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ABSTRACT 

Green roofs are becoming a common application in order to improve building energy 

performance, runoff water control with several additional environmental benefits.  Models are 

essential in the building science due to a necessity of prediction how different structures perform. This 

knowledge helps to choose right materials and material dimensions. A green roof structure is a 

complex system of different layers, including growing media and plants. Those two layers make the 

green roof modelling entirely different from ordinary modelling. Nowadays, several green roof 

models cover different phenomena and use different physical principles. However, a green roof model 

is still can be improved. Therefore, this study develops a green roof model- HAMFit-GR that better 

covers heat and moisture movement sources. The model is based on Heat-Air-Moisture model called 

HAMFit and Fast All-Season Soil Strength models from US Army Corps of engineers. A combined 

model is proposed to be more accurate than the most comprehensive green roof models. The result is  

achieved by adding uncovered components, such as coupling heat and moisture transport in growing 

media and runoff water flow. Green roof parameters that are required for accurate modelling are 

measured through laboratory and field experiments. The benchmark data is obtained from the field 

experiment that is being performed at Whole Building Performance Research Laboratory (WBPRL) 

of Building Science Centre of Excellence at British Columbia Institute of Technology (BCIT), 

Burnaby. A case study is prepared with the validated model. The case study includes analysis of green 

roof parameters impact on roof hydrothermal performance. 
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1 INTRODUCTION 

The idea of sustainability appeared in the late sixties of the last century and was first discussed 

at the United Nations Conference on the Human Environment in Stockholm in 1972 (Report of the 

IUCN Renowned Thinkers Meeting, 2006). The sustainability concept can be described as a 

possibility to reach an economic and industrial development without environmental damage (Report 

of the IUCN Renowned Thinkers Meeting, 2006). Energy efficiency or in other words, reducing 

energy consumption becomes a crucial part of sustainability. By reducing energy usage, we can cut 

energy bills as well as scale down greenhouse gas emissions. Buildings are the most significant energy 

consumers. According to Getter et al. (2011), buildings consumption in the USA is almost 40% of the 

total energy usage and more than 70% of the electrical use. Moreover, heating and cooling part forms 

half of the overall building's consumption (Intermediate Energy Infobook, 2016).  Following the 

sustainability concept, the building society introduced high-performance buildings. A high-

performance structure is a combination of low energy usage and low emission (Terms and Definitions 

for High-Performance Building, 2011). To improve building energy performance, designers apply 

high-efficient heating, cooling and ventilation equipment; modern lighting systems and building 

envelope improvements (Intermediate Energy Infobook, 2016). One of the newest technologies that 

are currently being applied is green roofs. 

A green roof is a roof that has soil or soil-based material and vegetation layers above the 

construction layer. Green roofs attract more and more attention from the building society because of 

its environmental benefits. Green roofs might reduce heat gain by 90-160% during summer (Djedjig 

et al., 2012). The lower heat gain and the green roof cooling effect due to evapotranspiration as well 

as the shading effect results in more moderate surface temperature (Yang & Wang, 2014). Green roof 

growing media serve as an additional layer of insulation, which lead to lower heating consumption 
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during winter as well as lower noise coming through a roof. Several publications described green roofs 

as a possible solution to urban heat island phenomena that is a local increase in temperature 

(Ouldboukhitine et al., 2011). Studies also show that green roof assemblies have an ability to control 

runoff water, by being porous water storage (Stovin et al., 2013).  Besides, green roof coverage is a 

natural vegetation layer and as plants convert carbon dioxide in the atmosphere to oxygen. Green roofs 

absorb polluting air particles and compounds not only through the plants but also by deposition in the 

growing medium. As reported by the European Federation of Green Roof Associations (EFB), green 

roofs improve urban biodiversity by creating living space for spiders and beetles.  The EFB noticed 

the positive effect of green roofs on human mental and physical health. 

Computer software became common in the construction industry in recent years. Engineers 

use various computer programs from drafting tools to databases, but in term of energy savings, models 

and modelling software play an essential role. Those tools help designers estimate a future building 

consumption or evaluate the energy performance of a building without high-cost equipment usage.  

The most important characteristic of a modelling tool is its accuracy. Green roof as relatively new 

technology is poorly presented in building energy modelling programs. Green roofs are complex 

engineered structures that are influenced by many factors. From the energy savings point of view, 

green roof behaves differently in different climates. Green roof savings vary with designed parameters 

such as growing media type and thicknesses, coverage ratio and leaf area index (LAI) as well as plant 

selection (Sailor, 2012). Moreover, green roof performance strongly depends on insulation presence 

and its property (Moody and Sailor, 2013). Therefore, it is necessary to have an accurate tool that can 

estimate the building energy performance in the case of a green roof. This tool can help designers 

choose the optimal design for every situation in every climate. 
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2 BACKGROUND  

2.1 Green roof systems  

A green roof is a roof that has soil or soil-based material and the vegetation layer above the 

construction layer. Green roofs, currently, attract more and more attention from the building society 

because of its environmental benefits and potential energy savings. Green roofs can be classified as 

extensive, intensive and semi-intensive based on their parameters and purposes. Green roofs might be 

built with different growing media thickness and plant types depending on weather conditions and 

green roof function.  

An intensive green roof is a green roof system that requires regular maintenance; it usually has 

a thick growing media layer and might be equipped with an irrigation system. Intensive green roofs 

are often called roof garden. The typical intensive green roof structure is illustrated in Figure 1. This 

type of green roof has massive structure due to a thick layer of soil and requires suitable structure 

below to load roof garden weight. Typically, green roofs are called intensive if the growing media 

layer exceeds 200 mm in depth. Intensive green roofs have a wide variety of plants and can be built 

in combination with other garden accessories, e.g. benches, tables, streetlights. (Bianchini & Hewage, 

2012; Yang & Wang, 2014; Green Roof Handbook). 
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Figure 1. Intensive Green Roof 

An extensive green roof is a type of green roof systems that is characterized by its drought-

resistant vegetation, ranging from sedums to small grasses, herbs and flowering. The schematic 

structure of an extensive green roof is shown in Figure 2. The principal feature of the extensive green 

roof system is no necessity for regular maintenance or permanent irrigation. Usually, the thickness of 

growing media is less than 200 mm and the growing media in this type of green roofs are designed to 

be lightweight and self-maintained (Yang & Wang, 2014; Bianchini & Hewage, 2012, Green Roof 

Handbook, 2008). 

 

Figure 2. Extensive green roof 

Grasses, Shrubs, Trees

10" Growing media

Protection layers

Sedum plants

2" Growing media

Protection layers
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The third type of green roof called a semi-intensive green roof that is a combination of 

extensive and intensive, but the extensive type must be 25% or less of the total green roof's area 

(Bianchini & Hewage, 2012). 

To build a green roof, several additional engineering products are required. Figure 3 illustrates 

typical green roof layers. Green roof growing media and vegetation layers represent a mixture of 

natural and building materials. Special membranes are used to protect the building structure from the 

negative impact of wet soil or plant roof. 

 

Figure 3. Green roof structure. 

Designers divide the green roof system into the following layers (from bottom to top) (Sailor, 

2008; Tabares-Velasco & Srebric, 2012; Bianchini & Hewage, 2012): 

Roof slab – structural element; 

Waterproofing membrane – a membrane is designed to protect the building components from 

the water leakage. Those membranes are required for all roof types; 
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Root barrier layer - a membrane designed to protect the underlying layers from the root 

microorganisms penetration. A root-barrier failure can cause structural damage to the waterproof 

membrane or the slab; 

Drainage layer – a material specially designed to carry the excess water to the roof drains, and 

eventually off the roof; 

Growing medium layer - an inorganic and organic component mixture. A blend is designed to 

meet the green roof requirements, such as being lightweight, chemically inert, and physically stable. 

Moreover, the substrate should retain adequate amounts of water and minerals for plant growth, and 

at the same time it should provide enough drainage ability (Kotsiris et al., 2012); 

Vegetation layer – plants that are chosen based on green roof type (i.e., extensive or intensive) 

and the ambient climate. Rayner et al. (2016) underlined that plant selection is especially important 

in hot, dry climates with conditions of severe water deficit, lack of artificial irrigation, or where winter 

freezing happens. 

The described structure is not unique. Green roof designers apply different strategies 

depending on a green roof purpose, type of green roof, local climate or an architect's view (Green 

Roof Handbook, 2008).  In some cases, the filter layer and the water retention layer can be used to 

achieve better water movement control (Bianchini, 2012). 
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2.2 Green roof benefits 

2.2.1 Buildings energy use 

Green roofs are known as an environmentally friendly building option due to economic and 

environmental benefits. Potential budgetary savings associated with green roof installation are coming 

with possible cooling and heating demand reduction. In the time periods, when internal building 

temperatures excess designed level, and there is a necessity to cool down a building, a green roof 

works as an additional cooling source by transferring excess heat through the slab, membrane, media, 

and plants where it is cooled through evaporation, conduction, and convection.  

Several papers have appeared in recent years documenting main factors affecting building 

energy use, and hence, the potential energy impacts of a green roof. Nevertheless, green roof models 

and experimental works show the green roof positive influence on cooling energy use. According to 

a study of green roofs by Sailor (2012), the baseline green roof showed cooling energy cost savings 

for both the office and lodging buildings in comparison to the conventional roof in four of these 

climate zones: Houston, Texas; Phoenix, Arizona; Portland, Oregon, and New York City.  

Yaghoobian (2015) obtained similar results in mixed-humid climate and hot-to mixed-dry climate. 

Djedjig et al. (2012) and Getter et al. (2011) have also discussed the green roof cooling power. They 

stated that using a green roof; the solar heat gain could be reduced by 70-90% in the summertime and 

reduced heat flux through the building envelope by an average 167% during summer. Recently, 

several authors Gagliano et al. (2011), Kotsiris et al. (2012), Heidarinejad and Esmaili (2015) and 

Gargari et al. (2016) have proved the statement that green roofs can reach a significant effect on 

reducing the energy consumption required for cooling a building under different circumstances. The 

green roof cooling effect can be explained by the ability of the green roof to release heat into the 

environment (He & Jim, 2010). Gagliano et al. (2011) explained that the cooling process in green roof 
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systems occurs due to the following processes: about 50% by evapotranspiration and about 30 % by 

the long-wave radiative thermal flux. The evapotranspiration is a combination of plants transpiration 

and evaporation. Ouldboukhitine et al. (2014) defined evaporation as the movement of thermal energy 

from a water surface to the atmosphere involving the change in phase from liquid water to vapour and 

transpiration as the physiological process of transforming water into vapour at the plants. The second-

factor influences the cooling green roof performance are plants and growing media radiation 

properties. Plants radiative parameters have a significant effect on the net radiation exchange, as it 

becomes an exterior layer. Plants reflect almost 30% of incoming solar radiation while 60% is 

absorbed by plants, and 13 % is transmitted to the growing media (Ayata et al. 2011; Zhao et al., 

2014). 

Positive effect on energy consumption is observed not only during the summertime due to 

reduced cooling load, but the green roofs have an impact on the building thermal performance during 

winter. Sailor (2008) explained this effect by soil working as an additional insulator. His simulation 

showed the impact of energy saving was strongly affected by the thickness of the growing media layer.  

Several modelling and experimenting examples are presented in the works done by Getter et al. 

(2011), Djedjig et al. (2012), Kotsiris et al. (2012), Coutts et al. (2013), Berardi (2016), Tang & Qu 

(2016). Ouldboukhitine et al. (2011, 2012) compared insulation role of a green roof with rock wool, 

and frozen green roofs with conventional roofs under snow the layer. They found that the green roof 

substrate shows similar properties as rock wool in the substrate dry state and same as snow when the 

green roof substrate is saturated and frozen. Berardi (2016) explained that the most significant 

contributor to the energy saving was the heating reduction on the top floor. However, green roofs in 

certain climates can be a reason for excessive heat losses due to evapotransporative processes and 

higher soil conductivity (Moody & Sailor, 2013). 
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 The green roof thermal performance is unstable and might be affected by solar radiation, 

ambient outside temperature a relative humidity, water content and its quality (Ouldboukhitine et al., 

2014, Getter et al., 2011). Water in growing media has the impact on substrate thermal conductivity 

and specific heat capacity, as well as on vapour and air transport properties. 

2.2.2 Urban heat island 

Several publications described green roofs as a possible solution to urban heat island 

phenomena. The urban heat island effect is the temperature difference between urban areas and the 

surrounding countryside. According to the European Federation of Green Roof Associations (EFB), 

in some large cities, the gap can be up to a 5°C between the city and the rural areas. Significant regions 

of high-absorbing surfaces can explain this effect. These surfaces absorb solar radiation and reflect it 

back into the surrounding atmosphere. Any possible reduction can have a vital positive effect city 

environment. To reduce the urban heat island effect, many researchers have proposed green roofs. 

The surface of a conventional rooftop can exceed the ambient air temperature up to 50°C, while the 

green roof, rooftop can be colder than the surrounding air (Reducing Urban Heat Islands: 

Compendium of Strategies, 2008).  Considering the urban heat effect island, green roofs work by 

shading roof surfaces and through evapotranspiration. For example, a modelling study for Toronto 

predicted that adding green roofs to 50 percent of the available rooftops downtown would cool the 

entire city by 0.4 to 0.7°C (Berardi, 2016). Gargari et al. (2016) compared the roof temperature 

between an insulated pitched roof and green roof.  Results showed the maximum surface temperature 

difference over 25°C in June and an average 18°C for July-September. Ouldboukhitine et al. (2011), 

Djedjig & Bozonnet (2013) Ambrosini et al. (2014), Heidarinejad & Esmaili (2015), Yaghoobian et 

al. (2015) reported the positive effect in urban areas by urban heat island mitigation. 
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2.2.3 Rainwater retention 

Green roofs can store rainwater in the plants and growing mediums and then release water into 

the atmosphere. The amount of water that can be stored on a green roof structure back depends on the 

growing medium and its dimensions. As it reported by the European Federation of Green Roof 

Associations (EFB) during summer green roofs can retain 70-80% of rainfall and 25-40% in winter. 

Green roofs also able to delay runoff during times of heavy precipitation (Ayata, 2011) helping a 

sewer system to deal with water. 

2.2.4 Acoustics and air quality  

In addition, green roofs are useful to improve air quality. According to Connelly and Hodgson, 

green roofs have high sound-absorptive characteristics, and it is a function of substrate depth, plants, 

and moisture content of the substrate. Vegetation removes air pollutants and greenhouse gas emissions 

from the air and releases oxygen (Ouldboukhitine et al. 2011, Reducing Urban Heat Islands: 

Compendium of Strategies, 2008). 
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2.3 Heat and moisture transfer in green roof 

2.3.1 Vegetative model 

The vegetative model describes physical phenomena that occur above the growing media. 

Those aspects make green roof modelling complicated and different from building energy modelling. 

In general, vegetative model defines an outside boundary condition for heat and moisture model.  Due 

to complexity, there are various approaches to estimate each phenomenon. 

The roof is affected by shortwave solar radiation, incoming and outgoing long-wave radiation 

and multiplied reflection between leaves and growing media.  Figure 4 represents radiation on the 

green rooftop surface. According to Lazzarin et al. (2005), the portion of the radiation entering the 

system depends on plant coverage ratio that is described by a proportion of covered area and 

corresponding leaf area index (LAI). By the end, the short-wave radiation energy balance at the top 

of the growing media layer consists of the sum of the direct sun radiation and the radiation that is 

transmitted by the canopy leaves. 

 

Figure 4. Radiative heat exchange in a green roof. 
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The long-wave radiation balance is the sum of sky thermal radiation exchange and the radiation 

emitted by the plant and growing media layers (Ambrosini et al., 2014; Yaghoobian et al., 2015).  

Green roof radiation properties and shading effects are strongly correlated with vegetation structure 

and plants transmittance and reflectance. Absolutely covered green roof receives 80% less shortwave 

radiation than a roof with bare soil (Yaghoobian et al., 2015; He & Jim, 2010). According to Tabares-

Velasco et al. (2014), green roofs absorb radiation until noon and then after the pick at noon, net 

radiation decreases due to less solar intensity radiation. During the night, green roofs reradiate to the 

environment. Gargari et al. (2016) stated that very dense canopy (high coverage ratio and leaf area 

index) could limit outgoing radiation from the growing media to the sky. 

Air moving across the green roof structure is a factor influencing the overall thermal 

performance. As it reported by Sun (2013), convective heat transfer is an essential part of overall 

energy performance. In order, to calculate the convection heat flux, scientists use formulas based on 

Nusselt, Grashof and Reynolds numbers (Tabares-Velasco & Srebric, 2012).  Convection is affected 

by plants structure and the volumetric water content in comparison with rectangular smooth or rough 

roofs (Ayata et al., 2011). 

