of Toronto
issued a by-law requiring buildings with an area greater than 2000 m? to have green roofs.
Therefore, most new buildings in the City of Toronto have green roofs but with different green
roof design parameters. Hence, investigating the impact of green roof design parameters on
decreasing building energy consumption in the City of Toronto and optimizing green roof design
is important. Additionally, the impact of climate change and shift in weather patterns in future
conditions has made assessing green roof thermal performance under both current and future
climate crucial. This research aimed to determine whether the use of extensive green roofs in
Toronto would reduce building energy consumption under both current and future climate

conditions.

Three design parameters that mostly impacted the thermal performance of green roofs were chosen
to evaluate green roof thermal performance on buildings. The growing media layer of green roof
has an insulating effect and impacts both the heating and cooling loads of the building. The green
roof vegetated area impacts the building cooling loads through the process of evapotranspiration.
The added thermal insulation layer was also considered in this research due to its insulation impact
and reduction of heating loads. However, the added insulation layer is not a green roof design
parameter, but in the City of Toronto, added insulation layer is a requirement in green roof structure
due to Toronto being located in a heating-dominated region. Therefore, the impact of different
green roof growing media depths, LAI values and added thermal insulation thicknesses were used
to quantify the effect of these parameters on green roof thermal performance. The evaluation was
performed through a sensitivity analysis to determine optimal green roof design. The green roof
thermal performance was investigated through modelling, using EnergyPlus, on three different
building archetypes: secondary school, office and hospital building. Three building types were

chosen to evaluate the impact of building characteristics on green roof thermal performance and
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determine if all building types have similar green roof optimal designs. The total heating and
cooling loads for different green roof designs were compared to a conventional reference roof

(building without a green roof). The thermal performance of green roof designs was quantified.

Results suggested uninsulated green roofs with a growing media depth of 200 mm and LAI of 3
would perform the best in reducing the total building heating and cooling loads compared to a
conventional roof for all building archetypes. However, the addition of thermal insulation lowered
the effectiveness of green roofs on decreasing the building energy consumption compared to
conventional roofs. Furthermore, the insulated green roof thermal performance was different for
each building archetype due to the different characteristics and seasonal heating and cooling

energy consumption patterns.

For the secondary school building, both heating and cooling loads were consumed through all
seasons. Results showed that insulation thickness caused the green roof to require more heating
loads during spring and summer than the conventional roof with the same insulation thickness. At
insulation thicknesses above 120 mm, any cooling benefit was negated by the increase of heating
loads causing the net effect to be higher total energy consumption. This led to higher energy use
by the green roof compared to the conventional roof at insulation thicknesses more than 120 mm.
The suggested optimal design for the secondary school under the current climate was growing

media depth of 200 mm with LAI of 3 and insulation thickness of 120 mm.

The office building throughout each season maintained lower cooling and heating loads compared
to the conventional roof. Therefore, the insulation thickness did not negatively impact the green
roof performance compared to a conventional roof for the office building. However, at high
insulation thicknesses, the green roof thermal performance was limited, and the added thermal
insulation had a dominant insulating effect. For the office building, the optimal green roof design
under the current climate was growing media of 200 mm with LAI of 3 with insulation thickness

of 120 mm.

Insulated green roofs caused the hospital to require more heating loads during the winter compared

to the conventional roof with the same insulation thickness. The addition of insulation thicknesses
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lowered the cooling benefit provided by the green roof. The small amount of cooling savings of
the green roof was negated by higher heating loads. This led to green roofs providing no benefit
in terms of energy compared to the conventional roof at insulation thicknesses higher than 120 mm
under the current climate. The optimal green roof design under the current climate for the hospital

building was growing media depth of 100 mm and LAI of 2 with insulation thickness of 120 mm.

Warmer temperatures in future conditions caused an increase in building cooling loads and a
decrease in heating loads. Generally, insulated green roofs were no longer as effective in providing
heating energy savings under future climate compared to current due to the decrease in heating
loads in the future. Additionally, insulation inhibited the cooling savings provided by the green
roof and led to lower green roof total energy savings at all insulation thicknesses. The optimal
green roof designs for the secondary school building under future climate was a growing media of
200 mm and LAI of 3 with insulation thickness of 80 mm. The office building maintained the same
optimal green roof design as the current climate with growing media depth of 200 mm, LAI of 3
and insulation thickness of 120 mm. For the hospital building, the suggested optimal green roof

design was growing media depth of 100 mm and LAI of 3 with insulation thickness of 120 mm.

Under both current and future climate conditions, the uninsulated green roof with growing media
depth of 200 mm and LAI of 3 achieved the highest energy savings among all other green roof
designs for all three building archetypes. The thermal performance of the green roof was impacted
as the insulation layer was increased, and at highly insulated roofs, the green roof provided
minimal energy benefit compared to conventional roofs. Depending on the building characteristics,
highly insulated green roofs could lead to higher energy usage compared to highly conventional
insulated roofs. The added insulation thickness above 80 mm for the secondary school building
caused higher green roof energy usage than the conventional roof under future climate conditions.
However, the green roof maintained lower energy for the office building and hospital building
compared to the conventional roof at insulation thicknesses of 120 mm and below. The
dissimilarity of the insulated green roof thermal performance on secondary school, office and
hospital building were due to different building characteristics. Therefore, the thermal performance
of insulated green roofs compared to conventional insulated roofs significantly depends on the

building type, and optimal green roof designs may vary.
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Overall, findings in this research showed the added thermal insulation inhibits the green roof
energy performance and lowers the green roof energy savings compared to conventional roofs for
all building types. The use of insulated extensive green roofs in the City of Toronto would provide
minimal benefit in terms of energy compared to the conventional insulated roofs. Hence, green
roofs are most suitable for retrofits on poorly insulated buildings where the roof insulation is low.
In addition, a green roof would be more effective in reducing the building energy consumption
than a conventional uninsulated roof. In this research, under both current and future climate
conditions, green roof also showed the benefit of reducing stormwater runoff, an advantage that

the conventional roof did not provide.

In conclusion, even though green roofs provide minimal benefit in terms of energy compared to
insulated conventional roofs, green roofs still offer other advantages that make them valuable
features compared to the conventional roof, such as reducing stormwater runoff. Thus, the City of
Toronto should continue to instal optimized green roof designs due to the multi-benefits they can

provide.

Recommendation for Future Research

In this research, due to the constraining of the CCWorldWeatherGen tool in generating the current
climate data, emission scenarios A2 was considered for predicting future climate conditions. In
future research, more recent climate data under future climate scenarios such as RCP for various
emission scenarios could be used. Additionally, the hourly precipitation data for the CWEC
weather data was not available, and other climate sources were utilized in generating both current
and future precipitation data. Thus, in future research, accessing current and future hourly
precipitation data from the same climate source data station is recommended. This research also
used statistical downscaling, morphing to generate future climate conditions due to the
unavailability of all climate variables at an hourly duration of RCMs for Toronto climate. In future
research, RCM data in generating future climate data is recommended since this method is

physically consistent for different climate variables and isn't constrained by historical data.

