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ABSTRACT 

 Green roofs have, in the past 15 years or so, gained increasing acceptance as a 

means of replacing or offsetting the lost of green space due to urban development and 

urban sprawl.  Green roof systems can provide numerous potential benefits, both public 

and private, including improved control of a building’s internal temperatures with 

reduced power use. The effectiveness of Green roofs at decreasing energy use in 

buildings in warm climates is well known. However, their thermal performance in cold 

climate conditions is not well known, but is of particular interest in regions such as in 

Eastern Ontario where Green roofs are rapidly gaining popularity. This thesis presents an 

initial step in understanding the thermal behaviour of currently used Green roof systems 

in cold climate conditions, and quantifying the thermal benefits, if any, to be gained from 

the installation of these systems in cold regions as compared against a typical 

conventional roofing system. A review of available literature is presented which 

discusses the various benefits of Green roofs. A novel hot box has been designed and 

constructed, and thermal testing of two Green roofs and a conventional flat roof using the 

new apparatus are presented and discussed. The data are used to estimate the potential 

energy savings that might be expected with the installation of a Green roof (such as those 

tested) on a flat roofed commercial building in the Kingston area. The data suggest that 

Green roofs may provide a marginal (10% to 24%) thermal benefit as compared with a 

conventional flat roof under cold climate conditions. This benefit could translate into a 

$0.09 savings per square metre of roof area in total heat energy costs on an annual basis. 

Recommendations for future work in this research area are provided.  
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NOTATION 

A specimen area normal to the heat flux direction (m2) 
Am shear area of the effective fusion face (mm2) 
As area being considered in the design of a stormwater collection system 

(hectares) 
Aw shear area of the effective weld throat, plug, or slot (mm2) 
B the width of a rectangular section (mm) 
c half the thickness of a rectangular section (mm) 
E Elastic modulus of aluminium (N/mm2) 
Fapplied force applied to test panel brackets (kN) 
Fu specified minimum tensile strength (MPa) 
Fx force in the horizontal direction (N) 
Fy force applied in the vertical direction (N) 
h calculated thickness of aluminium test panels (mm) 
hused thickness of the fabricated aluminium test panels (mm) 
I moment of inertial of a rectangular section (mm4) 
Is rainfall intensity (mm/hr) 
L the distance over which a load acts (mm) 
M applied bending moment (kN·m) 
P maximum total weight of a test panel (kN) 
Q time rate of one-dimensional heat flow (W) 
Qs peak stormwater design flow (l/s) 
Q0

o
C time rate of one-dimensional heat flow at 0oC (W) 

R thermal resistance value of a material (m2·K/W) 
Rs stormwater runoff coefficient 
R0

o
C thermal resistance at 0oC (m2·K /W) 

ρ density of aluminium (kg/m3) 
S.F fillet the safety factor applied to fillet welds 
Tc area-weighted temperature of the cold surface of a material (Kelvin) 
tc the time required for a drop of water to travel from the most remote point 

in a sub-catchment to the point of collection (minutes) 
Th area-weighted temperature of the hot surface of a material (Kelvin) 
U heat transfer coefficient (W/m2·K) 
UDL a uniformly distributed load (N/mm) 
Xu ultimate shear stress of a fillet weld (MPa) 
VA applied shear force about point A (N) 
Vr basemetal shear force of the base metal (N) 
Vr weldmetal shear force of the weld metal (N) 
y distance to the neutral axis of a rectangular section (mm) 
Δallowable allowable deflection (mm) 
Δmax maximum deflection (mm) 
Φw resistance factor for welded connections 
θ angle about which an applied force acts (degrees) 
θweld angle of axis of weld with line of action of force (degrees) 
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CHAPTER 1: INTRODUCTION 

1.1 General 
 
 In recent years, Green roof systems have evolved from ad-hoc case-specific 

designs into engineered roofing “systems”, comprising a combination of inverted roof 

components overlaid by various components including a drainage layer, filter cloth, 

growing media, and various specialized plants. Green roofing systems have been 

successfully used in limited traditional building applications for thousands of years, 

originally dating back to the days of ancient Mesopotamia (Peck et al., 1999). However, 

in the past 15 years, Green roofs have gained a more widespread focus in the research 

community, particularly in Europe, as these systems, if appropriately engineered and 

installed, can replace or offset much of the green space lost at grade in urbanized areas 

due to mass development and urban sprawl (DeNardo et al., 2003), in addition to 

providing numerous other benefits, both public and private. 

 Research has demonstrated that engineered Green roof systems are capable of 

reducing the effects of the urban heat island effect (Köhler et al., 2002; Wong et al., 

2003(a), Banting et al., 2005). Green roofs increase the number of plants 

evapotranspiring in the built environment, decrease the surfaces available to re-radiate 

solar energy, trap airborne particles, and sequester gaseous pollutants such as carbon 

dioxide (Nowak and Crane, 1998). These combined effects result in an environment less 

plagued by the effects of smog, and one which is cooler in general (Banting et al., 2005). 