Evaporation is the energy movement from a water state in the soil or on its surface to the 

atmosphere, including a phase change phenomenon from water to vapour. Transpiration – the 

biological process of water loss through plants. Stomatal resistance determines transpiration. It is a 

resistance to the diffusion of water vapour from these spaces into the atmosphere (Sailor, 2008; 

Ouldboukhitine et al., 2014). Evapotranspiration depends on the following factors (Ouldboukhitine et 

al., 2011, 2014): 

•    Canopy characteristics (height, leaf area, leaf density); 
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•    Weather factors (wind speed, temperature, pressure, solar radiation); 

•    Amount of water in the root area. 

Much research on green roofs has been shown that evapotranspiration is the primary sources 

of green roof cooling. Yang & Wang (2014) reported that higher green roof fraction resulted in higher 

evaporative cooling effect. They also found that the relation between maximum latent heat and green 

roof fractions are nearly linear. The study of “Crop evapotranspiration estimation with FAO56: Past 

and future” indicates that weather conditions determine the rate of evapotranspiration. The major 

drivers of evapotranspiration are solar radiation, wind speed and vapour pressure differences (Pereira 

et al., 2015).  

Due to the difficulty of direct measuring and complex physics of the evapotranspiration 

process, several models have been developed with different approaches and assumptions (Zhao et al., 

2013). The most common way to estimate the evapotranspiration rate that modellers use is vapour 

pressure deficit method (Jim and Tsang, 2011; Tabares-Velasco and Srebric, 2012). These models 

(Penman, 1948; Penman–Monteith, 1965; Priestley–Taylor, 1972 and Hargreaves and Allen, 2003) 

predict the maximum or potential evapotranspiration rate (PET) and are referred as PET models. The 

Hargreaves and Priestley–Taylor models use a composite of energy and temperature data when the 

Penman and Penman-Monteith models are based on wind and humidity data to calculate advective 

evapotranspiration (Marasco et al., 2015).  For higher accuracy in green roof modelling, it is necessary 

to estimate actual evapotranspiration (AET). Actual evapotranspiration is a function of moisture 

availability in the soil. Actual evapotranspiration is equal to potential evapotranspiration when the soil 

is saturated with water; the actual evapotranspiration decreases with water availability reduction. 
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  There is another way to estimate evapotranspiration that was implemented by Djedjig et al. 

(2012) estimated evapotranspiration as the sum of water evaporation from the soil and the transpired 

water from plants. In this method, evaporation and transpiration calculate from pressure difference, 

resistance to mass transfer and thermal properties of foliage and soil. 

2.3.2 Heat and Moisture model 

A green roof as a part of the outside building envelope is a subject of weather influence. In 

addition to common weather factors influencing a building such as short and long wave radiation 

exchange, ambition temperature, wind and precipitation loads, the green roof is impacted by plants. 

All of these loads result in heat and moisture transport in the growing media. The vegetative model 

that is described above calculates leaf energy balance and provides boundary conditions for the HM 

model. The HM model is desired to deal with physics occurring in the growing media.  

Jim & He (2010) stated that moisture in the green roof system has the most significant impact 

on the green roof thermal performance. Precipitation is a major source of water in the green roof 

system. Usually, precipitation is represented by rain events, rarely – snow. Concerning water balance, 

it is possible to divide into three stages: unsaturated, saturated and oversaturated. When the incoming 

water (rain) excess the amount of water that growing media of the green roof cannot absorb after 

reaching full saturation, runoff water flow occurs. Runoff water can result in transport of heat through 

the growing media. Regardless the stage, moisture affects the heat flow, as well as temperature, affects 

moisture flow. As water balance changes, the green roof thermal performance changes; therefore, the 

HM model estimates water and heat balances as well as their influence on each other. How it was 

mentioned above, precipitation is the source of water replenishment in the system. The green roof 

growing media dries due to evaporation, transpiration and liquid water flow via drainage. 
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Moister transport depends on the temperature that reflects heat transfer. Firstly, the 

temperature is a crucial factor influencing saturated vapour pressure. Secondly, moisture transport 

material properties and moisture storage capacity are also temperature-dependent (Tariku, 2008). 

The presence of moisture in the growing media makes the HM model more complicated than 

1D heat flux through the solid material. The rate of heat transfer through a material by conduction 

depends on its thermal conductivity. Conduction heat transfer in porous media (soil or substrate layer) 

differs from that of non-porous materials. Alexandri and Jones (2007) described green roof materials 

as capillary-porous bodies. Firstly, moisture changes conductivity properties of the growing media. 

As Ayata et al. (2011) reported, “The thermal conductivity is decreased, and the heat flux through the 

roof is reduced with soil density decreases.” To describe the amount of water in the soil, researchers 

have proposed the term – volumetric water content (VWC). Sailor (2008), as well as Kotsiris (2012), 

has found that soil thermal transmittances varies linearly with volumetric water content. The 

volumetric water content in the substrate layer can be described by the sum of precipitation, irrigation, 

evapotranspiration, and runoff water. In general rule, if the substrate is wet, the conduction rate is high 

(Yaghoobian et al., 2015; Ouldboukhitine, 2015). Secondly, moisture in the substrate layer results in 

the soil reflectivity variation from 0.10 in wet soil to 0.35 for dry soil, but emissivity stays between 

0.90-0.98. Thirdly, water in growing media changes growing media heat capacity of the soil (Tariku, 

2008; Ouldboukhitine, 2015). 

In addition to conductivity change with wetness, moisture in the growing media causes 

enthalpy transfer. According to Tariku (2008), as moisture transports by convection, diffusion or both 

through porous materials, it can transport heat along with it. Although moisture can exist in all three 

states of matter (gas, liquid and solid), moisture transport in a growing media is possible in vapour 

and liquid forms through vapour diffusion, capillary suction and gravity flow. Liquid water movement 
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in a porous material requires pores be nearly filled with water (Tariku, 2008).  The growing media is 

located outside from control and protect membranes and exposed to outside conditions (rain, snow, 

solar radiation, etc.); therefore, liquid water movement, as well as vapour flow, occurs in a green roof 

growing media layer. In other words, when water goes through the media, leaving water temperature 

differs from incoming water temperature; therefore, some amount of energy is stored or taken away 

from the growing media depending on the media temperature and the incoming water temperature. 

2.4 Review of Current Green roof models  

Green roof models exist to estimate green roof thermal performance accurately. Adequate 

understanding of heat and moisture flow through a roof allows creating a better design with suitable 

materials. Green roof models have been widely researched; however, most of the previous studies do 

not take into account some heat or moisture flow source.  

Lazzarin et al. published the earliest green roof model in 2005 in Italy. The model deals with 

fundamental physics, such as evapotranspiration, convection, conduction and incoming shortwave 

radiation. Thermal conductivity in the soil in this model depends on the water content of each layer. 

They used an empirical version of the Penman model and a reduction factor based on relative humidity 

to predict evapotranspiration. The portion of the incident radiation is estimated by the leaf area index 

(LAI). 

Another model published in 2007 by Alexandria & Jones in the USA. Conductive heat transfer 

through the soil layer is considered as heat flux through homogenous the soil–water–air mixture. The 

convective heat exchange was found from the Reynolds, Prandtl, Grashof and Nusselt numbers 

(analytical method). Shortwave and longwave portions of the radiative heat transfers were calculated 

from leaf area index (LAI). Evapotranspiration was determined by the FAO56 method (Penman-
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Monteith). This model ignores longwave radiation exchange between leaves and soil. It also doesn’t 

take into account water going through the growing media and energy associated with them. 

The model published in China in 2013 by Sun et al. The authors included Richards’ equation-

based hydrologic module that is consisted of infiltration, hydraulic diffusion and runoff generation 

processes. The thermal processes of the green roof were experimentally measured and added to the 

model. Although the model considers the runoff water, it does not take into account energy associated 

with the leaving water, water transport and long-wave radiation between foliage and soil. 

Tabares-Velasco & Srebric published their model in 2012 in the USA. They built a laboratory 

setup – cold plate apparatus to validate the model and get extra data on green roofs. The conductive 

heat transfer in the model is estimated using linear function based on cold plate apparatus data. The 

convective heat flux is calculated using Nusselt, Grashof and Reynolds numbers. The sky temperature 

to calculate long wave heat exchange measured from the pyrgeometer in the laboratory. Incoming 

shortwave radiation is distributed between plants and soil by leaf area index (LAI).  In the model, the 

radiation between soil and plant layers is considered as the radiation between two infinite parallel 

plates. The model ignores water movement in the system.  

The model published by Tang and Qu in the USA in 2016 and is dedicated to phase change 

phenomena during cold periods. The model and the experiment proved the phase change effect. The 

authors stated that frequent phase changes in the soil layer of the green roof system could have a 

significant impact on the green roof performance. 

The model by Sailor (2008) became a base model for many green roof models. The method 

based on (FASST) model developed by Frankenstein and Koenig for the US Army Corps of 

Engineers. The Fast All-season Soil STrength (FASST) model was designed with the purpose to 
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predict the state of soil including energy balance, water and ice content, and soil strength. The 

principles implemented in the FASST are now used in the majority of green roof models; however, 

now all phenomena have been transferred from the FASST model to the green roof simulating tools.  

EnergyPlus from the US Department of Energy, Sailor (2008), Ouldboukhitine et al. (2011)models 

are notable examples of FASST implementation. The models include the following heat exchange 

mechanisms: long wave and short wave radiative exchange within the plant canopy; plant canopy 

effects on convective heat transfer; evapotranspiration; and heat conduction in the soil layer. The 

models ignore phase change phenomena, precipitation and runoff water. It is also questionable how 

moisture-dependent soil properties, mass and heat transfer within the growing media were estimated.  

The model was written by Djedjig & Ouldboukhitine in 2012. Was based on the previous 

Ouldboukhitine et al. (2011) model, but several improvements were made. This model is included in 

the popular simulation software – TRANSYS as a green roof model tool. The model considers the 

coupled heat and mass transfer through the green roof. The vegetative part (Long and shortwave 

radiation and evapotranspiration) is calculated from the coverage ratio and the leaf area index. The 

long-wave radiative heat exchange between foliage and soil is considered as long-wave radiation 

between two infinite parallel surfaces. The soil layer is a porous medium characterized by water 

content. Water content and evapotranspiration depend on water balance, which is estimated as a sum 

of the rainfall, the drainage and evapotranspiration. The water transfer module used Richard’s 

equation. The model does not consider vapour flow when the soil layer is not fully saturated. This 

model also doesn’t take into account the energy loss/gain associated with runoff water, phase change 

phenomena as well as enthalpy transfer. 
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 Another widespread model with green roof simulation option is WUFI. WUFI is used to 

simulate buildings performance regarding heat and moisture movement and storage. WUFI is 

designed to consider building’s materials as layers including air gaps and vegetation layers. Stockl et 

al. (2014) described how WUFI model could be used regarding green roof simulation. In this work, 

validation exercise included temperature comparison between measured and modelled results under 

the growing media, not within it or vegetation. The model showed good correlation in moisture content 

values and temperature under the growing media. WUFI principle of simulation is to estimate virtual 

thermal mass and moisture holding capacity as well as resistance to heat and moisture flow of the 

vegetation and apply it as a layer in the model.   
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3 PROBLEM STATEMENT 

Many previous papers have stated that modern urban cities face environmental problems, such 

as the urban heat island effect, noise or contaminant air pollution. Green roofs have been gaining 

attention from urban designers over the last years as a solution to those problems. The first positive 

impact of a green roof is an energy savings possibility. Secondly, green roofs can reduce the urban 

heat island effect. Thirdly, green roofs have some water storage and can reduce the load on a city 

drainage system. However, the listed benefits might be achieved if a green roof is appropriately 

designed and located in the appropriate climate.  Due to plants and soil presence, a green roof is 

affected by combined heat and moisture transfer. 

Since 2007, several green roof models have been published. The latest models consider heat 

and moisture parameters but do not take into account the coupled heat and moisture transfer 

phenomena in the growing media, the different level of saturation levels and the associated heat and 

moisture transfer processes, convective heat transfer associated with runoff water. 

Coupling heat and moisture transfer in green roof modelling increases model accuracy. Figure 

5 illustrates the relationship between moisture and heat transport. Heat transport depends on the 

moisture balance by thermal storage, heat capacity, thermal conductivity and phase change effect. On 

the other hand, temperature determines saturated vapour pressure, vapour permeability and moisture 

transfer coefficients.   
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Figure 5.Heat and moisture transport interdependence 

Although the best available model is called coupled, it is the only one-way relationship 

between moisture and heat transfer. The model considers such moisture effect on heat transfer as heat 

capacity and conductivity changes and phase change energy associated with vaporization. The most 

comprehensive model ignores vapour permeability, moisture transfer coefficient changes due to 

temperature change. Moreover, the well-developed model should judge the growing media layer as 

multi-level material, where each layer has its moisture content and temperature values. Figure 6 

compares fully discretized and current green roof models. The current model estimates only lumped 

moisture content in the growing media, while temperatures are discretized.  
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Figure 6. Green roof model discretization. 

 As it was mentioned before, moisture in the growing media layer plays a significant role in 

green roof energy performance. Thus, water balance requires extra attention. During wetting and 

drying, the growing media layer can be in three stages: 

•    Unsaturated – when pores within the growing media are not filled with water 

•    Saturated – when 100% growing media pores are filled with water 

•   Oversaturated – when 100% growing media pores are filled with water, and the roof 

substrate cannot absorb water anymore.  

A critical limitation of the best available model is the absence of vapour flow in an unsaturated 

stage. In a case when the substrate is saturated, the whole amount of porous is filled with water and 

there is no space for vapour to move. However, in real life, a green roof can have an unsaturated 

section whereby vapour can move through the growing media.  As discussed in the literature review 

section, enthalpy transfer is one of the phenomena that occur in a green roof growing media layer, but 

it is not covered by current models. To develop an accurate coupled heat and moisture model, it is 
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essential to include in the model an energy exchange that occurs when water or vapour goes through 

the growing media. 

Most of the previous studies do not take into account energy that leaves the system by 

convection with runoff water. Runoff water has an influence on overall water balance; moreover, 

liquid water flow leads to energy transfer by convection. A model that covers this phenomenon might 

show better accuracy. Concerning vegetative model, they are almost entirely developed. 

Green roof energy saving benefits were proved by numerous authors; nevertheless, there are 

no consciences in their performance during a winter season. In addition to climate, roof design itself 

can have an impact on the overall green roof energy performance. It is essential to assess and identify 

the optimal green roof design and roof insulation layer thickness for specific climate and seasons. The 

modelling tool should cover as many physical processes as possible, be reliable and accurate. The tool 

has to be able to deal with different climates, green roof design as well as building conditions. Another 

feature that is necessary for designers to include is model flexibility. There are several green roof 

models can be downloaded or purchased, but a designer could not change the vast number of 

parameters; therefore, to estimate green roof performance within various circumstances, the model 

has to be developed. 
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4 RESEARCH APPROACH  

4.1 Objectives 

The aim of this research project is to develop a comprehensive green roof model that accurately 

predicts the heat and moisture movement phenomena that occur in an extensive green roof system. 

Accordingly, the objectives of the research project are: 

i) to develop an advanced green roof model that fully couple heat and moisture transfer in 

the growing media and takes into account the additional heat and moisture driving forces 

discussed in the problem statement section 

a. Create a two-way coupled green roof model, which simultaneously deals with energy 

and water retention performance of green roof.  

b. Implement discretization for moisture content in the growing media as well as 

temperature instead of uniform moisture content assumption. 

c. Accurately model evapotranspiration and outdoor radiation. 

d. Take into account water and vapour flow in the growing media and energy associated 

with it.  

ii)  to evaluate the impacts of green roof components and designs on the energy performance 

of the systems in different climates and seasons.  

a. Model and compare green roof systems for new buildings with various insulation and 

growing media thicknesses for different climate zones that yield an optimized energy 

performance.  

b. Develop green roof systems for integration in existing or old buildings. 



25 

 

4.2 Scope 

This research project is limited to extensive green roof type. The model does not include 

irrigation as a moisture source. Due to time constraint, the developed model is not integrated with 

other energy simulation tools, but rather is used as a model component. 

4.3 Methodology  

Based on principles described in the FASST and HAMFit models, a green roof model that 

takes into account the heat and moisture properties of green roof materials, coupled vapour and liquid 

moisture transfers, phase change phenomenon, and runoff is developed. Fig. PP shows a flowchart of 

the development process. The newly developed green roof model has been benchmarked against the 

concurrently running field experimental study at BCIT. Once the model has been validated, it was 

used to study the impact of the various green roof system components on the overall energy and water 

balance of the system. Moreover, the model was run to identify the optimal green roof system design 

for different buildings, roof design and climate zones. The model was run comparing green roof 

behaviour with various insulation and growing media thicknesses as well as different plants properties 

in different climates and seasons. 