The effect of other green roof characteristics such as plant height, leaf albedo, growing media

thermal conductivity, density, and specific heat on thermal performance could be evaluated in
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future research. In this research, the thermal performance of extensive green roofs was only
assessed. In future research, the focus could be shifted to intensive green roofs on energy reduction
in the City of Toronto under both current and future climate. Lastly, this research showed that
green roof thermal behaviour is dependent on building type, precisely when the thermal insulation
layer is used. Therefore, evaluating green roof performance under a variety of other building
archetypes is essential. In addition, EnergyPlus ignores the heat released or gained due to phase
changes of growing media water, precipitation heat flux and heat flux due to vertical transport of
water in the growing media. Future work could focus on modelling refinements and incorporating

capture of these phenomena.
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Appendices

Appendix A: Energy Savings and Seasonal Cooling/Heating Loads —
Current Climate Condition Secondary School
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Figure A - 1: Seasonal cooling loads for conventional roof and green roof with design of growing media of 100 mm
and LAI of 1 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (secondary school building).
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Figure A - 2: Seasonal cooling loads for conventional roof and green roof with design of growing media of 100 mm
and LAI of 1 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (secondary school building).
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Figure A - 3: Seasonal total heating and cooling loads for conventional roof and green roof with design of growing
media of 100 mm and LAI of 1 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (secondary
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Figure A - 4: Seasonal heating loads for conventional roof and green roof with design of growing media of 150 mm
and LAI of 1 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (secondary school building).
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Figure A - 5: Seasonal cooling loads for conventional roof and green roof with design of growing media of 150 mm
and LAI of 1 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (secondary school building).
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Figure A - 6: Seasonal total heating and cooling loads for conventional roof and green roof with design of growing
media of 150 mm and LAI of 1 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (secondary
school building).
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Figure A - 7: Seasonal heating loads for conventional roof and green roof with design of growing media of 200 mm
and LAI of 1 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (secondary school building).
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Figure A - 8: Seasonal cooling loads for conventional roof and green roof with design of growing media of 200 mm
and LAI of 1 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (secondary school building).
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Figure A - 9: Seasonal total heating and cooling loads for conventional roof and green roof with design of growing
media of 200 mm and LAI of 1 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (secondary

school building).
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Figure A - 10: Seasonal heating loads for conventional roof and green roof with design of growing media of 100
mm and LAI of 2 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (secondary school
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Figure A - 11: Seasonal cooling loads for conventional roof and green roof with design of growing media of 100
mm and LAI of 2 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (secondary school

building).
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Figure A - 12: Seasonal total heating and cooling loads for conventional roof and green roof with design of growing
media of 100 mm and LAI of 2 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (secondary
school building).
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Figure A - 13: Seasonal heating loads for conventional roof and green roof with design of growing media of 150
mm and LAI of 2 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (secondary school
building).
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Figure A - 14: Seasonal cooling loads for conventional roof and green roof with design of growing media of 150
mm and LAI of 2 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (secondary school
building).
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Figure A - 15: Seasonal total heating and cooling loads for conventional roof and green roof with design of
growing media of 150 mm and LAI of 2 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate
(secondary school building).
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Figure A - 16: Seasonal heating loads for conventional roof and green roof with design of growing media of 200
mm and LAI of 2 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (secondary school
building).
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Figure A - 17: Seasonal cooling loads for conventional roof and green roof with design of growing media of 200

mm and LAI of 2 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (secondary school
building).
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Figure A - 18: Seasonal total heating and cooling loads for conventional roof and green roof with design of growing

media of 200 mm and LAI of 2 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (secondary
school building).
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Figure A - 19: Seasonal heating loads for conventional roof and green roof with design of growing media of 100
mm and LAI of 3 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (secondary school
building).
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Figure A - 20: Seasonal cooling loads for conventional roof and green roof with design of growing media of 100
mm and LAI of 3 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (secondary school
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Figure A - 21: Seasonal total heating and cooling loads for conventional roof and green roof with design of growing
media of 100 mm and LAI of 3 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (secondary
school building).
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Figure A - 22: Seasonal heating loads for conventional roof and green roof with design of growing media of 150
mm and LAI of 3 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (secondary school
building).
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Figure A - 23: Seasonal cooling loads for conventional roof and green roof with design of growing media of 150
mm and LAI of 3 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (secondary school
building).

150



500 474

450 §

400
350
300
250
200 173174
150
100

50

107106

Summer Fall Winter

144135
|
|
|
|

Heating and Cooling Energy Consumption
(MWh)

B CON-50 @B3-50 BCON-120 O B3-120 BCON-300 £1B3-300

Figure A - 24: Seasonal total heating and cooling loads for conventional roof and green roof with design of growing
media of 150 mm and LAI of 3 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (secondary
school building).
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Figure A - 25: Seasonal heating loads for conventional roof and green roof with design of growing media of 200
mm and LAI of 3 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (secondary school
building).
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Figure A - 26: Seasonal cooling loads for conventional roof and green roof with design of growing media of 200
mm and LAI of 3 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (secondary school
building).
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Figure A - 27: Seasonal total heating and cooling loads for conventional roof and green roof with design of growing
media of 200 mm and LAI of 3 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (secondary
school building).
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Figure A - 28: Total heating and cooling energy savings (MWh) of green roof compared to conventional roof for all
growing media (GM) depths and LAIs; without insulation layer — current climate (secondary school building).
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Figure A - 29: Total heating and cooling energy savings (MWh) of green roof compared to conventional roof for all
growing media (GM) depths and LAIs; with 50 mm insulation layer — current climate (secondary school building).

153




m Heating & Cooling

80
7041 L e, .
[}
= 60 | !
jus)
: -
1
< I 1
8 ARRRE 1 ; )
z 40 : !
[} 1
> [} 1
>
g 20
z
= 10
=
<
= 0 — —
(@)
[
-10
Y 1 > £ ¢
A A A LAV NG R\ A LAY LAY
GV\\QQ N\\E,Qn\‘ GN\IQ\L GN\\Q\M Cw\g(\ﬂ\’ G ,lQQH\' GN\\QQ.\* Q\‘J\\SQ’\/ G\\)\,lgm\/
3

GREEN ROOF DESIGN

Figure A - 30: Total heating and cooling energy savings (MWh) of green roof compared to conventional roof for all
growing media (GM) depths and LAIs; with 80 mm insulation layer — current climate (secondary school building).
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Figure A - 31: Total heating and cooling energy savings (MWh) of green roof compared to conventional roof for all
growing media (GM) depths and LAIs; with 100 mm insulation layer — current climate (secondary school building).
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Figure A - 32: Total heating and cooling energy savings (MWh) of green roof compared to conventional roof for all
growing media (GM) depths and LAIs; with 120 mm insulation layer — current climate (secondary school building).
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Figure A - 33: Total heating and cooling energy savings (MWh) of green roof compared to conventional roof for all
growing media (GM) depths and LAIs; with 150 mm insulation layer — current climate (secondary school building).
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Figure A - 34: Total heating and cooling energy savings (MWh) of green roof compared to conventional roof for all
growing media (GM) depths and LAIs; with 200 mm insulation layer — current climate (secondary school building).
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Figure A - 35: Total heating and cooling energy savings (MWh) of green roof compared to conventional roof for all
growing media (GM) depths and LAIs; with 250 mm insulation layer — current climate (secondary school building).
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Figure A - 36: Total heating and cooling energy savings (MWh) of green roof compared to conventional roof for all
growing media (GM) depths and LAIs; with 300 mm insulation layer — current climate (secondary school building).