Another often cited use for these systems is to reduce stormwater quantity and 

peak runoff flow to sewer systems (particularly beneficial for combined sewer systems in 

aging urban centres). Green roofs have been shown to increase the detention time of 
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stormwater runoff (DeNardo et al., 2003), by providing a more tortuous flow path, thus 

enabling sewer systems to process smaller runoff loadings and avoid combined sewer 

overflows (CSOs). Depending on the specific Green roof design in question, stormwater 

may also be permanently retained or used by these systems, as a portion of the rain that 

falls is used by the plants for their daily functioning and growth. It has been estimated, 

for at least one specific Green roof system, that as much as 58% of the rain which fell on 

the roof was detained for 5 hours, and that 23% of the stormwater runoff was 

permanently retained by this system (DeNardo et al., 2003). 

Green roof installation is widely thought to be one way to attain more comfortable 

internal building temperatures (Onmura et al., 2001), while using less energy for heating 

and, in particular, cooling. Green roofs facilitate cooler internal building temperatures in 

warm climates by shading the rooftops of buildings from direct incident sunlight, and by 

reducing the thermal fluctuations normally experienced by roofing system components 

due to cyclical heating and cooling. For example, for one specific Green roofing system 

installed in Osaka, Japan, interior building temperatures in summer were shown to 

decrease by 2oC to 4oC with the presence of a Green roof system (Niachou et al., 2001). 

Other potential benefits of Green roofs include the enhancement of environmental air 

quality, increased species habitat (particularly for native insect and bird species), 

improved quality and reduced turbidity of rooftop runoff, and the protection of roof 

membranes resulting in longer material lifespan (Green roofs are estimated to last twice 

as long as conventional roofs).   

Several high profile Green roof systems have been installed on buildings in cities 

in North America, with many municipal governments currently making concerted efforts 
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to encourage, through various incentive schemes, the use of Green roofs, especially in 

commercial applications. However, although great strides have been made in 

understanding the numerous potential benefits these systems may offer, there is still a 

great deal that is not well understood or quantified regarding the performance of Green 

roofs, and a significant research effort is required before they can be widely and 

rationally implemented in Eastern Canadian climates.  

1.2 Research Significance 

 As mentioned previously, there are several aspects of Green roofing technology 

that remain incompletely understood. In particular, research aimed at understanding the 

behaviour of Green roofs in cold climates (i.e. those experiencing long periods of 

external temperatures below interior room temperatures) is extremely sparse. This issue 

requires investigation, since many of the municipalities currently endeavouring to make 

Green roofs permanent and widespread fixtures of their urban landscape are in temperate 

regions, where temperatures in winter months are often below the freezing point. 

 In Eastern Canada and the Northern United States, a substantial amount of energy 

is used for heating the interior of buildings. Finding ways to reduce the energy consumed 

by the day-to-day operation of buildings in cold regions could therefore be beneficial, 

both in terms of the private cost savings to building owners and occupants and in terms of 

the public benefits of practicing more sustainable living. 

 While costing information on Green roofs is difficult to obtain and highly variable 

as a consequence of the numerous available proprietary systems on the market, Green 

roof systems are typically more costly than conventional roofing systems from an initial 

capital cost perspective. Therefore, investing in the technology without a clear idea of 
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how the system is expected to behave in the conditions in which it will actually be 

installed is ill advised, and may in time contribute to the demise of this promising and 

potentially important technology. Potential users of Green roof technology therefore wish 

to know how the initial costs of the systems are offset by the long-term benefits, both 

private and public. Rational, defensible, and quantifiable research data are thus needed to 

aid in the understanding of Green roof behaviour under such cold climate conditions. 

This thesis focuses on the thermal performance of one specific currently available 

engineered Green roof system in cold climates, under tightly controlled thermal 

conditions. 

Field studies recently conducted at National Research Council of Canada have 

shown that Green roof systems can be extremely effective at reducing heat flow through 

roofing systems. Two 36 square metre extensive Green roof systems were studied and 

were shown to decrease the average daily energy demand of the building on which they 

were installed by 80% in the summer and 20% in the winter (Liu and Baskaran, 2005(b)), 

but this decline was attributed to both the presence of growing media and plants on the 

roof. 

As part of the research project presented in this thesis, a research needs workshop 

was held at Queen’s University in October 2006 which brought together various 

stakeholders in the Green roofing industry, including roofing experts, researchers, 

municipal government officials, building owners, and developers, among others. The 

workshop examined the current state of the Green roofing industry in Eastern Ontario, 

and highlighted the many aspects of this young technology that require immediate 

research focus. The potential energy savings (or lack thereof) that may result from using 
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Green roof systems during the cold Canadian winter months, the focus of this thesis, was 

unanimously deemed to be one area needing immediate attention. 