 

Figure 7. Methodology flowchart 
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5 MODEL DEVELOPMENT 

Green roof models deal with combined heat and moisture transfer through the roof, taking 

simultaneously into account the effects of shading of the leaves, insulation, evapotranspiration, 

thermal mass, convection, short- and longwave radiation, conduction within layers and water flow to 

and within a green roof with associated heat. The physical phenomena that occur in a green roof 

system are shown schematically in Figure 8. Factors such as plant growth, substrate thermal 

properties, solar radiation intensity, precipitation and volumetric water content must be included in a 

model. The presence of the growing media and vegetation layers makes the heat and moisture flows 

and the green roof thermal response complex when compared to a conventional roof system. To 

understand the overall thermal system of a green roof, each of the listed driving sources of heat and 

moisture transfer needs to be considered. 

 

Figure 8. Heat and moisture sources in the green roof. 
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To build a comprehensive and detailed green roof model, the heat and moisture transport 

phenomena in the system are handled with two coupled models: Vegetative model and HM (heat and 

moisture) model. The newly developed green roof model, which is referred hereafter as HAMFit-GR. 

The model scheme is shown in Figure 9. The coupling interface for the two models is the top surface 

of the growing media; thus, the vegetative model describes the heat and moisture transfer phenomena 

above the growing media, while the heat and moisture model covers phenomena in the growing media 

and roof structure. Therefore, the main purpose of the vegetative model is to determine foliage 

temperature (Tf) and calculate boundary conditions to heat and moisture model, which is responsible 

for heat and moisture movement within the green roof structure including ground temperature (Tg) 

that is included in the vegetative model. 

Sedum plants

Growing media

Filter fabric
Drainage layer

Root barrier
Plywood sheathing

Insulation

Vapor barrier

Vegetative model

Heat and Moisture 

model

Air, ground, foliage 

Temperatures,

Radiation not intercepted 
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Moisture content

Heat to or from growing 

media

 

Figure 9. Green roof model. 
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The green roof model is developed using COMSOL Multiphysics software. COMSOL 

Multiphysics was chosen as the primary programming environment as it was a programming 

environment for the hygrothermal base model, HAMFit (Tariku, 2008). COMSOL Multiphysics 

allows implementation of user-developed governing equations in PDE (Partial Differential Equation) 

mode and solve coupled one-, two- and three-dimensional phenomena in a steady-state or transient 

time domain.   

5.1 Vegetative model 

Much research on green roof modelling has been done based on the Fast All-Season Soil 

Strength (FASST) model. FASST is developed by Frankenstein and Koenig (2012) for the US Army 

Corps of Engineers to estimate soil strength. For HAMFit-GR model, FASST model is adopted. The 

energy balance is done for the leaf foliage layer and the growing media top surface by assuming 

steady-state heat exchange between them. In this model, energy transfer due to convection, solar 

radiation gain, longwave radiation exchange with sky and between leaf and growing media, latent and 

sensible heat transfer associated with precipitation and evapotranspiration are considered.  

5.1.1 Radiation  

In the HAMFit-GR model radiation heat fluxes are calculated using two semi-infinitive plane 

parallel method. In this method, plants are assumed to be single, homogeneous layer. Figure 10 

illustrates how radiation is calculated in HAMFit-GR. The model assumes that ground surface is 

partially covered by vegetation, and the area that is covered by the plants and prevents radiation from 

reaching the growing media surface is expressed by fractional coverage ratio (σf). The fractional 

coverage ratio is calculated based on seasons and plants properties (Dickinsos, 1998; Ramirez and 

Senarath, 2000). Incoming solar on foliage and growing media surfaces can be written as in Equations 

[1] and [2] respectively. The incoming solar heat radiation (𝐼𝑠) is taken from a metherological input 
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file, and the reflective properties of vegeataion and growing media are expressed by the respective 

albedo (α) values. 

 

Figure 10. Solar and infrared radiation in a green roof. 

 

𝐼𝑓
𝑠 = 𝜎𝑓(1 − 𝑎𝑓)𝐼𝑠 [1] 

𝐼𝑔
𝑠 = (1 − 𝜎𝑓)(1 − 𝑎𝑔)𝐼𝑠 [2] 

Similarly to solar radiation, total longwave radiation(𝐼𝑖𝑟𝑟) or sky temperature can be available 

from the meteological station or can be esimated empricaly (ISO 15927, 2003). The longwave radation 

from the sky to the foilage and growing media surface are given in Equations [3] and [4]. In consistant 

to gray body radation assumption, the foiage and ground longwave absortivity are equal to their 

corresponding longwave emmisivities (휀) values.  

𝐼𝑓
𝑖𝑟𝑟 = 𝜎𝑓휀𝑓𝐼𝑖𝑟𝑟 [3] 
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𝐼𝑔
𝑖𝑟𝑟 = (1 − 𝜎𝑓)휀𝑔𝐼𝑖𝑟𝑟 [4] 

Based on infinite parallel plates assumptions, the radiative heat exchange between plants and 

the growing media is given by  Equation [5].  

𝐼𝑓𝑔 =
𝜎𝑓휀𝑓휀𝑔𝜎

휀𝑓 + 휀𝑔 − 휀𝑓휀𝑔
(𝑇𝑔

4 − 𝑇𝑓
4) [5] 

Where 𝜎𝑓  is leaf coverage ratio, 𝜎- Stefan-Boltzmann constant, 𝑇𝑔 and 𝑇𝑓 are ground and 

foliage temperatures respectively,  휀𝑓 and 휀𝑔 – foliage and ground emissivity. 

5.1.2 Sensible heat  

The vegetative part of the HAMFit-GR model determines convective (sensible) heat flux 

separately for ground and plants surfaces. The sensible heat fluxes are calculated using foliage 

temperature, ground temperature, the temperature of the air above and the below the foliage, and the 

corresponding effective convective heat transfer coefficients. Figure 11 shows the representation of 

this temperature in HAMFit-GR, where the subscripts 𝑓, 𝑔, 𝑎, 𝑎𝑓 stand for foliage, ground, air and air-

foliage respectively.  
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Figure 11. Temperature distribution. 

The sensible heat fluxes from the foliage and the ground surfaces are calculated using 

Equations. [6] and [7], respectively.  

𝐻𝑓 = ℎ𝑓(𝑇𝑎𝑓 − 𝑇𝑓) [6] 

𝐻𝑔 = ℎ𝑔(𝑇𝑎𝑓 − 𝑇𝑔) [7] 

 

The effective air temperature surrounding the foliage (above and below), which is referred 

here as the air-foliage temperature is determined from surrounding air, ground surface and foliage 

temperatures. In this model, the empirical relation that has been put forward to estimate air-foliage 

temperature by Dearforff (1978) and commonly used in green roof modelling, Equation [8], is used. 
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As can be seen in the equation, the air-foliage temperature depends on plant cover ratio. When there 

is no plant, Taf=Ta, and during fully coverage Taf is determined mainly by the foliage temperature.  

𝑇𝑎𝑓 = (1 − 𝜎𝑓)𝑇𝑎 + 𝜎𝑓(0.3𝑇𝑎 + 0.6𝑇𝑓 + 0.1𝑇𝑔) [8] 

The sensible heat flux transfer coefficient, hf and hg can be estimated using Equations [9] and 

[10] by considering the air mass blowing through the green roof canopy. Area Index represents an 

area of plants which is exposed to the air movement and associated heat exchange (Leaf area index is 

discussed in the vegetation characterization section). 𝑐𝑝,𝑎 is heat capacity of air and 𝑒0 – windless 

sensible heat transfer coefficient to reflect natural convection due to the temperature gradient (equal 

to 2 W/m2K). 𝜌 - air density near foliage or ground surface that is calculated by the Ideal Gas Law,  

𝑊𝑎𝑓 is wind speed within the foliage and 𝐶ℎ and 𝐶ℎ
𝑔

 are bulk transfer coefficients. 

  

ℎ𝑓 = (𝑒0 + 1.1𝐿𝐴𝐼𝜌𝑎𝑓𝑐𝑝,𝑎𝐶𝑓𝑊𝑎𝑓) [9] 

ℎ𝑔 = (𝑒0 + 𝜌𝑎𝑔𝑐𝑝,𝑎𝐶ℎ
𝑔
𝑊𝑎𝑓) [10] 

 

Bulk transfer coefficient, which is a resistance of plants to wind flow, is determined based on 

roughness length (𝑧0). – a mathematical representation of the surface roughness. In the vegetation 

presence case roughness length is shifted upward by a value called zero displacement height (𝑍𝑑). 

Those values are defined in Equations [11] and [12] (Frankenstein and Koenig, 2004). 𝑍𝑓 – is plants 

height in meters and is one of the model inputs.  
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𝑍𝑑 = 0.701𝑍𝑓
0.975 [11] 

𝑍0 = 0.131𝑍𝑓
0.997 [12] 

Then, using the logarithmic wind profile semi-empirical method, the bulk transfer coefficient 

at the foliage top surface is equal to Equation [13]: 

𝐶ℎ𝑛
𝑓
= [(

𝑘

ln (
𝑍𝑎 − 𝑍𝑑
𝑧0

)
 ]

2

 

[13] 

Where, 𝑘 is Von Karman constant (0.4), 𝑍𝑎 is temperature sensor height, that equals 2 m by 

default.  

According to Deardorff (1978), in the case of vegetation, wind speed within the plant's layer 

is roughly equal to 0.3 of the wind speed above the plants and can be calculated using Equation [14] 

where W is the wind speed from the weather file and limited to be greater than 2 m/s. The wind speed 

within the foliage is highly interconnected with foliage density (coverage ratio) and become equal to 

ambient wind speed in a case of plants absence. The coefficient of 0.83 is an empirical number for 

relative dense canopies like green roof vegetation. 

𝑊𝑎𝑓 = 0.83𝜎𝑓√𝐶ℎ𝑛
𝑓
 𝑊 + (1 − 𝜎𝑓) ∗ 𝑊 

[14] 

Finally, the bulk transfer coefficient for wind flow within foliage is given by Equation [15]. 

The value 0.01 is multiplication factor for forced convection within the plants and 0.3 is free 

convection enhancement.   
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𝐶𝑓 = 0.01(1 +
0.3

𝑊𝑎𝑓
) 

[15] 

The bulk transfer coefficient near the ground surface is determined as Equation [16], where 

𝑟𝑐ℎ is Schmidt number (0.63) and 𝑧0 is growing media roughness length equals to 0.001 m.  

𝐶ℎ𝑛
𝑔
=

[(
𝑘

ln (
𝑍𝑎 − 𝑍𝑑
𝑧0

)
 ]

2

𝑟𝑐ℎ
 

 

[16] 

Sensible heat exchange stability correction factor [17] and Richardson number [18] and [19] 

(Louis, 1979) are used for determination of bulk transfer coefficient for the growing media sensible 

heat flux [17] (Frankenstein and Koenig, 2004). 

𝐶ℎ
𝑔
= 𝛾((1 − 𝜎𝑓) ∗ 𝐶ℎ𝑛

𝑔
+ 𝜎𝑓𝐶ℎ𝑛

𝑓
) [17] 

𝑅𝑖𝑏 =
2𝑔𝑍𝑎(𝑇𝑎𝑓 − 𝑇𝑔)

𝑊𝑎𝑓
2 (𝑇𝑎𝑓 + 𝑇𝑔)

 
[18] 

𝛾 =

{
 
 
 

 
 
 1 −

9.4𝑅𝑖𝑏

√(1 + 7.4𝐶ℎ𝑛
𝑔
9.4√

𝑍𝑎
𝑧0
|𝑅𝑖𝑏|)

           𝑅𝑖𝑏 < 0          

1                                                            𝑅𝑖𝑏 = 0
1

(1 + 4.7𝑅𝑖𝑏)2
                                     𝑅𝑖𝑏 > 0

 

 

[19] 
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5.1.3  Latent heat 

In the green roof system, heat associated with phase change requires explicit attention due to 

the relatively large amount of moisture in the growing media and its transfer to or from the 

surroundings. In green roof modelling, the process of water evaporation or sublimation is complicated 

by plants and its transpiration. Mixing ratio, which is the mass of water vapour per unit of dry mass, 

is used as driving potential in the latent heat calculation. The model calculates mixing ratios of ambient 

air (qa) and the foliage (qf) and ground (qg) interfaces using Equation [20]. 

𝑞 =
0.622𝑃𝑣
𝑃𝑎 − 𝑃𝑣

 
[20] 

Where 𝑃𝑎 is air pressure and 𝑃𝑣 is vapour pressure. 

In the calculation, foliage is assumed to be always saturated.  The mixing ratio of the air 

between the ground surface and plants is estimated using Equation [21] (Deardorff, 1978, 

Frankenstein and Koenig, 2004).  

𝑞𝑎𝑓 =
(1 − 𝜎𝑓)𝑞𝑎 + 𝜎𝑓(0.3𝑞𝑎 + 0.6𝑞𝑓,𝑠𝑎𝑡𝑟𝑡 + 0.1𝑞𝑔,𝑠𝑎𝑡𝑀𝑔)

1 − 𝜎𝑓(0.6(1 − 𝑟𝑡) + 0.1(1 − 𝑀𝑔))
 

[21] 

Where 𝑀𝑔 is a ground moisture factor that equals to 1, when rain falls, otherwise it equals to 

the moisture content of soil near the top surface (taken from the heat and moisture model—model 

coupling parameter). 𝑟𝑡 is foliage surface wetness and is calculated from atmospheric (𝑟𝑎) and plants 

resistance to vapour diffusion (𝑟𝑠), which is referred as stomatal resistance, using Equations [22] and 

[23] 



36 

 

𝑟𝑡 =
𝑟𝑎

𝑟𝑎 + 𝑟𝑠
 [22] 

𝑟𝑎 =
1

𝐶𝑓𝑊𝑎𝑓
 

[23] 

Where, 𝑊𝑎𝑓 – wind speed within the foliage and 𝐶𝑓 – foliage bulk transfer coefficient.  

The stomatal resistance (Equation [24]) is a function of plants properties, minimal stomatal 

resistance and leaf area index, solar radiation and moisture availability at the plant root (Equations 

[25] and [26]). Moisture content within the root zone is obtained from the heat and moisture model 

(—model coupling parameter), and minimum and maximum moisture content are the input parameters 

of the growing media (Chen et al. 1996, Frankenstein and Koenig, 2004). 

𝑟𝑠 =
𝑟𝑠,𝑚𝑖𝑛
𝐿𝐴𝐼

𝑓𝑠𝑢𝑛𝑓𝑚𝑐 
[24] 

𝑓𝑠𝑢𝑛 = min(1,
0.004𝐼𝑠 + 0.005

0.81(0.004𝐼𝑠 + 1)
) 

[25] 

𝑓𝑚𝑐 =
𝑀𝐶𝑟𝑜𝑜𝑡 −𝑀𝐶𝑚𝑖𝑛
𝑀𝐶𝑚𝑎𝑐 −𝑀𝐶𝑚𝑖𝑛

 
[26] 

Following the work of Frankenstein and Koenig (2012), the latent heat flux from the foliage and 

ground surfaces are given by Equations [27] and [28]. 𝑙 – is either latent heat of sublimation or 

evaporation. 

𝐿𝑓 = 𝐿𝐴𝐼𝜌𝑎𝑓𝐶𝑓𝑙𝑊𝑎𝑓𝑟𝑡(𝑞𝑎𝑓 − 𝑞𝑓𝑠𝑎𝑡) [27] 
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𝐿𝑔 = 𝐶𝑒
𝑔
𝑙𝑊𝑎𝑓𝜌𝑎𝑔(𝑞𝑎𝑓 − 𝑞𝑔) [28] 

 

5.1.4 Water movement 

Precipitation in the green roof modelling plays a significant role due to plants dependence on 

moisture availability and the ability of green roofs to retain water in its structure. In the HAMFit-GR 

model, the effect of rain in both energy and moisture transfer is considered. During rain events, part 

of the rainwater is intercepted by leaves and then evaporates back to the atmosphere or drip to the soil, 

and the rest will pass the leaves and directly touches and saturates the growing media. If the amount 

of water is not significant, the water stays on the foliage and evaporates back to the surrounding 

environment or absorbed by the plant and finally transpired to the atmosphere. In the other extreme 

case, where the rainfall exceeds the moisture storage capacity of the growing media, any excess water 

goes through the soil and leaves the system by drainage. Figure 12 schematically shows water 

movement through a green roof.   
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Figure 12. Water movement. 