157




Appendix B: Energy Savings and Seasonal Cooling/Heating Loads —
Future Climate Condition Secondary School
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Figure B - 1: Seasonal heating loads for conventional roof and green roof with design of growing media of 100 mm
and LAI of 1 for insulation thicknesses 50 mm, 80 mm and 300 mm — future climate (secondary school building).
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Figure B - 2: Seasonal cooling loads for conventional roof and green roof with design of growing media of 100 mm
and LAI of 1 for insulation thicknesses 50 mm, 80 mm and 300 mm — future climate (secondary school building).
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Figure B - 3: Seasonal total heating and cooling loads for conventional roof and green roof with design of growing
media of 100 mm and LAI of 1 for insulation thicknesses 50 mm, 80 mm and 300 mm — future climate (secondary
school building).
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Figure B - 4: Seasonal heating loads for conventional roof and green roof with design of growing media of 150 mm
and LAI of 1 for insulation thicknesses 50 mm, 80 mm and 300 mm — future climate (secondary school building).
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Figure B - 5: Seasonal cooling loads for conventional roof and green roof with design of growing media of 150 mm
and LAI of 1 for insulation thicknesses 50 mm, 80 mm and 300 mm — future climate (secondary school building).

159



450

=

S 394

é‘ 400 38177

2 350

=

S 300 287

gﬁ

p 250 217 214

5~

SZ 200 188,2_0]/ 188

2 I 145149 l

El ] o w2lle R

© 100 Ly I i |

] | | |

= | | |

s 50 I I P | P

8 P! | Ly

< 0 U RN | H [ H

= Spring Fall Winter
ECON-50 @BI1-50 B5CON-80 OB1-80 m CON-300 #B1-300

Figure B - 6: Seasonal total heating and cooling loads for conventional roof and green roof with design of growing
media of 150 mm and LAI of 1 for insulation thicknesses 50 mm, 80 mm and 300 mm — future climate (secondary
school building).
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Figure B - 7: Seasonal heating loads for conventional roof and green roof with design of growing media of 200 mm
and LAI of 1 for insulation thicknesses 50 mm, 80 mm and 300 mm — future climate (secondary school building).
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Figure B - 8: Seasonal cooling loads for conventional roof and green roof with design of growing media of 200 mm
and LAI of 1 for insulation thicknesses 50 mm, 80 mm and 300 mm — future climate (secondary school building).
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Figure B - 9: Seasonal total heating and cooling loads for conventional roof and green roof with design of growing
media of 200 mm and LAI of 1 for insulation thicknesses 50 mm, 80 mm and 300 mm — future climate (secondary
school building).
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Figure B - 10: Seasonal heating loads for conventional roof and green roof with design of growing media of 100
mm and LAI of 2 for insulation thicknesses 50 mm, 80 mm and 300 mm — future climate (secondary school
building).
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Figure B - 11: Seasonal cooling loads for conventional roof and green roof with design of growing media of 100
mm and LAI of 2 for insulation thicknesses 50 mm, 80 mm and 300 mm — future climate (secondary school

building).
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Figure B - 12: Seasonal total heating and cooling loads for conventional roof and green roof with design of growing
media of 100 mm and LAI of 2 for insulation thicknesses 50 mm, 80 mm and 300 mm — future climate (secondary
school building).
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Figure B - 13: Seasonal heating loads for conventional roof and green roof with design of growing media of 150
mm and LAI of 2 for insulation thicknesses 50 mm, 80 mm and 300 mm — future climate (secondary school
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Figure B - 14: Seasonal cooling loads for conventional roof and green roof with design of growing media of 150
mm and LAI of 2 for insulation thicknesses 50 mm, 80 mm and 300 mm — future climate (secondary school

building).
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Figure B - 15: Seasonal total heating and cooling loads for conventional roof and green roof with design of growing
media of 150 mm and LAI of 2 for insulation thicknesses 50 mm, 80 mm and 300 mm — future climate (secondary
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Figure B - 16: Seasonal heating loads for conventional roof and green roof with design of growing media of 200
mm and LAI of 2 for insulation thicknesses 50 mm, 120 mm and 300 mm — future climate (secondary school

building).
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Figure B - 17: Seasonal cooling loads for conventional roof and green roof with design of growing media of 200
mm and LAI of 2 for insulation thicknesses 50 mm, 80 mm and 300 mm — future climate (secondary school
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Figure B - 18: Seasonal total heating and cooling loads for conventional roof and green roof with design of growing
media of 200 mm and LAI of 2 for insulation thicknesses 50 mm, 80 mm and 300 mm — future climate (secondary

school building).

165



450

= 400
-
< 350
g
£ 300 282
§ 250 230
=
S 200
%
g 150 1108
: : 81 85
213 100 58 [3) 63 o, 64 § ; -
£ 50 40|:| 2 3038 53 2871 . f %| |
s, N gu0omt bl B0 K N L

Spring Summer Fall

© CON-50 @A3-50 BCON-80 0 A3-80 m CON-300 #1A3-300

208

8

[

| 1115114
|| £
|
|
|

Winter

Figure B - 19: Seasonal heating loads for conventional roof and green roof with design of growing media of 100
mm and LAI of 3 for insulation thicknesses 50 mm, 80 mm and 300 mm — future climate (secondary school

building).
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Figure B - 20: Seasonal cooling loads for conventional roof and green roof with design of growing media of 100
mm and LAI of 3 for insulation thicknesses 50 mm, 80 mm and 300 mm — future climate (secondary school

building).
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Figure B - 21: Seasonal total heating and cooling loads for conventional roof and green roof with design of growing
media of 100 mm and LAI of 3 for insulation thicknesses 50 mm, 80 mm and 300 mm — future climate (secondary
school building).
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Figure B - 22: Seasonal heating loads for conventional roof and green roof with design of growing media of 150
mm and LAI of 3 for insulation thicknesses 50 mm, 80 mm and 300 mm — future climate (secondary school
building).
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Figure B - 23: Seasonal cooling loads for conventional roof and green roof with design of growing media of 150
mm and LAI of 3 for insulation thicknesses 50 mm, 80 mm and 300 mm — future climate (secondary school
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Figure B - 24: Seasonal total heating and cooling loads for conventional roof and green roof with design of growing
media of 150 mm and LAI of 3 for insulation thicknesses 50 mm, 80 mm and 300 mm — future climate (secondary

school building).
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Figure B - 25: Seasonal heating loads for conventional roof and green roof with design of growing media of 200
mm and LAI of 3 for insulation thicknesses 50 mm, 80 mm and 300 mm — future climate (secondary school
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Figure B - 26: Seasonal cooling loads for conventional roof and green roof with design of growing media of 200
mm and LAI of 3 for insulation thicknesses 50 mm, 80 mm and 300 mm — future climate (secondary school

building).
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Figure B - 27: Seasonal total heating and cooling loads for conventional roof and green roof with design of growing
media of 200 mm and LAI of 3 for insulation thicknesses 50 mm, 80 mm and 300 mm — future climate (secondary