1.3 Objectives 

 The study presented in this thesis represents a first step in an overall research 

program aimed at rationally and defensibly evaluating the thermal benefits of Green roof 

systems in cold climates, and in particular during the winter months as experienced in 

Eastern Ontario. The research program consists of a review of the literature published to 

date in this area, along with an investigation of the experimental apparatus best suited to 

carryout the desired experiments, the design, fabrication, and calibration of the testing 

apparatus, and analysis of a conventional and two similar Green roofing systems. Also 

developed were unique methods of acquiring energy use data in a meaningful, 

quantifiable, and scientific manner. 

 The primary objectives of this research project were: 

• to develop and calibrate an experimental method to establish the relative 

thermal performance of various roofing systems by monitoring the power 

needed to maintain the internal temperature of an enclosed heated system 

fitted with a test roof in cold climate conditions; 

• to compare the power used to maintain the temperature of a heated enclosed 

system fitted with a Green roof versus one which is fitted with a conventional 

flat roof system; and 

• to use experimental data to provide guidance to roofing consultants about the 

thermal properties and energy savings that could potentially be realized with 

the installation of extensive engineered Green roof systems in cold climates. 
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The secondary objectives of this research project were: 

• to determine the added thermal resistance value (R-value) of the Green roof 

systems investigated in this study as compared to the conventional built-up 

roofing assembly; 

• to compare the temperatures experienced by the waterproofing membrane 

system in each of the Green and conventional roofing systems under different 

cold climate thermal gradients (a presumed indication of roofing system 

durability); 

• to determine which of the components of the Green roofing systems is most 

important in influencing its insulating properties in cold climates; and 

• to predict the potential annual savings for similar industrial type buildings 

with Green versus conventional roofing systems based purely on thermal 

performance of the roofing systems. 

1.4 Scope of the Project 

 The experimental program consisted of the fabrication and testing of a 

conventional built-up, and two specific Green roof systems. All three roof systems were 

constructed in aluminium test cradles which were used as the representative roof deck. 

Within each roof system, temperatures were measured at various locations to monitor and 

study heat transfer through the representative systems. 

To conduct these tests a “hot box” testing apparatus was designed, fabricated, and 

calibrated using procedures described by ASTM C1363-97: Thermal Performance of 

Building Assemblies by Means of a Hot Box Apparatus (ASTM, 1997). This was done to 

provide a controlled, well insulated environment onto which the roof systems could be 
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installed for testing. Assorted instrumentation, described in detail in Chapter 3, was also 

incorporated into the hot box to measure the electrical power used to maintain steady-

state temperature conditions inside the hot box, with the entire testing assembly placed 

inside an environmental chamber (cold room),which was maintained at low temperature. 

 Analysis to predict potential energy savings for industrial type roof systems such 

as those studied during this research, and the thermal performance of Green roofing 

systems with different growing media depths, were examined in this research in an effort 

to model and/or predict the potential behaviour of large scale Green roof systems. 

1.5 Outline of Thesis 

 This thesis is organized into seven chapters. Chapter 2 presents a review of the 

literature relevant to the study of both conventional and Green roof systems. The chapter 

begins with an overview of the various types of conventional flat roofs and their various 

components, followed by a discussion of these roofing systems as they relate to 

stormwater runoff issues and energy use within buildings. This is followed by a 

discussion of Green roof systems, their various types and components, and their potential 

benefits. The benefits relating to stormwater and thermal roof properties are discussed in 

detail, since these are widely considered to be the primary ones from an engineering 

standpoint. Potential disadvantages and costs associated with Green roofing systems are 

also discussed. Heat transfer is then discussed, with emphasis on heat transfer by one-

dimensional steady-state conduction, as is relevant to the current research. 

 Chapter 3 presents details of the experimental setup and research methodology 

used during the course of the research program. The test program, design, fabrication, 

and setup of the hot box, heating element, data acquisition, and calibration are presented. 
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The procedures used to calibrate the various experimental and data acquisition 

instruments are discussed along with an overview of the details and functioning of the 

environmental chamber (cold room) that was used to simulate the temperature of the 

environment experienced during winters in Eastern Ontario. Sources of error in 

experimentation and data acquisition are presented and discussed. Ancillary tests 

detailing the determination of the moisture content and true depth of the Green roof 

systems are also presented in this chapter. 

 Chapter 4 presents and discusses the results of the research program. Presented 

are discussions of the temperature variation observed during testing at the varied 

environmental chamber temperatures, the power used by each of the three roofing 

systems at those environmental chamber temperatures, and the “effective” thermal 

resistance values (R-values) obtained for each system at the specific temperatures at 

which testing was conducted.  