The model takes the amount of incoming rain from a weather file and then calculates the 

portions of rain amount that are intercepted by leaves (Equation [29]) (Frankenstein and Koenig, 

2004), and the balance is assumed to saturate the growing media. 

𝐼𝑛𝑡𝑝 = 1 − exp (−0.5(𝐿𝐴𝐼 + 𝑆𝐴𝐼)))𝜎𝑓𝑃𝑟𝑐 [29] 

Where, 𝑃𝑟𝑐 is a rain fall rate and 𝑆𝐴𝐼 is stem area index, represents additional plants covered 

not green areas. 

The maximum leaf storage capacity is given by Ramirez and Senarath (2000) in Equation [30]. 

𝑆𝑐𝑚𝑎𝑥 = 0.2(𝐿𝐴𝐼 + 𝑆𝐴𝐼) [30] 
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Where,  

SAI – is a steam area index, which is relatively low in the case of green roofs and can be within 

the range of 0.5 to 2. 

Then the dripped amount can be estimated as Equation [31], where ∆𝑡 is a time step. 

𝐷 = 𝐼𝑛𝑡𝑝 −
𝑆𝑐𝑚𝑎𝑥
∆𝑡

 
[31] 

Heat fluxes due to precipitation on ground and leaf surfaces respectively can be calculated 

using Equations [32] and [33]. 𝛾𝑝 is water density, 𝑐𝑝 is water heat capacity and 𝑇𝑝 is rainwater 

temperature, that is assumed to be at air temperature. 

𝑃𝑔 = −𝛾𝑝𝑐𝑝𝑇𝑝(𝑃𝑟𝑐 − 𝐼𝑛𝑡𝑝 + 𝐷) [32] 

𝑃𝑓 = −𝛾𝑝𝑐𝑝𝑇𝑝𝐼𝑛𝑡𝑝 [33] 

 Regarding water balance within the growing media, plants transpire water to the atmosphere 

causing mass flow from the growing media. This flow is calculated using Equation [34] (Frankenstein 

and Koenig, 2004). Transpiration occurs at the minimum rate of what plants root can uptake or what 

plants can transport to the surroundings based on the conditions. The amount of water that leaves the 

system by evaporation is estimated by the heat and moisture model using vapour pressure based on 

air-foliage mixing ratio provided by the vegetation model.  

𝐸𝑡𝑟 = min (1.5 ∗ 10
−7𝜎𝑓𝑓𝑓𝑀𝐶𝑟𝑜𝑜𝑡, 𝑟𝑑𝐿𝐴𝐼𝜌𝑎𝐶𝑓𝑊𝑎𝑓(𝑞𝑎𝑓 − 𝑞𝑓,𝑠𝑎𝑡 ))       

[34] 
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Where, 

𝑓𝑓 is a freezing factor that is 0 if soil temperature below zero, 𝑀𝐶𝑟𝑜𝑜𝑡 moisture content in the root 

zone and 𝑟𝑑 is a root distribution factor.  

In the green roof structure, water causes heat transfer not only when it touches the surfaces of 

plants and soil, but also when water flows through the growing media to the drainage outlet. The 

model compares the incoming water flow on the top ground surface with the growing media water 

holding capacity at that moment, and the difference is assumed to be a drainage amount (Equation 

[35]). 𝑡 is time step and 𝑧 is coordinate along roof height. 

𝐷𝑟𝑔 = 1000(Prc − Intp + D) ∗ t − ∫𝑀𝐶𝑑𝑧 
[35] 

 

 Heat associated with runoff water is given by Equation [36] and is a subject to add into 

governing energy equation under the heat and moisture model.  

𝐻𝑑𝑟𝑔 = 𝐷𝑟𝑔𝐶𝑙𝑇 [36] 
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5.1.5 Final energy balance equations 

Finally, the general governing equations for heat balance at the foliage layer and top growing 

media surface can be written as Equations [37] and [38]: 

𝜎𝑓[𝐼𝑠(1 − 𝛼𝑓) + 휀𝑓𝐼𝑙𝑤 − 휀𝑓𝜎𝑇𝑓
4 + 𝛾𝑝𝑐𝑝𝑇𝑝𝐼𝑛𝑡𝑝] +

𝜎𝑓휀𝑓휀𝑔𝜎

휀1
(𝑇𝑔

4 − 𝑇𝑓
4)

+ (𝑒0 + 1.1𝐿𝐴𝐼𝜌𝑎𝑓𝑐𝑝,𝑎𝐶𝑓𝑊𝑎𝑓)(𝑇𝑎𝑓 − 𝑇𝑓) + 𝐿𝐴𝐼𝜌𝑎𝑓𝐶𝑓𝑙𝑊𝑎𝑓𝑟𝑡(𝑞𝑎𝑓

− 𝑞𝑓𝑠𝑎𝑡) = 0 

 

[37] 

 

(1 − 𝜎𝑓)[𝐼𝑠(1 − 𝛼𝑔) + 휀𝑔𝐼𝑙𝑤 − 휀𝑔𝜎𝑇𝑔
4] −

𝜎𝑓휀𝑓휀𝑔𝜎

휀1
(𝑇𝑔

4 − 𝑇𝑓
4) + (𝑒0

+ 𝜌𝑎𝑔𝑐𝑝,𝑎𝐶ℎ
𝑔
𝑊𝑎𝑓)(𝑇𝑎𝑓 − 𝑇𝑔) + 𝐶𝑒

𝑔
𝑙𝑊𝑎𝑓𝜌𝑎𝑔(𝑞𝑎𝑓 − 𝑞𝑔) + 𝛾𝑝𝑐𝑝𝑇𝑝(𝑃𝑟𝑐

− 𝐼𝑛𝑡𝑝 + 𝐷) + 𝑘
𝜕𝑇𝑔

𝜕𝑧
− 𝜗𝑐𝑝𝑇𝑔 = 0 

 

[38] 

 

. 
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5.2 Coupled Heat and Moisture model 

The heat and Moisture model has adopted from the HAMFit model. HAM is an abbreviation 

for Heat, Air and Moisture. The HAMFit model can be used to estimate coupled mass and energy 

transfer through the building envelope that can be presented as 1-D, 2-D or 3-D structure. HAMFit 

model is validated through the series of the benchmarks, including comparison with other models and 

experimental results (Tariku, 2008).   Figure 13 shows the main HAMFit workspace in the COMSOL 

Multiphysics environment. Under model section in the model builder, indoor and outdoor boundary 

conditions, a number of designed layers and its properties could be defined. 

 

Figure 13. HAMFit model workspace. 

The model is based on three Partial Differential Equations: PDE (Moisture), PDE (Energy), 

PDE (Airflow) for moisture, heat and air flows respectively with strong interconnection between them. 

Although the original HAM model deals with air movement and the associated energy and moisture 
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transport, it is reasonable to exclude air part within solid layers in this thesis. The effect of wind and 

corresponding convection within foliage is a part of energy calculation under the vegetative model.  

5.2.1 Moisture governing equation  

Moisture transport can be written as the following Equation [39]: 

𝜕𝑤

𝜕𝑡
+ 𝑑𝑖𝑣 (−𝛿𝑣

𝜕𝑃𝑣
𝜕𝑥𝑖

) + 𝑑𝑖𝑣 (𝐷𝑙 (
𝜕𝑃𝑠
𝜕𝑥𝑖

+ 𝜌𝑣𝑔)) = 0 
[39] 

The driving sources are vapour pressure (Pv) and suction pressure (Ps), while the moisture 

content (w) serves as a variable. To build a model, it was decided to transform the formula to a single 

driving potential, relative humidity. Relative humidity is chosen, because it is continuous within the 

whole building structure, while moisture content could be discontinuous at a location where two 

different materials are contacted (Tariku, 2008). 

Therefore, the moisture balance equation might be presented as Equations [40] and [41]:  

Θ
𝜕𝑅𝐻

𝜕𝑡
=

𝜕

𝜕𝑥𝑖
(𝐷𝑅𝐻

𝜕𝑅𝐻

𝜕𝑥𝑖
+ 𝐷𝑇

𝜕𝑇

𝜕𝑥𝑖
) −

𝜕

𝜕𝑥𝑖
𝐷𝑙𝜌𝑤𝑔 

[40] 

And 

𝐷𝑅𝐻 = (𝛿𝑣𝑃𝑠 + 𝐷𝑙
𝜌𝑤𝑅𝑇

𝑀 𝑅𝐻
)         𝐷𝑇 = (𝛿𝑣𝑅𝐻

𝜕𝑃𝑠𝑎𝑡
𝜕𝑇

+ 𝐷𝑙
𝜌𝑤𝑅

𝑀
ln(𝑅𝐻)) 

 

[41] 

Where 
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𝜃- is sorption capacity; 𝐷𝑅𝐻 and 𝐷𝑇 are moisture and temperature conduction coefficients; 𝐷𝑙 

– is liquid conductivity; 𝛿𝑣 – vapor permeability; 𝑃𝑠𝑎𝑡 – saturated vapor pressure; 𝑅 – universal gas 

constant; 𝑀 - molecular mass of a water molecule.  

5.2.2 Energy governing equation  

The heat balance is expressed by Equations [42] and [43]. 

𝜌𝑚𝐶𝑝𝑒𝑓𝑓
𝜕𝑇

𝜕𝑡
+ 𝑑𝑖𝑣 (−𝜆𝑒𝑓𝑓𝑔𝑟𝑎𝑑(𝑇))

= 𝑑𝑖𝑣 (𝛿𝑣
𝜕𝑃𝑣
𝜕𝑥𝑖

)ℎ𝑓𝑔 + 𝑑𝑖𝑣 (𝛿𝑣
𝜕𝑃𝑣
𝜕𝑥𝑖

) 𝑇(𝐶𝑝𝑣 − 𝐶𝑝𝑙) + 𝑄𝑠 

[42] 

And 

𝐶𝑝𝑒𝑓𝑓 = 𝐶𝑣𝑚 + 𝑌𝑙𝐶𝑝𝑙 [43] 

Where 𝜌𝑚 – is material density, 𝜆𝑒𝑓𝑓 - effective thermal conductivity, 𝛿𝑣 - vapor permeability, 

𝑃𝑣 - vapor pressure, ℎ𝑓𝑔- latent heat of evaporation/ condensation. 𝐶𝑣𝑚, 𝐶𝑝𝑣 and 𝐶𝑝𝑙 - specific capacity 

of the solid matrix, water vapour and water respectively,  𝑄𝑠- heat source, 𝑌𝑙 - mass fraction of liquid 

water. 

As it can be seen from the formulas, water content interacts with heat balance as well as the 

temperature influences moisture balance. Therefore, this interdependence makes the model coupled. 

Figure 14 shows the COMCOL Multiphysics interface with equations are implemented.  
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Figure 14. Heat and Moisture model via COMSOL Multiphysics differential equations. 

5.2.3 Model modifications  

To couple vegetative model with HAMFit, some modifications are required. First, the 

vegetative model calculates radiative, sensible, latent and precipitation heat fluxes due to plants 

presence on the top surface of growing media. Thus, those terms are added to the HAMFit energy 

equation on the top surface. Energy balance on the top surface can be written as Equation 44.  

𝜌𝑚𝐶𝑝𝑒𝑓𝑓
𝜕𝑇

𝜕𝑡
+ 𝑑𝑖𝑣 (−𝜆𝑒𝑓𝑓𝑔𝑟𝑎𝑑(𝑇))

= 𝑑𝑖𝑣 (𝛿𝑣
𝜕𝑃𝑣
𝜕𝑥𝑖

) ℎ𝑓𝑔 + 𝑑𝑖𝑣 (𝛿𝑣
𝜕𝑃𝑣
𝜕𝑥𝑖

) 𝑇(𝐶𝑝𝑣 − 𝐶𝑝𝑙)

+ (1 − 𝜎𝑓)[𝐼𝑠(1 − 𝛼𝑔) + 휀𝑔𝐼𝑙𝑤 − 휀𝑔𝜎𝑇𝑔
4] −

𝜎𝑓휀𝑓휀𝑔𝜎

휀1
(𝑇𝑔

4 − 𝑇𝑓
4) + (𝑒0

+ 𝜌𝑎𝑔𝑐𝑝,𝑎𝐶ℎ
𝑔
𝑊𝑎𝑓)(𝑇𝑎𝑓 − 𝑇𝑔) + 𝐶𝑒

𝑔
𝑙𝑊𝑎𝑓𝜌𝑎𝑔(𝑞𝑎𝑓 − 𝑞𝑔) + 𝛾𝑝𝑐𝑝𝑇𝑝(𝑃𝑟𝑐

− 𝐼𝑛𝑡𝑝 + 𝐷) 

[44] 

Second, water that penetrates to the growing media results in convective heat flow; thus, the 

governing energy equation within the soil needs to be modified as well (Equation [45]). 
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𝜌𝑚𝐶𝑝𝑒𝑓𝑓
𝜕𝑇

𝜕𝑡
+ 𝑑𝑖𝑣 (−𝜆𝑒𝑓𝑓𝑔𝑟𝑎𝑑(𝑇))

= 𝑑𝑖𝑣 (𝛿𝑣
𝜕𝑃𝑣
𝜕𝑥𝑖

) ℎ𝑓𝑔 + 𝑑𝑖𝑣 (𝛿𝑣
𝜕𝑃𝑣
𝜕𝑥𝑖

) 𝑇(𝐶𝑝𝑣 − 𝐶𝑝𝑙) + 𝐷𝑟𝑔𝐶𝑝𝑙𝑇 + 𝑄𝑠 

[45] 

Thirdly, regarding moisture balance, outdoor flow due to rains is restricted by vegetation 

model and equals to the amount of rain that is not intercepted by leaves plus dripped water from leaves 

and can be written as Equation [46].  

𝑀 = 𝑃𝑟𝑐 − 𝐼𝑛𝑡𝑝 + 𝐷 − 𝐸𝑡𝑟 [46] 

Finally, although evaporation process is covered by the HAMFit model, it is an exchange with 

outdoor air. In the green roof model, there is a need to include the additional evaporation process due 

to plants. Thus, the mixing ratio of the air within foliage is converted and applied as outside vapour 

pressure.  
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5.3 Model inputs  

In order to properly model heat and moisture movement within the green roof structure, 

adequate input data is required. Model input parameters include outdoor and indoor conditions data, 

soil and other materials properties, and vegetation characteristics.  

Boundary conditions consist of inside and outside temperatures (room set and air temperatures 

respectively), relative humidities in the form of vapour pressure, incoming sun and longwave 

radiation, wind speed and amount of rain coming on the modelled roof.  

A number of physical properties describe each layer in the model. Typical widely distributed 

in the construction industry materials are already included in the HAMFit model based on the 

information available from ASHRAE. Unfortunately, growing media properties are not unique and 

should be characterized separately. Table 1 summarizes growing media variables to include in the 

mode. Main soil properties to be described are radiative parameters (albedo and emissivity); density 

and heat capacity; thermal, liquid and vapour conductivity (or diffusivity); moisture content (sorption) 

and moisture storage capacity. 

Table 1. Growing media parameters. 

# Symbol Name Unit 

1 ag albedo groud - 

2 eg Emissivity - 

3 Density Soil Density kg/m3 

4 H_C Heat Capacity J/kgK 

5 Sorption Moisture content in soil kg/m3 

6 Conductivity Conductivity W/m2K 

7 VperPermeability Vapour Permeability kg/Pam 

8 Diffusivity Water diffusivity m2/s 

9 M_C Moisture storage capacity kg/m3 
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Such parameters as density, heat capacity, thermal and liquid conductivity are moisture-

dependent defined based on moisture content (Sorption), which in its term is a function of relative 

humidity, following the sorption isotherm of the material.  

 The vegetation layer is different from the rest of layers because plants only partly cover the 

growing media surface. The heat capacity of plants is assumed to be negligible and temperature to be 

uniform within the whole layer. Table 2 lists vegetative-connected inputs.  

 

Table 2. Vegetation parameters. 

# Name Definition Unit 

1 CV_min Minimum coverage ratio m2/m2 

2 CV_max Maximum coverage ratio m2/m2 

3 zroot Root depth mm 

4 af Foliage albedo - 

5 ef Foliage emissivity   - 

6 aroot Root fraction parameter a m-1 

7 broot Root fraction parameter b m-1 

8 LAI_min Minimum Leaf Area Index m-2/m-2 

9 LAI_max Maximum Leaf Area Index m-2/m-2 

10 rsmin Minimal stomatal resistance s/m 

11 SAI Stem Area Index m2/m2 

12 z0fm Roughness length m 

13 Zfmin Minimum plants Height m 

14 Zfmax Maximum plants Height m 

  

 Coverage ratio (CV_min, CV_max) and Leaf Area Index (LAI_min, LAI_max), parameters 

that changes with seasons, are main parameters that influence the overall green roof performance. 