school building).
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Figure B - 28: Total heating and cooling energy savings (MWh) of green roof compared to conventional roof for all
growing media (GM) depths and LAIs; without insulation layer — future climate (secondary school building).
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Figure B - 29: Total heating and cooling energy savings (MWh) of green roof compared to conventional roof for all
growing media (GM) depths and LAIs; with 50 mm insulation layer — future climate (secondary school building).
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Figure B - 30: Total heating and cooling energy savings (MWh) of green roof compared to conventional roof for all
growing media (GM) depths and LAIs; with 80 mm insulation layer — future climate (secondary school building).
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Figure B - 31: Total heating and cooling energy savings (MWh) of green roof compared to conventional roof for all
growing media (GM) depths and LAIs; with 100 mm insulation layer — future climate (secondary school building).
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Figure B - 32: Total heating and cooling energy savings (MWh) of green roof compared to conventional roof for all
growing media (GM) depths and LAIs; with 120 mm insulation layer — future climate (secondary school building).
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Figure B - 33: Total heating and cooling energy savings (MWh) of green roof compared to conventional roof for all
growing media (GM) depths and LAIs; with 150 mm insulation layer — future climate (secondary school building).
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Figure B - 34: Total heating and cooling energy savings (MWh) of green roof compared to conventional roof for all
growing media (GM) depths and LAIs; with 200 mm insulation layer — future climate (secondary school building).
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Figure B - 35: Total heating and cooling energy savings (MWh) of green roof compared to conventional roof for all
growing media (GM) depths and LAIs; with 250 mm insulation layer — future climate (secondary school building).
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Figure B - 36: Total heating and cooling energy savings (MWh) of green roof compared to conventional roof for all
growing media (GM) depths and LAIs; with 300 mm insulation layer — future climate (secondary school building).
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Appendix C: Annual Energy Consumption and Savings for
Cooling/Heating Loads — Current Climate Condition Office
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Figure C - 1: Total heating loads for all roof designs; all insulation thickness; LAIs; and growing media depths
under current climate — Office building.
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Figure C - 2: Total cooling loads for all roof designs; all insulation thickness; LAls; and growing media depths
under current climate — Office building.
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Figure C - 3: Total heating and cooling loads for all roof designs; all insulation thickness; LAls; and growing media
depths under current climate — Office building.
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Figure C - 4: Seasonal heating loads for conventional roof and green roof with design of growing media of 100 mm
and LAI of 1 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (office building).
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Figure C - 5: Seasonal cooling loads for conventional roof and green roof with design of growing media of 100 mm
and LAI of 1 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (office building).
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Figure C - 6: Seasonal total heating and cooling loads for conventional roof and green roof with design of growing
media of 100 mm and LAI of 1 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (office
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Figure C - 7: Seasonal heating loads for conventional roof and green roof with design of growing media of 150 mm
and LAI of 1 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (office building).
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Figure C - 8: Seasonal cooling loads for conventional roof and green roof with design of growing media of 150 mm
and LAI of 1 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (office building).
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Figure C - 9: Seasonal total heating and cooling loads for conventional roof and green roof with design of growing
media of 150 mm and LAI of 1 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (office

building).

178



450
400
350
300
250
200
150
100

50

Heating Energy Consumption (MWh)

46 44
il
L

Spring

BCON-50

acl-50

0 0 0 0
Summer
BCON-120

297295

120119

Winter

£ C1-300

Figure C - 10: Seasonal heating loads for conventional roof and green roof with design of growing media of 200
mm and LAI of 1 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (office building).
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Figure C - 11: Seasonal cooling loads for conventional roof and green roof with design of growing media of 200
mm and LAI of 1 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (office building).
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Figure C - 12: Seasonal total heating and cooling loads for conventional roof and green roof with design of growing

media of 200 mm and LAI of 1 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (office
building).
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Figure C - 13: Seasonal heating loads for conventional roof and green roof with design of growing media of 100
mm and LAI of 2 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (office building).
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Figure C - 14: Seasonal cooling loads for conventional roof and green roof with design of growing media of 100
mm and LAI of 2 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (office building).

400 388384 385383 383383
N 7] ]

319317

154153 150149

Heating and Cooling Energy Consumption
(MWh)

Spring Summer

Winter

B CON-50 BA2-50 BCON-120 OA2-120 BCON-300 fEA2-300

Figure C - 15: Seasonal total heating and cooling loads for conventional roof and green roof with design of growing
media of 100 mm and LAI of 2 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (office
building).
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Figure C - 16: Seasonal heating loads for conventional roof and green roof with design of growing media of 150
mm and LAI of 2 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (office building).
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Figure C - 17: Seasonal cooling loads for conventional roof and green roof with design of growing media of 150
mm and LAI of 2 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (office building).
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Figure C - 18: Seasonal total heating and cooling loads for conventional roof and green roof with design of growing

media of 150 mm and LAI of 2 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (office
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Figure C - 19: Seasonal heating loads for conventional roof and green roof with design of growing media of 200
mm and LAI of 2 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (office building).
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Figure C - 20: Seasonal cooling loads for conventional roof and green roof with design of growing media of 200
mm and LAI of 2 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (office building).

38538

383383

319316

3
|
|
|
|
|
|

163156 154153 150150 :
|
|
|
|
I

Heating and Cooling Energy Consumption
(MWh)

Spring Summer Fall Winter
B CON-50 BC2-50 BCON-120 0C2-120 BCON-300 £1C2-300

Figure C - 21: Seasonal total heating and cooling loads for conventional roof and green roof with design of growing
media of 200 mm and LAI of 2 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (office
building).
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Figure C - 22: Seasonal heating loads for conventional roof and green roof with design of growing media of 100
mm and LAI of 3 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (office building).
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Figure C - 23: Seasonal cooling loads for conventional roof and green roof with design of growing media of 100
mm and LAI of 3 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (office building).
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Figure C - 24: Seasonal total heating and cooling loads for conventional roof and green roof with design of growing

media of 100 mm and LAI of 3 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (office
building).
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Figure C - 25: Seasonal heating loads for conventional roof and green roof with design of growing media of 150
mm and LAI of 3 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (office building).
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Figure C - 26: Seasonal cooling loads for conventional roof and green roof with design of growing media of 150
mm and LAI of 3 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (office building).
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Figure C - 27: Seasonal total heating and cooling loads for conventional roof and green roof with design of growing
media of 150 mm and LAI of 3 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (office

building).
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Figure C - 28: Seasonal heating loads for conventional roof and green roof with design of growing media of 200
mm and LAI of 3 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (office building).
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Figure C - 29: Seasonal cooling loads for conventional roof and green roof with design of growing media of 200
mm and LAI of 3 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (office building).
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Figure C - 30: Seasonal total heating and cooling loads for conventional roof and green roof with design of growing
media of 200 mm and LAI of 3 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (office
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Figure C - 31: Total heating and cooling energy savings (MWh) of green roof compared to conventional roof for all

growing media (GM) depths and LAIs; without insulation layer — current climate (office building).
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Figure C - 32: Total heating and cooling energy savings (MWh) of green roof compared to conventional roof for all
growing media (GM) depths and LAIs; with 50 mm insulation layer — current climate (office building).
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Figure C - 33: Total heating and cooling energy savings (MWh) of green roof compared to conventional roof for all
growing media (GM) depths and LAIs; with 120 mm insulation layer — current climate (office building).
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Figure C - 34: Total heating and cooling energy savings (MWh) of green roof compared to conventional roof for all
growing media (GM) depths and LAIs; with 300 mm insulation layer — current climate (office building).
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Appendix D: Annual Energy Consumption and Savings for
Cooling/Heating Loads — Future Climate Condition Office Building