Chapter 5 presents details of a simple theoretical comparison that was used to 

perform initial heat transfer analysis of the calibration panel and to determine the 

flanking losses due to the aluminium testing cradle in the current study. Also presented in 

this chapter is a discussion of the predicted potential heating energy savings that could 

potentially be realized through implementation of Green roofs such as those studied 

herein on a flat roofed commercial building in Kingston, Ontario.  

Chapter 6 presents conclusions and recommendations based on the findings of the 

research presented herein, and Chapter 7 lists references used within this thesis.  

Detailed information on the design of the representative roofing system test 

panels is provided in Appendix A. Appendix B provides details of the design of the 



 9

lifting hooks and support brackets of the testing cradles. Appendix C provides 

information on the method used to calculate the power use of the roofing systems and 

calibration panel. Appendices D and E present the data obtained from ancillary tests of 

moisture content and Green roof depth mapping. 
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CHAPTER 2: LITERATURE REVIEW 

2.1 General 

Roofing systems are one of the lesser understood components of a building from 

an engineering point of view, but they are clearly an essential component of the building 

envelope for ensuring its optimal in-service performance. Engineered roofing systems 

ensure that the elements (i.e. water, snow, wind) do not reach the building interior, they 

restrict the flow of heat from (in winter) and into (in summer) the building, and they 

make certain that a stable support is provided for potential future roof loadings, again 

such as rain, snow and wind (Wulfinghoff, 1999; Hedlin, 1976). The performance and 

longevity of a roof depends not only on the properties of the materials from which it is 

made, but also on how the various materials  and components work together as part of a 

system (Allen and Iano, 2004; Jones, 1967).  

 In recent years, researchers around the world have made a concerted effort to 

design and engineer roofing systems that decrease the impact of the human footprint 

caused by, to a large extent, our sprawling and environmentally unsustainable urban and 

industrial building construction practices. The following sections endeavour to provide 

the reader with insight into how new approaches to roofing, in this case using Green 

roofing technologies, may be able to provide more sustainable roofing alternatives when 

compared to conventional roofing systems. 

2.2 Roofing Systems 

Roofs are typically designed based on the building type and the proposed use and 

occupancy of the structure in question (Blake, 1989); they generally fall into two major 
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categories based on the National Roofing Contractors Association (NRCA) classification 

system, namely: low slope and steep slope roofs (Scharff and Kennedy, 2001).  

2.2.1 (a) Low Slope Roofs 
 

Low slope roofs are characterised by slopes as small as 1:96 and less than 25% 

and are most commonly used in commercial applications (Scharff and Kennedy, 2001). 

These virtually flat roofs are tailored specifically for a particular building and are 

typically constructed on-site. Low slope roofs comprise a roof deck (the structural surface 

supporting the roof), a thermal insulation layer to slow heat flow into and out of the 

building, the roofing membrane (an impervious material that does not allow water into 

the building), and drainage components which remove excess water that runs off the 

roofing membrane. A vapour retarder is also typically placed above the insulation layer to 

prevent the ingress of moisture into the insulation (Allen and Iano, 2004). These 

components are layered in a particular sequence, which may vary depending on the 

specific roofing application and whether the system is “built-up” or “inverted”. Flashings 

and other special details are also normally installed around the roofing membrane’s edges 

and wherever the membrane is penetrated by expansion joints and duct work to again 

prevent water penetration into the building (Allen and Iano, 2004). Surfacing options 

such as aggregates or pavers are then used to finish the roof (Scharff and Kennedy, 

2001).  

Flat roofs are the predominant form of low slope roofs. These systems are further 

divided into conventional (built-up) and protected membrane (inverted) roofing systems. 

With conventional built-up flat roofs, the roof deck is covered by a vapour barrier or 

retarder, onto which is placed insulation (Allen and Iano, 2004; Hedlin, 1976). The 
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insulation layer is sometimes topped with a cover board which distributes the roof load 

and protects the insulation from mechanical damage. In instances when a cover board is 

not used, the insulation used must be of low density and rigid. This layer is overlaid by 

the main waterproofing membrane, which is then typically, but not always, protectively 

covered with a ballast layer of aggregate (a schematic of a conventional built-up flat roof 

is shown in Figure 2.1). 

In this conventional built- up roof setup the insulation protects the roof deck from 

temperature extremes and is itself protected by the roof membrane. The roof membrane 

however, is effectively uninsulated and is thus exposed to large temperature fluctuations. 