Another important variable in the green roof simulation process is stomatal resistance, that can be 
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defined as an ability of plants to transfer water through it.  All the specific numbers listed above 

variables are defined through experiments. 
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6 CHARACTERIZATION OF GROWING MEDIA AND 

VEGETATION PROPERTIES  

With the aim to validate the correctness of the physics within the developed green roof model, 

it was essential to determine the growing media, drainage mat and vegetation characteristics in the 

field experiment that will be used for validation purpose. In the case of drainage mat, SOPRADRAIN 

ECO-VENT is used. All the necessary data is available from the manufacture website. The properties 

of the growing media are experimentally measured in the lab. 

6.1 Growing media characterization 

6.1.1 Density and porosity  

Density and Porosity have been measured according to ASTM D7263 – 09 (Standard Test 

Methods for Laboratory Determination of Density (Unit Weight) of Soil Specimens). There only 

pieces of equipment that are required for the test are a balance and a drying oven. Empty cylinders 

were prepared marked and measured. Three samples of the growing media being used in the field 

experiment were prepared and dried.  Figure 15 shows specimens in the oven at the beginning of the 

test. During the drying, specimen mass had been checked every two hours after 16 hours of oven-

drying until the daily mass change is within 0.1%.  
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Figure 15. Soil specimens in the oven. 

Since the soil specimens were dried and contained no moisture in it, containers with growing 

media have been weighted. The whole process is shown in Figure 16 and Table 3. Water was added 

to the cylinder with dry growing media mass until the water began to pour out. The measurement 

showed that density of the soil specimen is 740 kg/m3 ± 10 kg/m3 and porosity is 0.56 ± 0.12.  
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Figure 16. Density and Porosity measurement. Top left – empty cylinder; top right – cylinder filled 

with water; bottom left – dry growing media specimen; bottom right – wet growing media specimen. 
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Table 3.  Soil density and porosity test ASTM D7263 - Volumetric method - B 

            

Name Soil test 1 Date 

15-May-

17 Job # Thesis   

            

Location Lab                 

            

Description          

                    

Sample # 1 2 3 

Mass in grams 

Tare plus not-dried soil   669.3 684.77 NA 

Tare   362.42 362.42 96.38 

Not-dried soil    306.88 322.35 NA 

Tare plus dry soil   667.3 682.6 2680.86 

Dry Soil   304.88 320.18 2584.48 

Tare 

Water + tare in grams 778.48 788.72 3560.36 

            

Water in grams 416.06 426.3 3463.98 

            

Volume in ml 416.06 426.3 3463.98 

  

Volume in cm3 416.06 426.3 3463.98 

  

Density of not-dried soil in g/cm3 0.738 0.756 NA 

            

Density of dry soil in g/cm3 0.733 0.751 0.746 

Additional water 

Total mass, in g 904.05 917.13 4628.63 

  

Water mass, in g 236.75 234.53 1947.77 

  

Water volume in cm3 236.75 234.53 1947.77 

  

Cylinder volume in cm3 416.06 426.3 3463.98 
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Porosity 0.5690 0.5502 0.5623 

6.1.2 Sorption Isotherm and Moisture Storage capacity 

 As it was mentioned before, the main variable for the moisture governing equation is relative 

humidity; therefore, a function connecting relative humidity and moisture content is needed. To 

determine the sorption property and storage capacity of the growing media as a function of relative 

humidity, firstly, three samples had been prepared, dried in an oven and then their dry weight is 

determined. Then they are placed in an environmental chamber, Figure 18, to determine their 

equilibrium moisture contents under various test conditions. The available environmental chambers 

can reach relative humidity up to 95%; thus, the equilibrium moisture continents of the specimens 

were determined at 0%, 50%; 80%; and 95% RH and temperature of 21°C. As part of the measurement 

procedure, the specimens’ are kept in the chamber, and their moisture gains are recorded periodically 

until a mass change in successive five measurements is less than 0.1%. The results of sorption 

measurements are plotted in Figure 17. 

 

Figure 17. Measure sorption isotherm. 
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Figure 18. Sorption isotherm test. Top left – three growing media specimen; top right environmental 

chamber; bottom left – growing media specimen in the chamber; bottom right – specimen weight 

measurement.  

6.1.3 Hydraulic properties 

One of the important growing media property that is essential for green roof modelling is soil 

saturated hydraulic conductivity, which is the resistance to water flow. In this thesis, Dualhead 
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Infiltrometer is used to characterize the soil saturated hydraulic conductivity. Figure 19 shows a field 

test using the infiltrometer. As it follows from the device name, the hydraulic diffusivity of the soil 

obtained from the test is only for the saturated stage. The measured saturated hydraulic conductivity 

of the growing media is 0.036 cm/s.  

 

Figure 19. Liquid permeability test. 

6.1.4 Conductivity and heat capacity 

Conductivity and specific heat capacity measurement were conducted according to ASTM 

D5334 – 14 Standard. The primary two tools to be used in the test are a laboratory balance and a 

thermal properties analyzer. The device called “KD2-Pro” was used. According to the manufacturer 

manual, KD2 – Pro is “a device that creates a linear heat source and incorporates a thermocouple or 

thermistor to measure the variation of temperature at a point along the line.” Figure 20 illustrates the 
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measurement process. The process involves six thermal conductivity measurements at points from 

thoroughly dried to fully saturated growing media stage. At each stage, some amount of water was 

added to rich the certain saturation level. The results are shown in Table 4. 

  
Figure 20. Thermal conductivity measurement. Left – dry growing media specimen; right – wet 

growing media specimen. 

 

  



58 

 

Table 4. Thermal conductivity measurement. 

Saturation 

level 

Weight Conductivity (W/mK) 
Heat 

Capacity 

(mJ/m3K) Water added Water + jug Total Left Middle Right 

0 0 0 2680.86 0.076 0.084 0.081 0.869 

10 362.24 458.98 3043.10 0.199 0.149 0.16 1.14 

20 724.49 458.98 3405.35 0.23 0.271 0.327 1.223 

30 1086.73 458.98 3767.59 0.527 0.521 0.398 1.278 

45 1448.98 458.98 4129.84 0.79 0.738 0.776 NA 

55 Sat 1811.22 458.98 4492.08 0.833 0.754 0.83 NA 

 

It is clear from the table that thermal conductivity raises with higher moisture content level, 

and at the fully saturated stage it is ten times higher than fully dried soil. Figure 21 illustrates the rise 

of thermal parameters with moisture level. Unfortunately, the device is designed to measure heat 

capacity of soils, sands etc. below saturation level and measurement of highly saturated growing 

media was out of range of the device. In the model effective heat capacity of the growing media above 

30% moisture content is calculated using the growing media porosity (∅),  the heat capacities of the 

dry soil (𝑐𝑝,𝑠𝑜𝑖𝑙), water (𝑐𝑝,𝑙) and air (𝑐𝑝,𝑎),  and their volume proportion in the growing media 

(
𝑀𝐶

𝑀𝐶𝑚𝑎𝑥
)(Eq. 45). 

𝑐𝑝,𝑒𝑓𝑓 = 𝑐𝑝,𝑠𝑜𝑖𝑙 + (1 − ∅)[
𝑀𝐶

𝑀𝐶𝑚𝑎𝑥
𝑐𝑝,𝑙 + (1 −

𝑀𝐶

𝑀𝐶𝑚𝑎𝑥
) 𝑐𝑝,𝑎] 

 

[45] 
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Figure 21. Conductivity and heat capacity graphs based on the test data. 

6.1.5  Growing media hydrothermal property summary 

Although the growing media sample from the field validation experiment is analyzed through 

the lab test, some of the required parameters are still unknown or measured in a limited framework. 

Therefore, the most similar growing media substrate is chosen from the WUFI database based on 

known properties (porosity, density, conductivity, heat capacity, measured moisture content points, 

saturated hydraulic conductivity). 

First, the sorption isotherm is adopted from the chosen WUFI growing media isotherm and 

plotted against WUFI isotherm in Figures 22-23. The graph is divided into three parts to show 

unsaturated and near-saturated zones clearly. 
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Figure 22. Sorption isotherm. Top – region 0-0.93; bottom – region 0.96-0.99. 



61 

 

   

 

Figure 23. Sorption isotherm. Region – 0.99-1. 

Second, similar to the sorption isotherm, the liquid permeability graph is taken from the WUFI 

database with regards to saturated liquid conductivity measured in the section 7.1.3. The graph 

showing liquid conductivity dependence is plotted in Figure 24. 
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Figure 24. Liquid diffusivity curve. 

Third, the growing media vapour permeability value is converted from the 𝜇 – value (3.3) 

given in the WUFI database.  

𝛿𝑣 =
129

3.3
= 39.09 𝑃𝑒𝑟𝑚 − 𝑖𝑛𝑐ℎ = 5.70336E − 11

 kg

msPa
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6.2 Vegetation parameters visualization  

  A coverage ratio and a corresponding leaf area index are the critical parameters in the green 

roof modelling. During the validation process, the image visualization technique applied to get actual 

parameters of the tested green roof.  The coverage ratio is the percentage of area covered by plants 

leaves and stems per unit area. Leaf area index that is the ratio of the plants one-sided green surface 

to the projected soil area. In this thesis, these parameters are quantified through visualization of the 

test green roofs images. This is achieved by taking pictures of the plants at deferent times and using 

costume made Matlab scripts, which are developed based on the definition of the two parameters. The 

Matlab code for the two values is provided in Appendix D. 

6.2.1 Coverage ratio 

The Coverage Ratio scrip separates green and close to green colours from the rest of other 

colours in an image; and then determines the ratio of the green area to the total area. Figure 25 shows 

the script implementation on a leaf. 
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Figure 25. The coverage ratio of the single leaf (left original side picture with the area covered by the 

leaf – 0.342 (manually measured); the right side – script output image with the area covered by the 

leaf – 0. 3493 (Image visualization using Matlab). 

Several pictures during the plants' development had been taken and analyzed by the script. Figure 26 

illustrates original and computed images of one of the green roof test beds taken a few weeks after 

sedum species have been planted. In this case, the calculated plant coverage ratio is 0.5060.   

Figure 26 shows coverage ratio of 0.83, 13 months after plantation, and Figure 27 shows green roof 

images in June 2017. During the experimental period, the green roof coverage ratio varies from 0.5 to 

0.9. 

 



65 

 

 

Figure 26. The area covered by vegetation after several weeks of plants grow. 
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Figure 27. Green roof coverage ratio in June 2017. Left – original picture, right – non-green points 

are blacked.  

The same script is applied to pictures taken in the summer season when green roof sample was 

covered by green plants with yellow blossoms. Figure 28 shows the original shot and separated yellow 

and green dots pictures. In this figure separated yellow zone is 0.519 and green is 0.453, and the final 

coverage ratio equals to 0.9722 that means almost full coverage of the roof. 
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Figure 28. Green roof coverage ratio in July 2017. Top left – original picture; top right – non-yellow 

points are blacked, bottom – non-green locations are blacked.  

6.2.2  Leaf area index 

  Additionally to the coverage ratio value, leaf area index is needed to be determined. Leaf Area 

Index (LAI) is defined as the one-sided green leaf area per unit ground surface area. In order to 

estimate LAI, a hundred of sedum spouts were picked up from the test green roof. Manual counting 

showed that area of 12.7 by 12.7 cm contains 100 sprouts.  Following the definition, several sprouts 

were cut, and leaves were separated from stems (Figure 29 shows four cut sprouts). Then, each sprout 

was placed on pieces of paper with known dimensions.  
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Sample 1.  Sample 2. 

  

Sample 3. Sample 4. 

  

 

Figure 29. LAI estimation samples 

Then, image visualization technique applied to get a proportion of green areas per known paper 

squares. Figure 30 illustrates images of Matlab script outputs.  
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Sample 1.  Area = 0.2822 Sample 2. Area =0.1988 

  

Sample 3. Area =0.3004 Sample 4. Area =0.2855 

  

 

Figure 30. LAI image visualization using Matlab. 

Based on the image analysis, the average green surface ratio is 0.2677. The actual leaf area 

index value for the tested green roof is determined using Equation. [47], which is derived from the 

LAI definition and calculated from the average green surface ratio (𝐶𝑅𝑔), the area of the paper square 

box (𝑆1) and the area (𝑆2) of the green roof with 100 (𝑛) sprouts.  
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𝐿𝐴𝐼 =
𝐶𝑅𝑔𝑆1𝑛

𝑆2
 

[47] 

𝐿𝐴𝐼 =
0.2677 ∗ 2500 𝑚𝑚2 ∗ 100

16129𝑚𝑚2
= 4.15 

 

 

 

 Therefore, Leaf Area Index equals 4.15. The numbers obtained from the vegetation tests are 

within the range of typical values for coverage ratio and leaf area index in the literature. However, 

approximate values of those parameters can be found in the previous studies; the exact values are 

essential within the validation process.   
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6.3 Input parameters from literature 

Some of the listed values, such as root fraction numbers and roughness length are common for 

the low type of vegetation (Frankenstein and Koenig (2004), and there is no need to measure them. 

For the rest of variables, several field and laboratory tests have been conducted. Table 5 provides a 

summary of reasonable values for an extensive green roof simulation. Sources: Tabares-Velasco et al. 

(2011, 2012,2013); Berghage et al. (2012); Gagliano et al. (2014); Olivieri et al. (2013); 

Yaghoobian et al. (2015); Berardi et al. (2016); Allen et al. (1998); Gargari et al. (2016); Deardorff, 

J. W. (1978); Ouldboukhitine et al. (2013); WUFI (2017).  

Table 5. Parameters are taken from literature 

# Name Definition Unit Min value 

Max 

value 

1 zroot Root depth mm 5 30 

2 aroot Root fraction parameter a m-1 5.558 10.739 

3 broot Root fraction parameter b m-1 1.627 2.614 

4 rsmin 

Minimal stomatal 

resistance s/m 120 900 

5 SAI Stem Area Index m2/m2 0.5 6 

6 z0fm Roughness length m 0.02 0.02 

7 Sorption  Moisture content in soil kg/m3 400 600 

8 Conductivity Conductivity W/m2K 0.4 1.2 

9 

VperPerme 

ability Vapour Permeability kg/Pam 5.70E-11  
10 Diffusivity Water diffusivity  m2/s 3.6E-09 3.71E-06 
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7 VALIDATION  

In parallel with this work, Hagos (2018) conducted an experimental field study on green roofs 

using the Whole Building Performance Research Laboratory (WBPRL).  The primary objective of 

this work was to investigate thermal performance and water retention capacity of an extensive green 

roof in marine climates, and the effects of the plants, moisture, drainage layers and growing media 

type in the green roof performance.  The experimental field study has more than 15 months of data 

from eight 4’ by 4’ square test beds covering all the seasons. The WBPRL comprises two identical 

250 ft2 air-conditioned buildings, located in Burnaby, BC, Canada with a latitude of 49.24°N and 

longitude of 123.00° W. During the experimental period, the weather was mild with warm summer 

and rainy winter, and with two weeks of snow in December. The indoor temperature is kept at 21 °C 

during the whole experiment period.   

7.1  Field experiment 

With regards to model validation, the data from sensors are essential. The sensors and the 

measured parameters used in the original field experimental are described in Table 6 and shown in 

Figure 31. The roof used for the validation is a flat wood constructed roof with 12 inches of fibreglass 

insulation (R 38) with the interior air barrier. There are also green roof protection layers, such as root 

barrier, filter fabric and SOPRADRAIN ECO-VENT drainage mat. The growing media layer is 4-

inch height and planted by sedum plants.  

 For the validation exercise, the readings from the temperature and moisture content sensors 

in the growing media and the heat flux sensors at the bottom of the growing media and in the inside 

are used for comparison with HAMFit-GR simulation results.  
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Table 6. Parameters and sensors used in the benchmark experiment. 

# Parameter Sensor 

1 Temperature Thermocouples 

2 Relative Humidity Relative Humidity Transducer 

3 Moisture Content Dragon Device GS1 

4 Solar reflection Pyranometer 

5 Heat Flux Heat Flux Transducer 

6 Precipitation, wind speed Weather station 
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Figure 31. Sensors installed in the test green roof tray. 