1 GM Depth 200 mm- LAI 3
B GM Depth 150 mm- LAI 3
B GM Depth 100 mm- LATI 3
® GM Depth 200 mm- LAI 2
m GM Depth 150 mm- LAI 2
m GM Depth 100 mm- LAI 2
® GM Depth 200 mm- LAT 1
B GM Depth 150 mm - LAI 1
m GM Depth 100 mm - LAI 1
m Conventional Roof

Conventional Roof
GM Depth 100 mm - LAT 1
GM Depth 150 mm - LAI 1
GM Depth 200 mm- LAJ 1
GM Depth 100 mm- LA[ 2
GM Depth 150 mm- LAT 2
GM Depth 200 mm- LATI 2
GM Depth 100 mm- LAJ 3
GM Depth 150 mm- LAI 3

o 120 P GM Depth 200 mm- LAI 3
Insulation thickness

Figure D - 1: Total heating loads for all roof designs; all insulation thickness; LAls; and growing media depths
under future climate — office building.

@ GM Depth 200 mm- LAI 3
B GM Depth 150 mm- LAI 3
®GM Depth 100 mm- LAI 3
B GM Depth 200 mm- LAI 2
mGM Depth 150 mm- LAI 2
mGM Depth 100 mm- LAI 2
B GM Depth 200 mm- LAT 1
mGM Depth 150 mm - LAT 1
mGM Depth 100 mm - LAT 1
m Conventional Roof

Conventional Roof

GM Depth 100 mm - LAI

=
=
=

GM Depth 150 mm - LAI |
GM Depth 200 mm- 1. Al 'l
GM Depth 100 mm- Al 2
GM Depth 150 mm- LA] 2
GM Depth 200 mm- LA] 2
GM Depth 100 mm- LAI 3
GM Depth 150 mm- | Al 3
GM Depth 200 mm- 1 Al 3

50 mm 120 mm 300 mm
Insulation thickness

under future climate — office building.

192



©GM Depth 200 mm- LAI 3
BGM Depth 150 mm- LAI 3

8 GM Depth 100 mm- LAI 3
173 e
u 1118 1091 B GM Depth 200 mm- LAI 2

1142 BGM Depth 150 mm- LAI 2
LB W 1091 ©GM Depth 100 mm- LAI 2

[1190] 136 [1109] [1089] BGM Depth 200 mm- LAI |

1131 1107 1088 BGM Depth 150 mm - LAIL 1

) BGM Depth 100 mm - LAI 1
m Conventional Roof

Conventional Roof
GM Depth 100 mm - LA 1
GM Depth 150 mm - LA 1
GM Depth 200 mm- LAL 1
GM Depth 100 mm- LA 2
GM Depth 150 mm- LAT 2
GM Depth 200 mm- LAT 2

GM Depth 100 mm- LAI3

GM Depth 150 mm- [ Al 3

GM Depth 200 mm- 3
50 mm 120 mm 300 mm SR

Insulation thickness

Figure D - 3: Total heating and cooling loads for all roof designs; all insulation thickness; LAls; and growing media
depths under future climate — office building.
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Figure D - 4: Seasonal heating loads for conventional roof and green roof with design of growing media of 100 mm
and LAI of 1 for insulation thicknesses 50 mm, 120 mm and 300 mm — future climate (office building).
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Figure D - 5: Seasonal cooling loads for conventional roof and green roof with design of growing media of 100 mm
and LAI of 1 for insulation thicknesses 50 mm, 120 mm and 300 mm — future climate (office building).
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Figure D - 6: Seasonal total heating and cooling loads for conventional roof and green roof with design of growing
media of 100 mm and LAI of 1 for insulation thicknesses 50 mm, 120 mm and 300 mm — future climate (office
building).
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Figure D - 7: Seasonal heating loads for conventional roof and green roof with design of growing media of 150 mm
and LAI of 1 for insulation thicknesses 50 mm, 120 mm and 300 mm — future climate (office building).
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Figure D - 8: Seasonal cooling loads for conventional roof and green roof with design of growing media of 100 mm
and LAI of 1 for insulation thicknesses 50 mm, 120 mm and 300 mm — future climate (office building).
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Figure D - 9: Seasonal total heating and cooling loads for conventional roof and green roof with design of growing
media of 150 mm and LAI of 1 for insulation thicknesses 50 mm, 120 mm and 300 mm — future climate (office

building).
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Figure D - 10: Seasonal heating loads for conventional roof and green roof with design of growing media of 200
mm and LAI of 1 for insulation thicknesses 50 mm, 120 mm and 300 mm — future climate (office building).
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Figure D - 11: Seasonal cooling loads for conventional roof and green roof with design of growing media of 200
mm and LAI of 1 for insulation thicknesses 50 mm, 120 mm and 300 mm — future climate (office building).
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Figure D - 12: Seasonal total heating and cooling loads for conventional roof and green roof with design of growing
media of 200 mm and LAI of 1 for insulation thicknesses 50 mm, 120 mm and 300 mm — future climate (office
building).
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Figure D - 13: Seasonal heating loads for conventional roof and green roof with design of growing media of 100
mm and LAI of 2 for insulation thicknesses 50 mm, 120 mm and 300 mm — future climate (office building).
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Figure D - 14: Seasonal cooling loads for conventional roof and green roof with design of growing media of 100
mm and LAI of 2 for insulation thicknesses 50 mm, 120 mm and 300 mm — future climate (office building).
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Figure D - 15: Seasonal total heating and cooling loads for conventional roof and green roof with design of growing
media of 100 mm and LAI of 2 for insulation thicknesses 50 mm, 120 mm and 300 mm — future climate (office

building).
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Figure D - 16: Seasonal heating loads for conventional roof and green roof with design of growing media of 150
mm and LAI of 2 for insulation thicknesses 50 mm, 120 mm and 300 mm — future climate (office building).
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Figure D - 17: Seasonal cooling loads for conventional roof and green roof with design of growing media of 150
mm and LAI of 2 for insulation thicknesses 50 mm, 120 mm and 300 mm — future climate (office building).
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Figure D - 18: Seasonal total heating and cooling loads for conventional roof and green roof with design of growing
media of 150 mm and LAI of 2 for insulation thicknesses 50 mm, 120 mm and 300 mm — future climate (office
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Figure D - 19: Seasonal heating loads for conventional roof and green roof with design of growing media of 200
mm and LAI of 2 for insulation thicknesses 50 mm, 120 mm and 300 mm — future climate (office building).
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Figure D - 20: Seasonal cooling loads for conventional roof and green roof with design of growing media of 200
mm and LAI of 2 for insulation thicknesses 50 mm, 120 mm and 300 mm — future climate (office building).
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Figure D - 21: Seasonal total heating and cooling loads for conventional roof and green roof with design of growing
media of 200 mm and LAI of 2 for insulation thicknesses 50 mm, 120 mm and 300 mm — future climate (office