Furthermore, water vapour or moisture which invariably finds its way into the insulation 

is trapped beneath the otherwise impermeable roof membrane. This situation may result 

in blistering and/or rupture of the roof membrane due to vapour pressure build-up and 

may eventually lead to costly decay of the insulation and roof deck (Allen and Iano, 

2004). It is therefore now widely recognized that it is advisable to install a vapour barrier 

or retarder below the insulation, or to ventilate the insulation to allow moisture to escape 

by installing topside vents through the roof membrane (Allen and Iano, 2004).  

roof deck

vapour retarder

thermal 
insulation

cover board

waterproofing
 membrane

ballast

 
 

Figure 2.1: Conventional built-up low slope roof. 
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In a protective membrane low slope roof (also known as an inverted roofing 

system), the waterproofing membrane is placed directly above the roof deck. This is then 

overlaid by thermal insulation (sometimes using asphalt to adhere it to the roof 

membrane) which is painted or covered with a filter cloth, and then placed beneath a 

layer of ballast (Allen and Iano, 2004; Hedlin, 1976). In this roof orientation the 

membrane is protected from temperature extremes by the thermal insulation and is on the 

warm side of the insulation where it is largely immune to vapour blistering and decay 

problems (Allen and Iano, 2004). The insulation, such as extruded polystyrene, because it 

is directly exposed to water, is typically comprised of materials which retain their thermal 

resistance value when wet, and which do not decay or disintegrate. Polystyrene is 

degraded by sunlight, however, so the insulation in an inverted roofing system must be 

protected from the sun by ballast such as crushed stone or interlocking concrete pavers. 

As a result of its protection from sunlight and temperature extremes by the thermal 

insulation and ballast, the roof membrane of the protected membrane roof system (Figure 

2.2) has greater long term durability (Allen and Iano, 2004).  The downside of the 

inverted roofing system is that if a leak should form, it is difficult to locate and costly to 

repair (this is also a commonly stated concern for Green roofing systems, which are 

typically simply inverted roofing systems with additional components added). 
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roof deck

thermal 
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filter cloth

waterproofing
 membrane

ballast

 
 

Figure 2.2: Protected or inverted membrane roof system. 

2.2.1 (b) Steep Sloping Roofs 

Steep slope roofs are used predominantly in residential construction and possess 

slopes of 3:12 or greater (Allen and Iano, 2004). The drainage and leakage protection of 

these roof types are governed by the steep roof gradient, which allows precipitation to 

quickly run off and avoid pooling. Sloped roofs are designed on the basis that 

precipitation should drain to the eaves without entering the building (Russell, 1994).  

Thatch, shingles, and architectural sheet metal are typical roof coverings used on 

steep roofs. The insulation and vapour retarder layers in most steep roofs are placed 

beneath the roof sheathing or deck. In instances where the underside of the roof deck 

needs to be left exposed as a finished surface, the vapour retarder layer and rigid 

insulation boards are placed above the roof deck, just below the roof covering. Plywood 

is nailed over the insulation boards as a nail base for fastening the roof covering (Allen 

and Iano, 2004). Because steep roofs form ice dams at the eaves in cold climates, a strip 

of ice-and-water barrier is often installed along the eaves to prevent water trapped by 

large pieces of ice from getting into the building (Allen and Iano, 2004). While Green 

roofs can be installed on roofs with significant slopes, they are far more common on low-



 15

slope roofs, and as such steep roofs are not considered any further in this thesis. 

Examples of steep Green roofs are available from various sources (International Green 

Roof Association, 2007; Peck et al., 1999). 

2.2.2 Roofing Components 

As stated previously, low slope roofs typically comprise a roof deck, vapour 

barrier, insulation layer(s), waterproofing membrane, and some form of ballast or 

attachment system (Baskaran and Frégeau, 1996). The function of each component is 

summarised in Table 2.1. 

Table 2.1: Typical roof components (Baskaran and Frègeau, 1996). 
Roof Component Function Example of Components 

Deck Structurally supports the roof system Composite Boards, Steel, Concrete 
Vapour Barrier Controls the ingress and egress of air and 

moisture to the building 
Vapour, air and fire barriers 

Insulation Limits the heat gained and lost through the 
roof 

Extruded polystyrene, phenolics 

Membrane Acts as a waterproofing for the system Modified bituminous, Polyvinyl 
chloride 

Attachment System Ensures that the components beneath this 
work together as a system 

Heavy pavers, ballast, light-weight 
locking pavers 

 

Various combinations of the components noted in Table 2.1 may be used to 

design the roofing system for a particular building application. The specific roofing 

solution will depend on the building’s needs, the preferences of the roofing installer, the 

environmental conditions, and the desired design life of the roof and its various 

components. For low slope roofs (such as those used in this research), roofing companies 

in Eastern Ontario currently prefer the use of inverted roofing systems similar to that 

shown in Figure 2.2, where the waterproofing membrane is assembled in place from 

multiple layers of asphalt-impregnated felt bedded in bitumen.  
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2.2.3 Conventional Roofs and Stormwater Runoff 

When rain falls in urban areas, about 21% (Banting et al., 2005) of it falls onto 

both flat and steep slope rooftops. In most cases, this rain drains relatively rapidly from 

the roof surface by way of eaves troughs or roof drains, and flows into stormwater 

collection systems where it is detained and treated before discharge into the environment 

(VanWoert et al, 2005).  