 

The data available from the field experiment is valuable, but not sufficient for the 

comprehensive validation. Therefore, new sensors have been installed as shown in Figure 32. The 

additional sensors include: 1) two long-wave radiation sensors – pyrgeometers were installed, one 

facing the sky, another facing the surface of the green roof, to measure longwave radiations from the 

sky to the roof and vice versa; 2) additional thermocouple and relative humidity sensors within plants 

and the soil surface; 3) additional thermocouples intended to measure foliage, ground surface and air 

within foliage temperatures are added. 
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Figure 32. Additional sensors. Top and bottom left – a view of installed sensors; top right – the 

pyrgeometer before installation; bottom right – RH sensor installation.  

 The validation process consists of the comparison between modelled and measured values. In 

addition to the field experiment data, the green roof cases were modelled in WUFI software. Both 

HAMFit-GR model and WUFI model used weather data from the test field weather station and the 

same parameters for materials as well as heat and moisture surface transfer coefficients. Weather data 

consist of ambient air temperature, relative humidity, wind speed, rain amount and incoming 
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longwave and shortwave radiation.  HAMFit-GR validation is done in steps with four experimental 

test cases, starting from relatively simple to complex validation cases.  In the first test case, the model’s 

capability was tested for a green roof system with dry growing media and no vegetation. In the second 

validation case, wet growing media is considered. In the third and fourth test cases, a full green roof 

system with vegetation is considered in a dry (case 3), and wet (case 4) seasons. The accuracy of the 

model is analyzed by Mean Bias Error (MBE) as the difference between measured and model value 

and Root Mean Square Error (RMSE) as the square root of squared errors.  

7.2 HAMFit-GR Model Validation: A case with No Vegetation  

7.2.1  Bare growing media in the dry period 

 A period of two weeks with no precipitation in June 2017 is selected to represent dry and 

warm weather conditions that a green roof is expected to be exposed in Vancouver. The first validation 

case is focused on soil properties and heat and moisture movement with no liquid water flow due to 

rain. The outdoor air temperature during the day varies between 20-32ºC and in the night 11- 17ºC. 

The roof is also exposed to solar radiation every day with a maximum solar gain of 900 W/m2 at noon 

times. The test building indoor temperature and relative humidity are kept constant at 23ºC, and 45, 

respectively, during the experimental period. Using the measured soil parameters, indoor and weather 

data, the temperature distribution across the thickness of the green roof with no plant (a bare growing 

media roof) is simulated, and the temperature profiles at the top, middle and bottom of the growing 

media are presented in Figures 35-37. Temperature lines in all three plots show the same trend. 

However, at the top position in the early afternoon, some temperature differences between measured 

and simulated results are observed. This discrepancy is caused by a shadow that measurement devises 

cast on sensors at noon times (circled on the graph). Figure 38 represents the correlation between the 

modelled and measured temperature values. Most of the data points lie on or near the 45º line, except 
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some noon top surface measurements. Mean bias error for temperatures was 2.06ºC, and RMSE was 

2.71ºC. 

Besides temperature, HAMFit-GR model soil moisture content prediction is compared with 

the experimental data. The soil moisture content at the top and bottom, expressed in relative humidity, 

are plotted against measured data in Figures 33 and 34, respectively. The results are in the good 

agreement in the dry summer period, MBE is 0.044 and RMSE is 0.047. As it can be seen from the 

graphs, the developed model can predict drying process and moisture movement within the growing 

media. The next case includes modelling the same roof, but a simulation period was chosen to have 

continuous precipitation events.  

 

Figure 33. Case 1- Relative Humidity – ½” below the upper surface. 
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Figure 34. Case 1- Relative Humidity – ½” above the soil bottom. 

 

Figure 35. Case 1- Ground temperature – ½” below the upper surface. 



78 

 

 

Figure 36. Case 1- Ground temperature in the middle of the soil layer. 

 

Figure 37. Case 1- Ground temperature – ½” above the soil bottom. 
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Figure 38. Case 1- Correlation of measured and calculated values 

 

The test hut buildings are also equipped with heat flux sensor: the first sensor is located under 

the growing media and the second sensor is located above inside drywall. HAMFit-GR is able to 

export heat flux value at any point thought the simulated assembly; thus, the heat flux is a subject of 

the validation procedure. Figures 39 and 40 present heat flux profiles.  Under the growing media 

without plants heat flux can reach 20-25 W/m2 in the daytime with a sharp drop and rises in the 

measured values; however, HAMFit-GR can accurately predict the heat flux trends. Heat flux that is 

taken from the inside ceiling pointy stays in the range of ±1 W/m2 with good agreement between 

HAMFit-GR and experimental values. 
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Figure 39. Case 1 - Heat Flux - growing media bottom. 

 

Figure 40. Case 1 - Heat Flux - Ceiling. 
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7.2.2 Bare soil in the rainy period 

 The second case was simulated using the same roof as previous, but the timeframe was selected 

to represent rainy period. Two weeks of May 2017 with rain events in the beginning and during the 

second week; temperature between 10 to 20ºC; various solar activity and relatively moist air. As in 

the first case, temperatures and relative humidity were plotted against corresponding measured values. 

Figures from 41 to 46 illustrate this comparison. In that case, MBE is 1.07, and RMSE is 1.3ºfor soil 

temperatures and MBE is 0.0053, and RMSE is 0.0059 for RH values. The model was able to predict 

moisture change in the soil accurately: from saturation state at the begging, the growing media goes 

through a drying process until the continuous rain happened and get saturated again. The heat flux 

profile are plotted in Figure 47 and 48. HAMFit-GR accurately predicts heat fluxes in both compared 

points: under the growing media and ceilings.  

 

 

Figure 41. Case 2 - Relative Humidity – ½” below the upper surface. 
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Figure 42. Case 2- Relative Humidity – ½” above the bottom surface.  

 

Figure 43. Case 2 – Temperature – ½” below the upper surface. 
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Figure 44. Case 2 -Temperature –in the middle of the growing media layer. 

 

Figure 45. Case 2 - Temperature – ½” above the bottom surface. 



84 

 

 

Figure 46. Case 2- Correlation of measured and calculated values. 

 

Figure 47. Case 2 - Heat Flux - growing media bottom. 
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Figure 48. Case 2 - Heat Flux - Ceiling. 
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7.3 Vegetative Model Validation 

7.3.1 Leaves temperature  

As discussed in the previous section, thermocouples are installed to measure leaves and ground surface 

temperatures. In this validation case, measured ground temperatures were used as a known variable 

to separately validate the vegetation model by comparing calculated and experimental temperatures 

of leaves. The period from June 30 to July 15 is selected with daily active sun and temperature range 

of 10-30ºC. Figures 49 and 50 demonstrate foliage temperature profile and correlation. In this case, 

the separated vegetative model has been validated with MBE equals to 1.83 and RMSE equals to 2.15 

 

Figure 49.Measured and Modeled Temperatures.  



87 

 

 

Figure 50.  Case 3- Correlation of measured and calculated values. 

7.4 HAMFit-GR Model Validation: A case with Vegetation 

7.4.1 Vegetated roof in the dry period 

Since the vegetative, as well as heat and moisture model, are validated separately using 

experimental data, the next validation exercise focus on validating the full HAMFit-GR model, 

coupled vegetative and HM model, using experimental data. For this case, the same dry period as in 

the first case is used but a test roof with vegetation. Figures 51 to 59 compares temperature. relative 

humidity and heat flux profiles. In addition to temperature and relative humidity values within the 

growing media, leaf temperature is plotted and compared. Here, two methods of model validations, 

comparison with experimental data and results from another available green roof model – WUFI, are 

used to benchmark HAMFit-GR, All the inputs, such as indoor and outdoor boundary conditions, heat 

transfer coefficients, material properties are the same.  As can be seen from the graphs, both WUFI 
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and HAMFit-GR are able to predict the moisture content in the soil at both top and bottom points 

reasonably well however, WUFI model incorrectly estimates the upper soil surface temperature, while 

HAMFit-GR model predicts the temperatures more accurately. Figure 57 shows the correlation of the 

measured and simulated temperature results (HAMFit-GR). HAMFit-GR model MBE is 0.8ºC and 

RMSE is 1.02ºC for internal growing media temperature points, MBE - 1.9 ºC and 2.2 ºC  for the 

growing media surface, and 1.9ºC and 2.3ºC for  vegetation temperatures. Relative Humidity MBE is 

0.029 and RMSE is 0.031. 

 

Figure 51. Relative Humidity – ½” below the upper surface. 
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Figure 52. Relative Humidity – ½” above the bottom surface. 

 

Figure 53.  Case 4 – Foliage Temperatures. 
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Figure 54. Case 4 – Temperature – Soil Surface. 

 

Figure 55. Case 4 – Temperature – in the middle of the soil layer. 
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Figure 56. Case 4- Temperature– ½” above the bottom surface. 

 

 

Figure 57. Case 4 – Correlation of measured and calculated values. 
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Figure 58. Case 4 - Heat Flux - Growing media. 

 

Figure 59. Case 4 - Heat Flux - Ceiling. 
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7.4.2 Vegetated roof in the rainy period 

Following the same logic, the fifth validation case uses experimental results of the same green 

roof system during a timeframe with rain events. The period is characterized by stable air temperatures 

between 15 to25ºC, sunny days and two rain events. In this case, the soil stays near saturation 

condition for most of the period. In Figures 60 to 68, the simulation results of HAMFit-GR and WUFI 

models and the measured soil temperature and moisture content (represented in relative humidity) are 

presented. As it can be seen, both models accurately calculate then moisture content in the soil. 

Regarding temperature, HAMFit-GR results are in a good agreement with experimental temperature 

in all four cases (plants, soil surface, middle point, bottom point), while WUFI results are correct only 

at middle and bottom points, as shown in Figures 60-61. Figure 66 illustrates the correlation between 

the measured and HAMFit-GR temperature simulation results. The simulation results at the top, 

middle and bottom points have a combined MBE of  0.55ºC, and RMSE of 0.67ºC; for foliage  MBE 

is 1.28ºC, and RMSE is 1.67ºC. Relative humidity MBE is 0.012 and RMSE is 0.013. In addition to 

RH and Temperature profiles, heat flux prediction of HAMFit-GR is compared with experimental 

data on Figures 67 and 68.  
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Figure 60. Case 5- Relative Humidity – ½” above the bottom surface. 

 

Figure 61. Case 5- Relative Humidity – ½” above the bottom surface. 
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Figure 62. Case 5 – Foliage Temperature. 

 

 

Figure 63. Case 5 – Soil Surface Temperature. 
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Figure 64.  Case 5 – Soil Middle Point Temperature. 

 

Figure 65. Case 5 – Soil Bottom Point Temperature. 
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Figure 66. Case 5 – Temperature values distribution. 

 

Figure 67. Case 5 – Heat Flux model vs measured. 



98 

 

 

Figure 68. Case 6 – Heat Flux model vs measured. 

7.5  Sensitivity analysis 

In order to investigate the importance of input parameters, the HAMFit-GR model sensitivity 

study is prepared by setting input parameters to its minimal and maximum values. The time period is 

selected to be the same as the validation case #3 – ten days representing the summertime in Vancouver. 

The list of study variables is following: coverage ratio; leaf area index; root depth and a fraction; 

minimal stomatal resistance; plants height; growing media density and heat capacity; moisture content 

and runoff water convective heat calculation. 

7.5.1 Coverage ratio 

The coverage ratio is a percentage of area covered by plants leaves and stems per the same 

unit area. In the HAMFit-GR model, coverage ratio is described by minimum and maximum values, 

that are basically reflects seasonal values. In green roof modelling, those numbers vary from 0.25 to 

0.5 and from 0.5 to 0.95 for minimum and maximum coverage respectively. The coverage ratio is 
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responsible for heat and moisture transfers between foliage and soil. In Figures 69 and 70, the soil 

bottom point temperature and ceiling heat flux profiles, respectively, are plotted. The higher coverage 

ratio case demonstrates its ability to keep heat inside the growing media and cut heat flow from and 

to a living space. This behaviour is explained by lower soil surface area exposed to the negative heat 

flow due to radiation, evaporation and convection. In the same time, coverage ratio determines the 

amount of solar coming to the system (shading), this effect can be seen in the periods of high solar 

activity when a gap between the temperature lines becomes lower.  

 

Figure 69. Coverage ratio impact on the growing media temperature. 
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Figure 70. Coverage ratio impact on heat flux. 

7.5.2  Leaf Area Index 

Leaf Area Index (LAI) is defined as the one-sided green leaf area per unit ground surface area. 

LAI is a key parameter in evapotranspiration calculation (latent heat flux). LAI also influences 

sensible heat flow in the foliage energy balance. In order to study how sensitive model to LAI 

variations, minimum (0.5-2) and maximum (0.5-6) options are compared. Bottom soil temperature 

and heat flux on ceiling profiles are plotted in Figures 71 and 72. The model calculated that 

temperature in the growing media bottom point fluctuates daily, but the temperature under higher LAI 

green roof stays about 5°C cooler than under the lower LAI roof. Since the simulation period is 

summer when the leaf area index is at its maximum, temperature and heat flux profiles significantly 

differ from each other. Higher LAI value increases heat losses due to evapotranspiration. When LAI 

is multiplied by a factor of three, the energy loss decreased by 2.1 times.  Thus, the model is sensitive 

to LAI value.  
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Figure 71. Leaf Area Index impact on the growing media temperature. 

 

Figure 72. Leaf Area Index impact on heat flux. 
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7.5.3 Coverage ratio and leaf area index  

After coverage ratio and leaf area index impact is studied separately in the ten days period, the 

influence of vegetation properties throughout a year is the next focus of this thesis. Plants do not have 

any significant thermal mass to affect the heat flow, but vegetation can change the green roof thermal 

performance through evapotranspiration (latent heat), sensible heat flow and radiative heat exchange 

influenced by leaves shading and different radiative properties. In the model, the amount of shaded 

area is characterized by coverage ratio that defines the proportions of heat and moisture flow to/from 

soil or vegetation layers. Another value – Leaf Area Index is mainly responsible for the amount of 

water and heat transfer by evapotranspiration and convection. With the aim to analyze those 

parameters, three cases reflecting low, normal, and high vegetation density for each climate are 

prepared. The only differences in those cases are the maximum values of coverage ratio (Low – 0.7, 

Normal – 0.8, High – 0.9) and corresponding Leaf Area Index (Low – 3.5, Normal – 4.3, High – 6).  

The heat fluxes in the concrete roof with R33 XPS insulation, 10 cm growing media, and 

different coverage ratio are for Vancouver, Winnipeg and Toronto are included in Appendix A 

because the difference between cases is not noticeable at the high scale.  

 Firstly, heat fluxes in February, like a month representing winter in Vancouver, is plotted on 

Figures 73 and 74. Air temperature in that period in Vancouver is relatively warm and fluctuate within 

the range of 2-15 °C, which means the model assumes that plants are alive with corresponding heat 

transfer process. In the analyzed period, heat losses are lower for high covered scenario because plants 

reduce long wave radiation exchange with a colder sky. However, during the sunny days, the 

difference in heat losses between cases become lower due to higher evapotranspiration rate and 

shading from incoming solar radiation (ex. Feb 7, 8). The amount of heat left the room has a variation 

around 2% between the cases. 
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Figure 73. Heat flux through Low, Normal, and High covered green roofs in February in Vancouver. 
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Figure 74. Overall heat losses through Low, Normal, and High covered green roofs in February 

Vancouver. 

 August is selected to represent summer month in Vancouver. Heat flow results are plotted in 

Figures 75 and 76. During the whole period, all three lines fluctuate near zero, indicating that green 

roof with all three vegetation options is efficient. High covered roof shows lower night time losses 

slightly because evapotranspiration is highly reduced at nights, but plants still cut longwave radiation 

exchange.  
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Figure 75. Heat flux through Low, Normal, and High covered green roofs in August in Vancouver. 

 

Figure 76. Overall heat losses through Low, Normal, and High covered green roofs in August in 

Vancouver. 
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7.5.4 Root depth and root fraction.  

In HAMFit-GR, root depth and fraction values are used to determine the area where moisture 

is available for plants to transpire. To assess the importance of this parameter, two simulations with 

root depth 5, aroot 5.558, broot 1.627 and root depth 30 mm aroot 10.739, broot 2.614 are simulated. Figures 

77 and 78 present the results. As it can be seen, there is no significant influence on energy flow by 

root depth and a fraction. Therefore, any reasonable values can be used. 

 

Figure 77. Root distribution impact on the growing media temperature. 
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Figure 78. Root distribution impact on heat flux. 