building).
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Figure D - 22: Seasonal heating loads for conventional roof and green roof with design of growing media of 100
mm and LAI of 3 for insulation thicknesses 50 mm, 120 mm and 300 mm — future climate (office building).
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Figure D - 23: Seasonal cooling loads for conventional roof and green roof with design of growing media of 100
mm and LAI of 3 for insulation thicknesses 50 mm, 120 mm and 300 mm — future climate (office building).
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Figure D - 24: Seasonal total heating and cooling loads for conventional roof and green roof with design of growing

media of 100 mm and LAI of 3 for insulation thicknesses 50

mm, 120 mm and 300 mm — future climate (office

building).
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Figure D - 25: Seasonal heating loads for conventional roof and green roof with design of growing media of 150
mm and LAI of 3 for insulation thicknesses 50 mm, 120 mm and 300 mm — future climate (office building).
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Figure D - 26: Seasonal cooling loads for conventional roof and green roof with design of growing media of 150
mm and LAI of 3 for insulation thicknesses 50 mm, 120 mm and 300 mm — future climate (office building).
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Figure D - 27: Seasonal total heating and cooling loads for conventional roof and green roof with design of growing
media of 150 mm and LAI of 3 for insulation thicknesses 50 mm, 120 mm and 300 mm — future climate (office
building).
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Figure D - 28: Seasonal heating loads for conventional roof and green roof with design of growing media of 200
mm and LAI of 3 for insulation thicknesses 50 mm, 120 mm and 300 mm — future climate (office building).
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Figure D - 29: Seasonal cooling loads for conventional roof and green roof with design of growing media of 200
mm and LAI of 3 for insulation thicknesses 50 mm, 120 mm and 300 mm — future climate (office building).
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Figure D - 30: Seasonal total heating and cooling loads for conventional roof and green roof with design of growing
media of 200 mm and LAI of 3 for insulation thicknesses 50 mm, 120 mm and 300 mm — future climate (office

building).
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Figure D - 31: Total heating and cooling energy savings (MWh) of green roof compared to conventional roof for all
growing media (GM) depths and LAIs; without insulation layer — future climate (office building).
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Figure D - 32: Total heating and cooling energy savings (MWh) of green roof compared to conventional roof for all
growing media (GM) depths and LAIs; with 50 mm insulation layer — future climate (office building).
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Figure D - 33: Total heating and cooling energy savings (MWh) of green roof compared to conventional roof for all
growing media (GM) depths and LAIs; with 120 mm insulation layer — future climate (office building).
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Figure D - 34: Total heating and cooling energy savings (MWh) of green roof compared to conventional roof for all
growing media (GM) depths and LAIs; with 300 mm insulation layer — future climate (office building).
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Appendix E: Annual Energy Consumption and Savings for
Cooling/Heating Loads — Current Climate Condition Hospital
Building

1 GM Depth 200 mm- LAI 3
B GM Depth 150 mm- LAI 3
B GM Depth 100 mm- LAI 3
® GM Depth 200 mm- LAI 2
® GM Depth 150 mm- LAT 2
1 GM Depth 100 mm- LAI 2
[2038 [2017 BGM Depth 200 mm- LAI 1
2029 © GM Depth 150 mm - LAI 1
© GM Depth 100 mm - LAI 1
m Conventional Roof

2031

Conventional Roof

GM Depth 100 mm - LA 1
GM Depth 150 mm - | Al 1
GM Depth 200 mm- LAJ |
GM Depth 100 mm- 1 AT 2
GM Depth 150 mm- [ A] 2
GM Depth 200 mm- LAI 2
GM Depth 100 mm- LA] 3
GM Depth 150 mm- LAT 3
GM Depth 200 mm- LA 3

50 mm 20 mm 300 mm
Insulation thickness

Figure E - 1: Total heating loads for all roof designs; all insulation thickness; LAls; and growing media depths
under current climate — hospital building.
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B GM Depth 100 mm- LAI 3
B GM Depth 200 mm- LAI 2
®GM Depth 150 mm- LAI 2
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B GM Depth 200 mm- LAI 1
®GM Depth 150 mm - LAI 1
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Conventional Roof
Depth 100 mm -LAT |
GM Depth 150 mm - LAI |
GM Depth 200 mm- Al 'l
th 100 mm- LAJ 2
GM Depth 150 mm- LAI 2
GM Depth 200 mm- Al 2

GM Depth 100 mm- [ A 3

GM Depth 150 mm- LA[ 3

GM Depth 200 m 2
. N 2 m- 3
50 mm 120 mm 300 mm LA

Insulation thickness

Figure E - 2: Total cooling loads for all roof designs; all insulation thickness; LAls; and growing media depths
under current climate — hospital building.
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Figure E - 3:
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Figure E - 4:
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Total heating and cooling loads for all roof designs; all insulation thickness; LAls; and growing media
depths under current climate — hospital building.
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Seasonal heating loads for conventional roof and green roof with design of growing media of 100 mm

and LAI of 1 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (hospital building).
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Figure E - 5: Seasonal cooling loads for conventional roof and green roof with design of growing media of 100 mm
and LAI of 1 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (hospital building).

900
800
700

~

707714
640641

=)
—_
)
(o)
(=
=3

604607
600

1

574572 570571

500
400
300
200

T T T T

100

Heating and Cooling Energy Consumption
(MWh)