Most municipalities use some environmental guideline to determine the quantity 

and quality of stormwater which should be allowed to flow into the sewer collection 

systems (Price, 2006). For example, the City of Kingston, Ontario uses the Site Plan 

Design Guidelines (City of Kingston, 2003). These guidelines are area-weighted averages 

of stormwater flow based on land use and the area’s surface type. The guidelines may be 

used to determine the runoff amounts from different building types by considering the 

minimum lot area, parking access and space, landscaped area, and building coverage as 

set out by the City of Kingston’s zoning by-laws (City of Kingston, 2006). Similar 

guidelines are used by other municipalities in Ontario. 

The City of Kingston’s stormwater design criteria states that stormwater 

collection systems in Kingston must be designed for a peak flow, Qs, calculated based on 

the formula: 

                                 ssss RIAQ 78.2=  (l/s) (City of Kingston, 2003)                           (2.1) 

where As is the area in hectares, Is is the intensity of rainfall in millimetres per hour, and 

Rs is the runoff coefficient based on surface and building type. The rainfall intensity is 

given by the empirically derived City of Kingston standard intensity duration equation: 
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with tc being the time of concentration (the time required for a drop of water to travel 

from the most hydraulically distant point of an area of land to the point of collection) in 

minutes.  

Based on these specifications, and assuming commercial type buildings in areas 

dominated by asphalt pavement having a runoff coefficient of 0.9 (City of Kingston, 

2003) and a minimum concentration time of 15 minutes ( ct ) to the stormwater collection 

system, an intensity, Is of 63.5 mm/hr was calculated. This value was used in Equation 

2.1 to calculate the flow rate, Qs, of stormwater, which was calculated as 3456.4 l/s. The 

area represented by this runoff flow is 229000 square meter (22.9 hectares) of which 

about 95% is commercial (Price, 2006). The area is defined by the downtown Central 

Business District (CBD) bounded by Division and Ontario Streets to the west and east 

respectively, and Brock and Queen Streets at the south and north (the area bounded by 

the red lines in Figure 2.3). 

 
          Figure 2.3: Downtown CBD of Kingston, Ontario1 (City of Kingston, 2007). 

                                                 
1 Red rectangles represent the intersections bounding the CBD as discussed in Section 2.2.3 
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Using Green roof systems comprised of growing media with strong water 

retentive capacities, a University of Pennsylvania study estimated that a reduction of 

about 25% could be achieved of rooftop runoff currently flowing into the municipal 

stormwater systems (DeNardo et al., 2003). If such a reduction in runoff is achieved in 

Kingston, this could represent economic savings for the City of Kingston over the short 

and long term with respect to the costs involved in treatment, system upgrades, 

maintenance, and the repair of damages stemming from combined sewer overflows 

during and after major rainfall events. 

It is worth noting that currently available Green roof systems are now commonly 

designed with stormwater retention as one of their primary performance criteria, such that 

the water retention capabilities of these systems is rapidly improving, with the only 

disadvantage being that structures supporting these systems must be capable of carrying 

the increased structural loads that result. 

2.2.4 Conventional Roofs and Heat Flow 

A building’s roof is continually interacting with outside elements. For most 

buildings, the roof is the element of its envelope that experiences the most severe 

fluctuations in temperature over the life of the structure.  

Seasonal and daily ambient temperature variations result in the cyclic heating and 

cooling of the roofing system and its components in response to the temperature 

fluctuation of the surroundings. A thermal gradient is therefore established between the 

inner roof surface inside the building and the exterior surface which is exposed to 

ambient conditions. This thermal gradient causes heat to flow from areas of high 
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temperature to those of lower temperature, predominantly by conduction (Allen and Iano, 

2004). Modelling and studying heat flow in conventional roofing systems is typically 

approximated as one-dimensional conduction because in general all roof edges and ducts 

are well insulated and represent only a small portion of the total heat transfer for a 

structure. In addition flat roofs are generally well sealed with materials used as thermal 

insulation, which typically prevents heat flow due to convection (Wulfinghoff, 1999).  

Heat flows into buildings during summer months when the ambient air 

temperature is hotter than the air temperature within the building, and heat flows out of 

the building during winter months when the interior of the building is being heated while 

the outside air temperature is, in certain climates much colder (Allen and Iano, 2004).  