7.5.5 Minimal stomatal resistance 

Evapotranspiration rate and latent heat in the HAMFit-GR model a determined from the 

stomatal resistance value that in its turn is a function from soil moisture availability, amount of sun 

radiation, soil temperature and minimal stomatal resistance. Minimal stomatal resistance is a constant 

value characterizes the ability of plants to pass water through stems and leaves. In case of sedums, 

this value could vary from 120 s/m to 900 s/m. Two cases with minimum and maximum possible 

options are invetigated. To study an insolence of minimum stomatal resistance, ideal conditions are 

set, such as high solar radiation and originally fully saturated soil. As shown in Figures 79 and 80 

there is no significant difference in the temperature profile; however, plants with lower stomatal 

resistance have cooling ability 2% higher due to higher evapotranspiration.  
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Figure 79. Minimal stomatal resistance impact on the growing media temperature. 

 

Figure 80. Minimal stomatal resistance impact on heat flux.  
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In addition to short-term simulation, another yearlong scenario is prepared, focusing on the 

impact of plants’ evapotranspiration. The major variable responsible for evapotranspiration is stomatal 

resistance. Sedum’s that are mostly used as a vegetation type in green roof systems could have this 

value varies from 120 to 900 s/m. Therefore, two cases of 200 and 700 s/m minimum stomatal 

resistance are provided and shown in Figure 81. The difference between those cases appears when 

plants have the conditions for evapotranspiration (solar radiation, wet soil, warm air temperature) and 

the rate of heat flow by evapotranspiration is mostly defined by minimum stomatal resistance. When 

some of the above-listed conditions do not exist, stomatal resistance becomes high, evapotranspiration 

rate is significantly lowered, and there is no noticeable difference in heat flux on the graph.  

 

Figure 81. Heat flux through 200 and 700 minimum stomatal resistance sedums planted green roofs 

in summer in Vancouver. 
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7.5.6  Plants height 

Plants height is an essential variable in sensible and latent heat calculation. With regard to 

sensible heat, height is a base to determine the resistance of foliage to wind flow and following 

sensible heat transfer. In latent heat determination, plants height is one of the parameters that is 

required to calculate atmospheric resistance to vapour flow and evapotranspiration rate. The 

simulation results for plant heights of 2 cm to 15 cm are plotted in Figures 82 and 83. In the case of 

plants with higher height, the temperature at the bottom of the soil is relatively lower, and the 

corresponding heat flow is higher due to the higher sensible and latent heat flows.   

 

Figure 82. Plants height impact on the growing media temperature. 
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Figure 83. Plant height impact on heat flux. 

7.5.7 Density and heat capacity 

Density and heat capacity are used in the HAMFit-GR model to estimate thermal mass. The 

density and heat capacity of growing media mixtures that are used in the green roof design vary from 

600 kg/m3 to 1500 kg/m3 and 1000 J/kgK to 1800 J/kgK, respectively. Therefore, two runs are 

prepared with minimum density and heat capacity as well as maximum density and heat capacity. 

Figures 84 and 85 compare the growing media temperature and heat flux. Soil with high thermal mass 

absorbs and retain heat and decreases the amount of heat that can reach the bottom surface of the soil 

by 6%.  
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Figure 84. Thermal mass impact on the growing media temperature. 

 

Figure 85. Thermal mass impact on heat flux. 
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7.5.8  Moisture content 

In some models, the moisture content within the growing media is assumed to be constant 

(near saturation) or lumped. To study the importance of the accurate moisture modelling in a green 

roof, three cases with a moisture content of 0, 100% and HAMFit-GR approach are studied. Figure 

86 illustrates temperature profile in the soil bottom point, and Figure 87 illustrates heat flow at the 

ceiling surface. In a case of the fully saturated growing media, the temperature stays stable, oppositely, 

in the dry case, temperature line highly fluctuates between 20 and 28°C. HAMFit-GR approach allows 

to properly model growing media properties and adjust heat fluxes and temperature profiles. High 

thermal mass due to water in the growing media reduces heat flow through the soil and keeps the 

temperature more stable. Therefore, it is essential to estimate water balance accurately. HAMFit-GR 

calculates soil properties based on moisture content in each point of the growing media layer. For 

example, 10 cm soil model includes 320 points and for each of them such properties as heat capacity, 

thermal, liquid and vapour conductivity are calculated.  
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Figure 86. Moisture content impact on the growing media temperature. 

  

Figure 87. Moisture content impact on heat flux. 
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7.5.9  Runoff convection  

One of the improvements that are made in the HAMFit-GR is the ability to account convective 

heat transfer associated with water flow through the green roof system during rain events. In the 

current green roof models, runoff convective heat flow is usually assumed to be negligible; however, 

in climates with high precipitation amount and periods, it could have an impact on overall model 

accuracy. With the aim of investigating the impact of convective heat flow, two cases with 0 mm/hr 

and constant 10 mm/hr rain cases are simulated. As Figure 88 shows, the temperature difference 

between the two cases at the bottom of the soil is about 0.25°C and heat flux difference of 4%. The 

low-temperature difference can be associated with the high insulation level of the roof (R-48), where 

the roof surface is expected to be low due to reduced upward heat flow.  In the cases of roofs with 

lower insulation values, the effect can be higher. 

 

Figure 88. Convective heat flow impact on the growing media temperature.  
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Figure 89. Runoff convection impact on heat flux. 
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8 MODEL APPLICATION  

Since the model is developed and validated, the next step is the application of the model to 

understand and investigate selected green roof parameters based on whole year simulations. The 

parameters that are considered for the study include climate, insulation level of the roof deck, type of 

roof deck and the thickness of growing media. For each parameter, two or three options are 

considered: 

• Roof: With and without a green roof 

• Climate: Vancouver; Toronto; Winnipeg.  

• Impact of insulation: Non-insulated (low insulated); medium –R33; High –R60.  

• Impact of roof system: lightweight and mass roof systems 

• Soil thickness: 10 cm; 15 cm; 20 cm. 

8.1 Comparison of conventional and green roof systems (Energy) 

Green roofs are often proposed as an option to improve the energy performance of a building. 

In this section simulation cases with and without a green roof are compared to various seasons, 

climates and insulation amounts.  

8.1.1 Green roof performance in mild temperature and wet climate:  Vancouver  

The base case is assumed to be 6`` (15 cm) concrete roof with 6`` (15 cm) XPS insulation covered by 

asphalt shingles or by a green roof system. The first question to answer is how a green roof influences 

the energy flow in a roof in different seasons and its impact on the system yearly energy performance. 

As the reference year, 2016 is selected for all three climates. Figure 90 shows a comparison of heat 

leaving the room from January to December. Green roof damps the heat flux line due to the additional 

thermal mass of soil and water held in it. Figures 91 and 92 illustrate, the time series and monthly 
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total heat fluxes in the conventional roof and the roof with vegetation in Vancouver in February as a 

reference winter month.  As a result of the added green roof, heat losses are reduced by 11% in 

Vancouver.  

 

Figure 90. Heat flux through the R33 insulated roof in Vancouver. 
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Figure 91. Heat flux through the R33 insulated roof in Vancouver in February. 

 

Figure 92. Energy consumption in Vancouver in February – R33-insulated concrete roof. 
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 The green roof presence in the summertime similarly has “dumping” effect on the heat flow 

line as shown in Figures 93 and 94. In the mild Vancouver climate where summer temperatures are 

around 20°C and the indoor temperature is assumed to be maintained at 22°C, heat flow lines fluctuate 

near zero-line and savings due to a green roof are only noticeable during nights because of additional 

insulation and thermal mass green roof effects.  During the whole summer, the green roof reduces 

heating load from 1243 Wh/m2 to 572 Wh/m2 and cooling load from 438 Wh/m2 to 155 Wh/m2 (Table 

TT). 

 

Figure 93. Heat flux through building code insulated roof in Vancouver in August. 
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Figure 94. Energy consumption in Vancouver in August– R33-insulated concrete roof. 

8.1.2 Green roof performance in cold and hot summer climates: Toronto  

Besides Vancouver climate, the energy performance of the same roof in Toronto and Winnipeg 

climates are performed. The runs include non-insulated, R33 and R60 insulated roofs with and without 

a green roof; simulation results are summarized in Tables 7 and 8. Figure 95 shows heat flux through 

the roof throughout the year in Toronto. The general effect of green roof installation remains the same 

as in Vancouver: additional thermal mass and extra insulation on the top of the roof dumps the heat 

flux line allowing to save heat in the winter and middle seasons as well as avoid excessive heat gain 

in summer. Figure 96 compares cases with and without a green roof in Toronto respectively. In 

February in Toronto, green roof installation reduces heat losses by up to 14%. In summertime in 

Toronto, by evapotranspiration, radiative properties of a green roof excessive heat gain decreased by 

38 %.  
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Figure 95. Heat flux through the R33 insulated roof in Toronto.  

 

Figure 96. Energy consumption in Toronto – R33 insulated concrete roof. 
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8.1.3 Green roof performance in non-insulated and high-insulated roofs 

Besides new construction, a green roof system could be applied to an existing building. To 

evaluate a retrofit green roof application a case comparing 6” (15 cm) concrete roof covered by asphalt 

shingles and with a green roof is calculated. Figure 97 shows heat flux on the ceiling. As it is expected, 

the heat flow in the uninsulated roof is significantly higher than the reference roof, and the effect of 

thermal insulation and mass of the green roof is more noticeable.  Bar charts showing overall heat 

through the roof is plotted in Figure 98.  Therefore, green roofs might be an applicable option during 

building renovation. Moreover, a case called high-insulated with doubled XPS layer (R60) is 

simulated, and results are shown in Figures 99 and 100 Generally, a green roof work as an additional 

layer of insulation in the all three cases: non-insulated, R33 and R60 insulated, with the more 

significant thermal performance improvement on the less original insulated case. In Vancouver, 

adding a green roof above non-insulated concrete roof drops energy consumption by 85% in both 

heating and cooling load; however, in a case of R60 insulated roof, energy consumption can be 

reduced by 23% (Table 7). 
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Figure 97. Heat flux through the non-insulated roof in Vancouver in 2016. 

 

Figure 98. Energy consumption in Vancouver – non-insulated concrete roof. 
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Figure 99. Heat flux through the R60-insulated roof in Vancouver. 

 

Figure 100. Energy consumption in Vancouver – R60-insulated concrete roof. 
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8.1.4 Green Roof performance in lightweight roof system: wood-frame roof 

Wood-frame roof cases are modelled for non-insulated, R33 and R60 insulated roofs in 

Vancouver and Winnipeg climate similarly with shingles and a green roof system. Figures 101-104 

illustrate heat flux through the roofs and overall energy consumptions. In this case, the thermal mass 

of a roof itself is less because a concrete slab is substituted by wood and heat flux daily fluctuations 

are higher in both cases with and without a green roof. However, a structure with green roof shows 

similar to the earlier case behaviour of additional thermal mass and insulation in throughout the year 

and evapotranspiration phenomena in the summertime. Cases combining different climates, insulation 

and frames are included in Appendix A. 

 

Figure 101. Heat flux through the R33 insulated roof in Vancouver. 
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Figure 102. Energy consumption in Vancouver – R33-insulated wood frame roof. 

 

Figure 103. Heat flux through the R33 insulated roof in Winnipeg. 
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Figure 104. Energy consumption in Winnipeg in 2016. 

8.1.5 Comparison of conventional and green roof systems summary  

The simulation results are summarized in Tables 7 and 8. Tables are divided into heating and 

cooling loads by months representing seasons which are winter (February 1 to March 1), spring (April 

1 to May 1) and summer (July 1 to August 1). Green roofs reduce heating loads in all climates and 

insulation levels; however, additional savings due to a green roof reduce with higher insulation: from 

80% heating load reduction for concrete non-insulated roof during winter months in Vancouver to 7% 

for R60 insulated roof and from 83% to 12% in Toronto.  It is also found that green roof is efficient 

as an insulator during spring periods in all three climates because the growing media layer is not 

frozen and work as additional thermal mass dumping heat fluxes.  
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Table 7. Energy consumption summary – concrete frame. 

    Heating Cooling Total (Jan 10- Dec 31) 

 
Base case Winter (Feb) Spring (Apr) Summer (Jul) Spring (Apr) Summer (Jul) Heating Cooling 

# Compared case Energy % Energy % Energy % Energy % Energy % Energy % Energy % 

1 Vancouver Non-insulated w/o green roof 45266 
 

27156 
 

9125 
 

196 
 

3297 
 

376051 
 

10554 
 

Vancouver Non-insulated with green roof 7614 83.18 2749 89.88 2505 72.55 76 61.22 169 94.87 111078 70.19 1650 84.37 

2 Vancouver R33-insulated w/o green roof 1882 
 

1110 
 

310 
 

0  104  15426 
 

466 
 

Vancouver R33-insulated with green roof 1689 10.26 642 42.16 140 54.84 0  60 42.31 12622 18.17 155 66.81 

3 Vancouver R60-insulated w/o green roof 1274 
 

751 
 

208 
 

0  36  10369 
 

311 
 

Vancouver R60-insulated with green roof 1163 8.71 445 40.75 95 54.33 0  38 -5.56 8569 17.36 91 70.74 

4 Toronto Non-insulated w/o green roof 76435 
 

37160 
 

3985 
 

0  10826  403221 
 

32798 
 

Toronto Non-insulated with green roof 12661 83.44 6506 82.49 352 91.17 0  1107 89.77 67381 83.28 2824 91.39 

5 Toronto R33-insulated w/o green roof 3319 
 

1560 
 

98 
 

0  342 
 

16748 
 

892 
 

Toronto R33-insulated with green roof 2845 14.28 1354 13.21 51 47.96 0  190 44.44 14394 14.06 486 45.52 

6 Toronto R60-insulated w/o green roof 2244 
 

1059 
 

62 
 

0  223  11036 
 

579 
 

Toronto R60-insulated with green roof 1955 12.882 1005 5.1 34 45.16 0  125 43.94 9895 12.46 317 43.44 
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Table 8. Energy consumption summary – wooden frame. 

    Heating Cooling Total (Jan 10- Dec 31) 

 
Base case Winter (Feb) Spring (Apr) Summer (Jul) Spring (Apr) Summer (Jul) Heating Cooling 

# Compared case Energy % Energy % Energy % Energy % Energy % Energy % Energy % 

1 Vancouver R20-insulated w/o green roof 7459   4707   1860   74   661   36461 

 

2167 

 
Vancouver R20-insulated with green roof 4595 38.4 1792 61.93 487 73.82 22 70.27 303 54.16 17267 52.64 1308 39.64 

2 Vancouver R33-insulated w/o green roof 3303   2083   908      205   16084 

 

645 

 
Vancouver R33-insulated with green roof 1889 42.81 1149 44.84 360 60.35    106 48.29 11373 29.29 469 27.29 

3 Vancouver R60-insulated w/o green roof 1869   1277   607      56   9779 

 

151 

 
Vancouver R60-insulated with green roof 1755 6.1 976 23.57 441 27.35    30 46.43 7460 23.71 137 9.27 

4 Winnipeg R20-insulated w/o green roof 15498   7849   1311      1312   63416 

 

2909 

 
Winnipeg R20-insulated with green roof 9911 36.05 4803 38.81 670 48.89    343 73.86 39442 37.8 696 76.07 

5 Winnipeg R33-insulated w/o green roof 6306   3354   645      431   24924 

 

1066 

 
Winnipeg R33-insulated with green roof 5462 13.38 2800 16.52 285 55.81    121 71.93 20116 19.29 229 78.52 

6 Winnipeg R60-insulated w/o green roof 3529   1965   430      141   14425 

 

310 

 
Winnipeg R60-insulated with green roof 3353 4.99 1856 5.55 275 36.05    39 72.34 13099 9.19 51 83.55 
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8.2  Impact of growing media thickness in green roof performance 

After the impacts of a green roof in differ roof systems types are studied, the next question is 

how the growing media thickness influences on heat flow through the modelled roof. With this aim 

simulation with various growing media thicknesses (10 cm, 15 cm, 20 cm), climates (Vancouver, 

Toronto, Winnipeg) and frame types (Concrete, Wood) have been prepared. Figure 105 shows heat 

flux through the ceiling over the whole year in Vancouver. Generally, thicker soil dumps the heat flux 

due to higher overall thermal resistance and thermal mass. Thicker growing media layer absorbs a 

greater amount of water and increases its thermal mass what allows to absorbs and release heat from 

or to the atmosphere with daily fluctuations, what can be seen in Figure 105 during fall and winter 

season when high rainfalls occur. Therefore, the growing media layer in the green roof structure works 

as an additional damper which prevents energy exchange with building itself.  