Summer Fall Winter

B CON-50 BA1-50 BCON-120 OAL-120 ®CON-300 #:A1-300

Figure E - 6: Seasonal total heating and cooling loads for conventional roof and green roof with design of growing
media of 100 mm and LAI of 1 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (hospital
building).
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Figure E - 7: Seasonal heating loads for conventional roof and green roof with design of growing media of 150 mm
and LAI of 1 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (hospital building).
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Figure E - 8: Seasonal cooling loads for conventional roof and green roof with design of growing media of 150 mm
and LAI of 1 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (hospital building).
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Figure E - 9: Seasonal total heating and cooling loads for conventional roof and green roof with design of growing
media of 150 mm and LAI of 1 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (hospital
building).
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Figure E - 10: Seasonal heating loads for conventional roof and green roof with design of growing media of 200
mm and LAI of 1 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (hospital building).
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Figure E - 11: Seasonal cooling loads for conventional roof and green roof with design of growing media of 200
mm and LAI of 1 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (hospital building).
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Figure E - 12: Seasonal total heating and cooling loads for conventional roof and green roof with design of growing
media of 200 mm and LAI of 1 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (hospital
building).
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Figure E - 13: Seasonal heating loads for conventional roof and green roof with design of growing media of 100
mm and LAI of 2 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (hospital building).
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Figure E - 14: Seasonal cooling loads for conventional roof and green roof with design of growing media of 100
mm and LAI of 2 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (hospital building).
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Figure E - 15: Seasonal total heating and cooling loads for conventional roof and green roof with design of growing
media of 100 mm and LAI of 2 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (hospital
building).
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Figure E - 16: Seasonal heating loads for conventional roof and green roof with design of growing media of 150
mm and LAI of 2 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (hospital building).
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Figure E - 17: Seasonal cooling loads for conventional roof and green roof with design of growing media of 150
mm and LAI of 2 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (hospital building).
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Figure E - 18: Seasonal total heating and cooling loads for conventional roof and green roof with design of growing
media of 150 mm and LAI of 2 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (hospital
building).
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Figure E - 19: Seasonal heating loads for conventional roof and green roof with design of growing media of 200
mm and LAI of 2 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (hospital building).
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Figure E - 20: Seasonal cooling loads for conventional roof and green roof with design of growing media of 200
mm and LAI of 2 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (hospital building).
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Figure E - 21: Seasonal total heating and cooling loads for conventional roof and green roof with design of growing
media of 200 mm and LAI of 2 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (hospital
building).
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Figure E - 22: Seasonal heating loads for conventional roof and green roof with design of growing media of 100
mm and LAI of 3 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (hospital building).
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Figure E - 23: Seasonal cooling loads for conventional roof and green roof with design of growing media of 100
mm and LAI of 3 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (hospital building).
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Figure E - 24: Seasonal cooling loads for conventional roof and green roof with design of growing media of 100
mm and LAI of 2 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (hospital building).
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Figure E - 25: Seasonal heating loads for conventional roof and green roof with design of growing media of 150
mm and LAI of 2 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (hospital building).
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Figure E - 26: Seasonal cooling loads for conventional roof and green roof with design of growing media of 150
mm and LAI of 2 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (hospital building).
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Figure E - 27: Seasonal total heating and cooling loads for conventional roof and green roof with design of growing
media of 150 mm and LAI of 2 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (hospital
building).
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Figure E - 28: Seasonal heating loads for conventional roof and green roof with design of growing media of 200
mm and LAI of 2 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (hospital building).
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Figure E - 29: Seasonal cooling loads for conventional roof and green roof with design of growing media of 200
mm and LAI of 2 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (hospital building).
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Figure E - 30: Seasonal total heating and cooling loads for conventional roof and green roof with design of growing
media of 200 mm and LAI of 2 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (hospital
building).
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Figure E - 31: Seasonal heating loads for conventional roof and green roof with design of growing media of 100
mm and LAI of 3 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (hospital building).
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Figure E - 32: Seasonal cooling loads for conventional roof and green roof with design of growing media of 100
mm and LAI of 3 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (hospital building).
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Figure E - 33: Seasonal total heating and cooling loads for conventional roof and green roof with design of growing
media of 100 mm and LAI of 3 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (hospital
building).
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Figure E - 34: Seasonal heating loads for conventional roof and green roof with design of growing media of 150
mm and LAI of 3 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (hospital building).
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Figure E - 35: Seasonal cooling loads for conventional roof and green roof with design of growing media of 150
mm and LAI of 3 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (hospital building).
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Figure E - 36: Seasonal total heating and cooling loads for conventional roof and green roof with design of growing
media of 150 mm and LAI of 3 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (hospital
building).
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Figure E - 37: Seasonal heating loads for conventional roof and green roof with design of growing media of 200
mm and LAI of 3 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (hospital building).
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Figure E - 38: Seasonal cooling loads for conventional roof and green roof with design of growing media of 200
mm and LAI of 3 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (hospital building).
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Figure E - 39: Seasonal total heating and cooling loads for conventional roof and green roof with design of growing
media of 200 mm and LAI of 3 for insulation thicknesses 50 mm, 120 mm and 300 mm — current climate (hospital
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Figure E - 40: Total heating and cooling energy savings (MWh) of green roof compared to conventional roof for all
growing media (GM) depths and LAIs; without insulation layer — current climate (hospital building).
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Figure E - 41: Total heating and cooling energy savings (MWh) of green roof compared to conventional roof for all
growing media (GM) depths and LAIs; with 50 mm insulation layer — current climate (hospital building).

mHeating ¢ Cooling

20
15
B Y .

L i

g : : S,
& 10 R | : !
2 B\ N\
= 1
2
> 5 R !
2 8] NEX T — ,
= i | i !
& A\
o 0 - -  Eam
:
=

-5

\ \ \ 9 2 2 $) §) $)

\Q(\}\‘PA \502\,%\ qQ(\l\’PA \QQ‘.\/P’\ \50'“\/5\ ’)QQ;\,P»\ \QQAR\,P\\ \50.1\,5\ ,,QQA\‘PA

oM oM oW oM oM M- oM oM oW*

GREEN ROOF DESIGN

Figure E - 42: Total heating and cooling energy savings (MWh) of green roof compared to conventional roof for all
growing media (GM) depths and LAIs; with 120 mm insulation layer — current climate (hospital building).
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Figure E - 43: Total heating and cooling energy savings (MWh) of green roof compared to conventional roof for all
growing media (GM) depths and LAIs; with 300 mm insulation layer — current climate (hospital building).
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Appendix F: Annual Energy Consumption and Savings for
Cooling/Heating Loads — Future Climate Conditions Hospital
Building
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® GM Depth 150 mm- LAI 3
®GM Depth 100 mm- LAI 3
B GM Depth 200 mm- LAI 2
®GM Depth 150 mm- LAT 2
©GM Depth 100 mm- LAI 2
B GM Depth 200 mm- LAI 1
@ GM Depth 150 mm - LAI 1
8 GM Depth 100 mm - LAI'1
B Conventional Roof

Conventional Roof

g Load (MWh)

GM Depth 100 mm - 1A] 1
745
L GM Depth 150 mm - [ A] 1
GM Depth 200 mm- LAT 1

GM Depth 100 mm- LA 2

[742] ' -
7
GM Depth 150 mm- LAJ 2
GM Depth 200 mm- LA 2
GM Depth 100 mm- [ AT 3
GM Depth 150 mm- [ A] 3
NI

GM Depth 200 3
. N 2 m- LAT 3
50 mm 120 mm 300 mm LA

Insulation thickness

Figure F - 1: Total heating loads for all roof designs; all insulation thickness; LAIs; and growing media depths
under future climate — hospital building.
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Figure F - 2: Total cooling loads for all roof designs; all insulation thickness; LAIs; and growing media depths
under future climate — hospital building.
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depths under future climate — hospital building.
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Figure F - 4: Seasonal heating loads for conventional roof and green roof with design of growing media of 100 mm
and LAI of 1 for insulation thicknesses 50 mm, 120 mm and 300 mm — future climate (hospital building).
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Figure F - 5: Seasonal cooling loads for conventional roof and green roof with design of growing media of 100 mm
and LAI of 1 for insulation thicknesses 50 mm, 120 mm and 300 mm — future climate (hospital building).
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Figure F - 6: Seasonal total heating and cooling loads for conventional roof and green roof with design of growing
media of 100 mm and LAI of 1 for insulation thicknesses 50 mm, 120 mm and 300 mm — future climate (hospital
building).

228



3
f=3
(=}

-
(=3
(=]

(=N
(=3
(=}

581586

w
[=3
(=}

312310 310310 310310

Heating Energy Consumption (MWh)
S
(=}

300 o
I -
200 I |
L
100 | |
Summer Winter
B CON-50 @B1-50 BECON-120 OBI1-120 B CON-300 #:B1-300

Figure F - 7: Seasonal heating loads for conventional roof and green roof with design of growing media of 150 mm
and LAI of 1 for insulation thicknesses 50 mm, 120 mm and 300 mm — future climate (hospital building).
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Figure F - 8:Seasonal cooling loads for conventional roof and green roof with design of growing media of 150 mm
and LAI of 1 for insulation thicknesses 50 mm, 120 mm and 300 mm — future climate (hospital building).
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Figure F - 9: Seasonal total heating and cooling loads for conventional roof and green roof with design of growing
media of 150 mm and LAI of 1 for insulation thicknesses 50 mm, 120 mm and 300 mm — future climate (hospital
building).