Field studies conducted by the Institute for Research in Construction at the 

National Research Council of Canada on both Green and conventional flat roofing in 

Ottawa, Ontario (Liu and Baskaran, 2003) indicated that the roofing membranes of a 

conventional flat reference roof (comprised of vapour barrier laid over the roof deck, 

followed by insulation, and a support panel overlaid by the waterproofing membrane 

layer and topped with ballast) experienced temperature fluctuations in excess of ambient 

air temperatures (due to radiative heating of the roofing membrane). These trends are 

presented in Figure 2.4, which also demonstrates that Green roofs, unlike conventional 

roofs, resulted in considerably decreased temperature fluctuations during the 20 months 

over which the research was conducted, with the most significant differences experienced 

during the summer months (Liu and Baskaran, 2003). This decreased temperature 

fluctuation was presumed by Liu and Baskaran (2003) to be an indication of extended 

lifetime of the waterproofing membrane for Green roofing systems.  
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The increased variations in temperature on the outer surface of roofs as 

experienced by conventional roof systems obviously results in hotter spaces beneath the 

roof in summer and colder spaces during the winter (Niachou et al., 2001). This results in 

increased energy consumption due to heating during winter and due to cooling in the 

summer. However, the relative energy savings to be obtained in summer versus winter 

remain essentially unknown. 

 
Figure 2.4: Daily waterproofing membrane temperature fluctuation with respect to 

ambient temperature of various roof systems (Liu and Baskaran, 2003). 
 

In general, Liu and Baskaran (2003) found that Green roofs experience a median 

daily temperature fluctuation of approximately 6oC, as compared with 45oC for a 

conventional reference roof over the course of the same 20 month period. This same 

research also indicated that both conventional and Green roofs perform similarly in terms 

of thermal efficiency in the event of snow accumulation (Liu and Baskaran, 2003), since 

snow acts as an efficient insulation layer (with an R-value of 0.18 m2·K/W per 25 mm of 

snow (ASHRAE, 2005)) against heat transfer. With respect to energy efficiency, Liu and 

Baskaran (2003) found that, in fall and early winter as the Green roof growing medium 
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froze and a permanent layer of snow remained on the rooftop, both the reference roof and 

the Green roof behaved similarly (although slightly better for the Green roofs) from a 

heat transfer standpoint. Figure 2.5 below summarises the daily energy demand for 

interior space conditioning due to heat flow through the roofs tested, measured using an 

isolated heat flux sensor as opposed to actually measuring the power used to condition 

the interior space. 

 
Figure 2.5: Daily energy demand due to heat flow for Green and conventional 

roofs (Liu and Baskaran, 2003). 
 
 

Most of the thermal resistance of any insulated building assembly is gained from 

the insulating material used (Allen and Iano, 2004). For instance, during winter the 

building interior is warm while the exterior is cold. This results in a warm inside roof 

surface and a cold outer surface, with temperatures varying through the roofing system 

between the internal building temperature and the outside temperature according to the 

thermal resistances of the respective layers of the roofing system (Allen and Iano, 2004). 
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The largest temperature differential therefore exists between the inner and outer surfaces 

of the roof’s thermal insulation. This is why it is beneficial to place the insulation layers 

above the waterproofing membrane, as is done in inverted and most Green roofing 

systems. 

 The R-value of a material is not the only factor which needs to be considered 

when choosing a thermal insulation for a roofing system; factors such as fire 

characteristics, ease of installation, care required in installation, resistance to moisture 

and physical damage, aging characteristics and moisture permeability of the insulation 

must also be considered (Wulfinghoff, 1999).  

Numerous types of insulation are currently available for flat roofing systems, 

including: Glass fibre insulation, which is often used in conventional residential roofing 

applications (but not for large flat or low-slope roofs) and has an R-value of 0.51 m2·K/W 

to 0.67 m2·K/W per 25 mm (Wulfinghoff, 1999), and Plastic foam board insulation which 

is used in roofing systems in forms such as extruded polystyrene, polyurethane and 

polyisocyanurate foam and has R-values of 0.88 m2·K/W, 0.97 m2·K/W and 0.97 m2·K/W 

per 25 mm respectively (Wulfinghoff, 1999). Plastic foam has low moisture permeability, 

is easy to install, and has a high R-value because the gases within its millions of tiny air 

pockets are perfectly sealed (Wulfinghoff, 1999). However, the R-value of plastic foam 

boards decreases with age, as the insulating gas leaks out through the pores of the 

material and is replaced by air. Even with this disadvantage, plastic foam insulation still 

offers better thermal resistance than most other currently available thermal roofing 

insulation options (Wulfinghoff, 1999).  