 

Figure 105. Heat flux through 10, 15, 20 cm green roofs in Vancouver in 2016. 
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Figures 106 and 107 show heat flow from the internal space through the roof in February in 

Vancouver. Heat exchange rate decreases with higher soil thickness. Extra 5 cm and 10 cm of soil 

give 6.5% and 11.8% heat loss reduction, respectively. The heat flux lines are relatively dumped due 

to the high moisture content within winter – the wet period in Vancouver and high heat capacity (soil 

and water in the soil). Therefore, thicker soil and corresponding high amount of water in it could 

absorb and accumulate a more considerable amount of energy. During the whole winter period, heat 

flux stays negative and varies between 2 and 3 W/m2. The same effects can be seen if a green roof is 

built on a wooden frame (Appendix A). Soil thicknesses increasing results in 9% drop in heat losses; 

doubling soil thicknesses reduce 17% of heat losses. However, the possibility of 20 cm green roof 

implementation on wooden frame might be restricted by green roof weight.  

 

Figure 106. Heat flux through 10, 15, 20 cm green roofs in Vancouver in February. 
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Figure 107. Overall heat left through 10, 15, 20 cm green roofs in Vancouver in February. 

May is chosen to represent middle spring season. Figure 108 shows heat flow during this 

period. 20 cm thick soil layer damps heat flux line on both wooden and concrete cases (wood case is 

in Appendix A). As a thicker soil as damper a line, because of soil works as additional insulation. 

Thicker soil layer reduces heat losses during “cold” periods; however, when it is relatively warm 

outside, thicker growing media layer increases upward heat flux due to higher thermal mass with the 

lower temperature on the top of a roof slab. Thicker soil layer reduces potential cooling effect in "hot" 

days. Overall thermal performance during the middle season is affected by soil (insulation thickness). 

Heat losses were 5% less for 15 cm roof and 7.5% less for 20 cm roof on the wooden frame. Extra 5 

cm of the growing media reduces by 7% and extra 10 cm by 12.7%. The dependence is not linear.  

After a significant rain event on May 27, heat losses of 10 cm soil case were much higher 

(black circle on Figure 109). Evapotranspiration phenomenon might explain this effect. On the top 
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surface of any soil thickness evapotranspiration heat flow is relatively equal, but green the roof 

dumping effect on heat flow is less due to smaller growing media thickness. 

 

Figure 108. Heat flux through 10, 15, 20 cm green roofs in Vancouver in May. 

In July, 20 cm soil line is dumped. Figure 109 and 110 illustrate various dimensions of a roof 

energy performance in the summertime. All types of green roofs have the cooling effect or reduce 

incoming heat; therefore, green roof implied on a building in Vancouver can keep heat flow through 

the roof near zero. In Vancouver, the second part of 2016 summer is characterized as dry period, and 

the model shows that cooling ability of green roof through evapotranspiration is reduced. 
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Figure 109. Heat flux through 10, 15, 20 cm green roofs in Vancouver in July. 

 

Figure 110. Overall heat through 10, 15, 20 cm green roofs in Vancouver in July. 
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Additionally, to Vancouver, a case with Winnipeg climate, the same three thicknesses on a 

wooden frame is analyzed and presented in Figure 111 and 112. In Winnipeg, the winter period is 

characterized by cold, much below zero temperatures. Plants during a cold winter, apparently, don’t 

play any significant role in heat and moisture transfer. It is assumed that initial relative humidity level 

in soil was 0.95 as it is a reasonable value under the green roof. Therefore, soil simply works as 

additional insulation layer with its thermal mass with heat flux reduction by 9 and 17 % respectively 

on each type of frame.  

During the middle season on both concrete and wood frame roofs as well as in previous cases, 

thicker soil layer damps the heat flux line. In the second part of the season, when outdoor condition 

allowed plants to grow, it can be seen that on 10 cm growing media evapotranspiration effect is higher. 

In Winnipeg during the summer season, with relatively frequent rain event, green roof keeps the flux 

lines near zero, and cumulative heat flux stays negative, that proves the cooling ability of a green roof 

in Winnipeg climate. Thick soil stabilizes the heat flux line and compensates outdoor boundary 

conditions fluctuation. Similarly to Winnipeg in Toronto, the evapotranspiration effect occurs when 

moisture is within the soil. Results are shown in Figure 113 and 114. The thicker soil could hold the 

more significant amount of water and provide long-term moisture availability for plants and 

corresponding evapotranspiration. 

In summary, a thicker growing media layer provides better energy performance in all simulated 

climates in both cold and warm periods of a year; therefore, it is recommended to use as thick growing 

media as possible regarding the roof ability of supporting a green roof weight and the green roof cost 

increasing due to higher amount of growing media.  
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Figure 111. Heat flux through 10, 15, 20 cm green roofs in Winnipeg. 

 

Figure 112. Overall heat through 10, 15, 20 cm green roofs in Winnipeg. 
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Figure 113. Heat flux through 10, 15, 20 cm green roofs in Toronto. 

 

Figure 114. Overall heat through 10, 15, 20 cm green roofs in Toronto. 
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8.3 Impact of Green roof parameters on membrane and plywood temperatures 

The membrane is the weakest part of a green roof system due to thermal expansion and 

contraction. Constantly repetitive change in membrane structure can cause failure near weak regions, 

such as connections between layers, edges or neat fasteners. Green roofs are designed to hold the great 

amount of water in its growing media; moreover, green roof layers above roof deck obstruct water 

vapour evaporation. Therefore, in a case of membrane failure, water would penetrate into the structure, 

bringing concomitant damage to a building. Membrane temperature in all the simulation presented in 

pervious sections cases are reviewed, but only cases with different growing media thicknesses have 

some observed variations. Figure 115 shows membrane temperature in Vancouver over the simulated 

year; the rest of profiles are included in Appendix B. Generally, green roof presence stabilizes 

membrane temperature by eliminating picks. Thicker soil gives stronger stabilization, such as 10 cm 

soil maintains membrane temperature within the range of 5-25°C; 20 cm soil in the ra nge of 7-22°C 

degrees. In the last month, 15 and 20 cm soil cases, the membrane from getting frozen while outdoor 

temperature was as low as -10°C. The similar effect is observed in Toronto cases that are plotted in 

Figure 116. In Toronto, membrane temperature stays up to 10°C lower in summertime and up to 15°C 

higher in wintertime. 
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Figure 115. Membrane temperature under 10, 15, 20 cm green roof in Vancouver. 

 

Figure 116. Membrane temperature under 10, 15, 20 cm green roof in Toronto. 
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 In the case of Winnipeg, the simulation is performed for a wood frame building with a 

membrane located above plywood and insulation. Figure 117 compares membrane temperature under 

the growing media of 10, 15, 20 cm and a conventional roof. Green roof prevents the membrane from 

thermal expansion and contraction that occurs in the conventional roof system, where daily 

temperature fluctuations reach 60°C with summer picks up to 100°C and winter -30°C. The membrane 

that is protected by a green roof stays up to 20°C warmer in the wintertime and 10°C colder in the 

summertime. Additionally to the potential membrane damage, plywood temperature that is close to 

membrane temperature stays warmer in the wintertime and middle season; therefore, in a case of air 

penetration from the inside, condensation risk is lower. Comparing growing media thicknesses, 

thicker growing media damps the temperature line.  

 

 

Figure 117. Plywood temperature under 10, 15, 20 cm green roof in Winnipeg. 
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8.4 Impact of green roofs on rainwater retention  

 Green roofs are able to hold rainwater for some time in its structure. It is believed that green 

roof can store up to 70-80% of all incoming water and help a city drainage system to deal with 

rainwater flows. In Figure 118, the drainage amounts in growing media of different thickness are 

provided. The simulation results show that green roofs can hold up to 60% rain. If rain is not strong 

enough to saturate the soil layer, the moisture is absorbed and then evaporates. Otherwise, if rain is 

heavy, it quickly saturates the growing media regardless its thickness. On the other hand, thicker soil 

can hold the more significant amount of water, and it takes a longer time to release it through 

evapotranspiration. However, the difference is not significant – 3% per extra 5 cm. Graphs showing 

drainage amounts for Winnipeg and Toronto are in Appendix C. 

 

Figure 118. Drainage via 10, 15, 20  cm of soil in Vancouver. 
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Vegetation parameters are believed to be essential parameters in water flow. Figure 119 

compares drainage amount through low, average and high dense, covered green roofs. Coverage ratio 

reduces the amount of water that can penetrate to the soil layer and then leaves the system by drainage. 

Moreover, leaf area index is a crucial parameter in evapotranspiration mass transfer calculation. 

Highly dense vegetation reduces the overall amount of water leaving the system by additional 7%. A 

comparison of water drainage through the system in the case of low stomatal resistance is plotted in 

Figure 120. Lower minimum stomatal resistance sedums slightly faster transpirate water to the air. 

This faster transpiration reduces drainage amount by 0.8%. The rest of cases are in Appendix C 

 

Figure 119. Drainage via low, standard, high dense covered green roof in Vancouver. 
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Figure 120. Drainage via low and high minimum stomatal resistance green roof in Vancouver. 

8.5 Green roof recommendations  

Fifty-four yearly studies combining various climates, types of roof decks, insulation levels, 

growing media thicknesses and plants parameters are prepared and analyzed. It is found that green 

roofs are most beneficial with poorly insulated roofs. This is explained by additional thermal 

resistance and mass of green roofs. Regarding energy performance, thicker growing media layers have 

more significant effect on higher mass. It is also found that green roofs are most effective in periods 

when the soil is unfrozen, and a green roof absorbs and releases heat from and to the environment. 

Therefore, green roofs are recommended in climates with medium temperatures and available 

moisture or in designs that have green roofs with primary aims different from thermal performance 

improvement. 
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CONCLUSIONS  

The thesis presents development, validation and application of the new green roof model 

named HAMFit-GR. The model is a combination based on Heat – Air – Moisture (HAMFit) as a base 

model and Fast All-Season Soil Strength as a vegetative model base. The model is designed to be fully 

coupled regarding heat and moisture transfer as well as vegetative and soil models interruption. It is 

possible to apply the model changing any structural, growing media or plants parameter. A newly 

developed drainage model is introduced to green roof modelling. Drainage calculation includes the 

amount of water leaving and convective heat flow associated with the leaving water. 

The model is fully validated by comparing estimated and measured temperatures, heat flow 

and moisture content values within the growing media and foliage surface. There are several cases 

involved in the validation process including vegetated and bare soil roofs as well as dry and wet 

periods of time. As a part of the validation process, some of the green roof parameters have been 

measured by field and laboratory experiments and then applied to the model. Visualization technique 

is developed and applied to get accurate values of the coverage ratio and leaf area index from digital 

pictures of the vegetation.  

The sensitivity analysis of the HAMFit-GR model is prepared to analyze possible influence of 

green roofs components and parameters. It has been found that regarding green roof vegetation, the 

most critical parameters are coverage ratio and leaf area index. Minimal stomatal resistance slightly 

affects evapotranspiration and associated latent heat, while such variables as root depth and fraction 

do not have any noticeable influence. Density heat capacity and porosity are key soil parameters to 

define the thermal mass that is the most significant contribution of a green roof system in the building 

energy performance.  
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The model is used to simulate 54 different yearly cases with regards to climate, soil thickness, 

vegetation coverage, stomatal resistance and insulation amount. Simulations show that green roofs 

have the biggest impact on the thermal performance by its additional thermal mass of the growing 

media and water held in the growing media. Moreover, increasing the growing media layer, overall 

thermal resistance is increased as well; thus, a thicker growing media layers show the better 

performance in heating dominated countries like Canada. Vegetation amount influences on the flow 

through the roof mainly by shading effect reducing longwave radiation exchange with the sky and 

covering from the direct sunbeams. Vegetation coverage and stomatal resistance cases illustrate that 

evapotranspiration is not a significant source of cooling and only occurs when all the necessary 

conditions, such as solar radiation and moisture availability affecting a roof. The results show that 

green roofs improve the thermal performance of any insulated roof, but the bigger impact is observed 

on less insulated roofs.  
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FUTURE WORK 

Future work regarding model mathematics can be applied to vegetative properties and 

temperature determination. Firstly, coverage ratio and leaf area index are currently based on the 

ground temperature; however, those variables reflect plants development, which is a biological 

process and depends on a season, available moisture content and plants characteristic. Second, the 

region that is referred in the thesis air-foliage with its own temperature and mixing ratio can be divided 

into two sections: one is air within foliage and second is air above the foliage. Therefore, the foliage 

energy balance can be rewritten as foliage interaction with both above and within vegetation 

environments.  

The model also can be involved in a long-term study including season changes, climates 

different from Vancouver. In this thesis, the green roof mas modelled without including the rest of a 

building envelope; therefore, a study analyzing green roofs impact on a whole building can be 

conducted. 
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APPENDIX A. HEAT FLUX ON CEILING 

Heat flux through Low, Normal, and High covered green roofs in Vancouver. 
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Vancouver. Code insulated on Wood slab.  
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Toronto. High- Insulated scenario. 
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Toronto. Retro insulated scenario.  
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Winnipeg High-Insulated Scenario 

 

 



160 

 

Winnipeg Retro-Insulated scenario 
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 Vancouver. Various soil thicknesses on a wooden slab 
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Toronto. Various vegetation coverage 
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Winnipeg. Various vegetation coverage. 
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 Toronto. Minimum stomatal resistance scenario 
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 Winnipeg. Minimum stomatal resistance scenario. 
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APPENDIX B. MEMBRANE AND PLYWOOD 

TEMOERATURES  

Vancouver. Various vegetation coverage on a concrete slab. 

 

2. Vancouver. Various vegetation coverage on a wooden slab. 
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Vancouver. Various soil thicknesses on a wooden slab 

 

Toronto. Various vegetation coverage. 
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Toronto. Various stomatal resistance. 

 

Winnipeg. Various stomatal resistance.  
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Winnipeg. Various vegetation coverage. 
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APPENDIX C. DRAINAGE  

Toronto. Various soil thicknesses. 

 

Toronto. Various vegetation coverage. 
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Toronto. Various stomatal resistance. 

 

Winnipeg. Various soil thicknesses. 

 



172 

 

Winnipeg. Various vegetation coverage. 

 

Winnipeg. Various stomatal resistance. 
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APPENDIX D. VEGETATION PARAMETERS VISUALIZATION 

MATLAB SCRIPTS  

function [CV]=LAI(image,nColors,cN); 
%image - image variable in matlab workspace, need to be read before 
%script start by (imread('name.jpg') 
%nColors - approximate number of colours on image, 6 works for green rood 
%cN - a number of color that needs to be analyzed  
fabric=image; 
load regioncoordinates; 
%L*a*b* image analyzing  
sample_regions = false([size(fabric,1) size(fabric,2) nColors]); 

  

for count = 1:nColors 
  sample_regions(:,:,count) = roipoly(fabric,region_coordinates(:,1,count),... 
                                      region_coordinates(:,2,count)); 
end 

  
lab_fabric = rgb2lab(fabric); 
a = lab_fabric(:,:,2); 
b = lab_fabric(:,:,3); 
color_markers = zeros([nColors, 2]); 

  
for count = 1:nColors 
  color_markers(count,1) = mean2(a(sample_regions(:,:,count))); 
  color_markers(count,2) = mean2(b(sample_regions(:,:,count))); 
end 
fprintf('[%0.3f,%0.3f] \n',color_markers(2,1),color_markers(2,2)); 
color_labels = 0:nColors-1; 
a = double(a); 
b = double(b); 
distance = zeros([size(a), nColors]); 
for count = 1:nColors 
  distance(:,:,count) = ( (a - color_markers(count,1)).^2 + ... 
                      (b - color_markers(count,2)).^2 ).^0.5; 
end 

  
[~, label] = min(distance,[],3); 
label = color_labels(label); 
clear distance;rgb_label = repmat(label,[1 1 3]); 
segmented_images = zeros([size(fabric), nColors],'uint8'); 

  
for count = 1:nColors 
  color = fabric; 
  color(rgb_label ~= color_labels(count)) = 0; 
  segmented_images(:,:,:,count) = color; 
end  

  
imshow(segmented_images(:,:,:,cN)), title('Objects'); 
imwrite(segmented_images(:,:,:,cN),'image_temp.jpg'); 
rgbImage =imread('image_temp.jpg') ; 
% Split the original image into color bands. 
redBand = rgbImage(:,:, 1); 
greenBand = rgbImage(:,:, 2); 
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blueBand = rgbImage(:,:, 3); 
%find dark zones 
redMask = (redBand < 30); 
greenMask = (greenBand < 30); 
blueMask = (blueBand < 30); 
blackObjectsMask = uint8(redMask & greenMask & blueMask); 
%find number of black dots 
GreenDots=sum(sum(blackObjectsMask)); 
numOfRows = size(blackObjectsMask, 1);  
numOfCols = size(blackObjectsMask, 2);  
CV=GreenDots/(numOfRows*numOfCols); 
disp(CV) 
S1=50*50; 
S2=(5*25.4)^2; 
n=100; 
LAI=(1-CV)*S1*n/S2; 
disp(LAI) 

 

 