800

Z 700
=
< 600 5815_?"6
=
£
2 500 467468
g 394394 i
z2 400 S
8 i 312310 310310 310310
> 300 R - F
ol | I
2 RN |
£ 200 I
2 I
£ 100 I
3 | |
= 0 Lo | o
i Summer Winter
B CON-50 @C1-50 BCON-120 oCl1-120 ® CON-300 #2C1-300

Figure F - 10: Seasonal heating loads for conventional roof and green roof with design of growing media of 200
mm and LAI of 1 for insulation thicknesses 50 mm, 120 mm and 300 mm — future climate (hospital building).
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Figure F - 11: Seasonal cooling loads for conventional roof and green roof with design of growing media of 200
mm and LAI of 1 for insulation thicknesses 50 mm, 120 mm and 300 mm — future climate (hospital building).
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Figure F - 12: Seasonal total heating and cooling loads for conventional roof and green roof with design of growing
media of 200 mm and LAI of 1 for insulation thicknesses 50 mm, 120 mm and 300 mm — future climate (hospital
building).
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Figure F - 13: Seasonal heating loads for conventional roof and green roof with design of growing media of 100
mm and LAI of 2 for insulation thicknesses 50 mm, 120 mm and 300 mm — future climate (hospital building).
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Figure F - 14: Seasonal cooling loads for conventional roof and green roof with design of growing media of 100
mm and LAI of 2 for insulation thicknesses 50 mm, 120 mm and 300 mm — future climate (hospital building).
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Figure F - 15: Seasonal total heating and cooling loads for conventional roof and green roof with design of growing
media of 100 mm and LAI of 2 for insulation thicknesses 50 mm, 120 mm and 300 mm — future climate (hospital
building).
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Figure F - 16: Seasonal heating loads for conventional roof and green roof with design of growing media of 150
mm and LAI of 2 for insulation thicknesses 50 mm, 120 mm and 300 mm — future climate (hospital building).

233



%
(=3
(=]

-
(=3
S

D
(=1
S

w
[=3
(=]

400

300
182177 179177 178178

Cooling Energy Consumption (MWh)

200
§ ri ' 101100 101101 101101
100 § I : ' m P 4949 49 49 49 49
o NL _Eil B NI NO B0 E
Spring Fall Winter
BCON-50 @B2-50 8CON-120 0B2-120 BCON-300 £B2-300

Figure F - 17: Seasonal cooling loads for conventional roof and green roof with design of growing media of 150
mm and LAI of 2 for insulation thicknesses 50 mm, 120 mm and 300 mm — future climate (hospital building).
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Figure F - 18: Seasonal total heating and cooling loads for conventional roof and green roof with design of growing
media of 150 mm and LAI of 2 for insulation thicknesses 50 mm, 120 mm and 300 mm — future climate (hospital
building).
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Figure F - 19: Seasonal heating loads for conventional roof and green roof with design of growing media of 200
mm and LAI of 2 for insulation thicknesses 50 mm, 120 mm and 300 mm — future climate (hospital building).
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Figure F - 20: Seasonal cooling loads for conventional roof and green roof with design of growing media of 200
mm and LAI of 2 for insulation thicknesses 50 mm, 120 mm and 300 mm — future climate (hospital building).
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Figure F - 21: Seasonal total heating and cooling loads for conventional roof and green roof with design of growing
media of 200 mm and LAI of 2 for insulation thicknesses 50 mm, 120 mm and 300 mm — future climate (hospital
building).
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Figure F - 22: Seasonal heating loads for conventional roof and green roof with design of growing media of 100
mm and LAI of 3 for insulation thicknesses 50 mm, 120 mm and 300 mm — future climate (hospital building).
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Figure F - 23: Seasonal cooling loads for conventional roof and green roof with design of growing media of 100
mm and LAI of 3 for insulation thicknesses 50 mm, 120 mm and 300 mm — future climate (hospital building).
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Figure F - 24: Seasonal total heating and cooling loads for conventional roof and green roof with design of growing
media of 100 mm and LAI of 3 for insulation thicknesses 50 mm, 120 mm and 300 mm — future climate (hospital
building).
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Figure F - 25: Seasonal heating loads for conventional roof and green roof with design of growing media of 150
mm and LAI of 3 for insulation thicknesses 50 mm, 120 mm and 300 mm — future climate (hospital building).
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Figure F - 26: Seasonal cooling loads for conventional roof and green roof with design of growing media of 150
mm and LAI of 3 for insulation thicknesses 50 mm, 120 mm and 300 mm — future climate (hospital building).
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Figure F - 27: Seasonal total heating and cooling loads for conventional roof and green roof with design of growing
media of 150 mm and LAI of 3 for insulation thicknesses 50 mm, 120 mm and 300 mm — future climate (hospital
building).
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Figure F - 28: Seasonal heating loads for conventional roof and green roof with design of growing media of 200
mm and LAI of 3 for insulation thicknesses 50 mm, 120 mm and 300 mm — future climate (hospital building).
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Figure F - 29: Seasonal cooling loads for conventional roof and green roof with design of growing media of 200
mm and LAT of 3 for insulation thicknesses 50 mm, 120 mm and 300 mm — future climate (hospital building).
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Figure F - 30: Seasonal total heating and cooling loads for conventional roof and green roof with design of growing
media of 200 mm and LAI of 3 for insulation thicknesses 50 mm, 120 mm and 300 mm — future climate (hospital

TOTAL ENERGY SAVINGS (MWH)

building).

mHeating @ Cooling

1200
T B e =
RESSSNg 18] g ; ; y 5 i !
o o - R | S\ R |
103 o [120] NEXN
800
600
988 988 989
939 942 46
400 850 855
200
0
\ \ \ 0 n 0 & A &
\QO'NP‘\ \SQNP‘\ -0 AN \QQ'NP‘\ \50-&}\\ GQQH\’P\\ \00'&}"\ \w'&}\\ ,QQ'NP‘\
oM oW oW oM oW oW oM oW’ e

GREEN ROOF DESIGN

Figure F - 31: Total heating and cooling energy savings (MWh) of green roof compared to conventional roof for all

growing media (GM) depths and LAIs; without insulation layer — future climate (hospital building).
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Figure F - 32: Total heating and cooling energy savings (MWh) of green roof compared to conventional roof for all
growing media (GM) depths and LAIs; with 50 mm insulation layer — future climate (hospital building).
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Figure F - 33: Total heating and cooling energy savings (MWh) of green roof compared to conventional roof for all
growing media (GM) depths and LAIs; with 120 mm insulation layer — future climate (hospital building).

241




mHeating 72Cooling

[v]

'
(=}

TOTAL ENERGY SAVINGS (MWH)
s
=
o
N
o
o

-12
j\ \ 2 2 2 ¢l ¢l ¢
\QQA_\,P*\ \50.1\}*\ ,,QQ%“PA \00.1\,5\ \50.),%\ ”QQ.H\,P\\ \00.1\,5\ \50;\,%\ nQQA_\,P*\
oM g™ oW oW M oW oM oM e
GREEN ROOF DESIGN

Figure F - 34: Total heating and cooling energy savings (MWh) of green roof compared to conventional roof for all
growing media (GM) depths and LAIs; with 300 mm insulation layer — future climate (hospital building).
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