 23

It is not generally known if, or to what extent, the addition of Green roof 

components to a conventional inverted roofing system may increase the total thermal 

resistance or R-value of the roofing system, thus allowing it to better minimise the heat 

lost in cold climates (Peck et al., 1999). Although Liu and Baskaran (2003) state that 

there is apparently some thermal benefit to be gained from adding a Green roof onto an 

existing roof, as seen from the noted decrease in heat flow in Figure 2.5 (the heat flux 

decreased from about 30 W/m2 for the conventional roof to about 2 W/m2 during the 

summer for the extensive Green roof tested), quantifiable R-values remain unknown for 

the additional thermal insulation afforded by the growing media and vegetation layers of 

Green roof systems. This is especially true in cold climate conditions, since the thermal 

benefit is believed to be far less for heating energy use as opposed to cooling energy use. 

This gap in knowledge is the primary issue being addressed in the current research 

project. 

2.3 Green Roofs 

2.3.1 General 

Green roofs are a form of rooftop surface treatment, essentially involving the 

addition of growing media and plants, along with other necessary components in some 

cases, to otherwise conventional built-up or inverted roof decks (DeNardo et al., 2005). 

The result is a contained Green space which can replace some of the land area lost due to 

construction and urbanisation, with numerous subsequent potential benefits.  

Green roofs are not a new concept, with the first historically known reference to 

the systems being made by the ziggurats of ancient Mesopotamia, from the fourth 

millennia up until 600BC (Peck et al., 1999). The disappearance of green planted spaces 
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due to mass urbanisation, and the observed climatic changes and degradation of the 

environment, has led many European countries, most notably Germany, Austria, 

Switzerland, Scandinavian countries, and, more recently some US cities such as Chicago, 

Illinois and Portland, Oregon to invest in and actively promote this ancient technology in 

the form of engineered Green roofing systems (Peck et al., 1999).  

In the early 1970’s Green roof research was conducted aimed at creating 

waterproof membranes, light-weight growing media, drainage panels, root repelling 

agents, and plants well suited for Green roof applications (Peck et al., 1999). This 

research trend continues today, spurred on by widespread concerns over the environment, 

intensification of urbanization and its associated problems with respect to energy use, air 

and water quality, and climate change, with increased efforts being placed on developing 

scientific and quantifiable methods to understand these roof systems and the ways in 

which they impact energy use, air and water quality, and stormwater runoff, among other 

factors. 

2.3.2 Types of Green Roofs 

Green roofs are typically categorized as intensive, semi-intensive, and extensive 

systems based primarily on the depth of the growing media, the types of vegetation, the 

planted surface area, and the subsequent vertical load that the system creates for the 

underlying structure. Table 2.2 categorises these various Green roof types with respect to 

certain distinct criteria. 
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Table 2.2: Types of Green roofs (Liu and Baskaran, 2005(b); Peck et al., 1999). 
Characteristics Extensive Semi-intensive Intensive 

Depth of growing 
media 

Less than 200 mm slightly above and below 200 
mm 

More than 200 mm 

Accessibility Inaccessible May be partially accessible Accessible 
Weight Low 

Less than 
300 kg/m2 

Varies 
Slightly above and below 300 

kg/m2 

High 
More than 300 kg/m2 

Plant diversity Low Greater Greatest 
 

Due to their greater soil depths, intensive Green roofs (Figure 2.6) are able to 

support a larger plant variety, including trees, shrubs and grasses. Intensive systems are 

employed mainly in new building construction, where the large additional loading due to 

their greater growing media depths can be accounted for in the original design (i.e. 

structural retrofitting is not needed, as would be the case in retrofit application). These 

systems are typically used to provide specific aesthetic and architectural features to a 

building, allowing access to the Green roof, and typically with less intent to take 

advantage of their utilitarian (i.e. insulating and stormwater) benefits.  

 
 

Figure 2.6: An intensive (350 mm growing media) Green roofing system  
(Liu, 2006). 
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Extensive Green roof systems (Figure 2.7), the focus of the current thesis are used 

predominantly in both retrofit applications and in new construction applications where 

access to the roof is not necessary or where only a fractional weight increase can be 

safely tolerated by the existing structure and where little or no maintenance is required. 

Extensive Green roofing systems represent the functionally interesting type of Green roof 

from an engineering standpoint, since these systems are more utilitarian than their 

intensive counterparts. Vegetation in these systems consists mainly of grasses, herbs, 

succulents such as sedums, and wild flowers, which are typically selected to be drought-

tolerant and to require little or no maintenance (Liu and Baskaran, 2005 (b)).  

 
 

Figure 2.7: An extensive (150 mm growing media) Green roofing system installed 
on a test building at the National Research Council of Canada, Ottawa  

(Liu, 2006). 
 
 

Semi-intensive Green roofs are hybrids somewhere between extensive and 

intensive systems. These are used on buildings that can bear significant load increases in 
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one area of the structure, for instance near the supports, but may not support the same 

incremental load increase in another area. These systems are less common and are 

therefore not discussed further in this thesis. 

2.3.3 Typical Green Roof Components 

Green roofs are most commonly applied to low sloping or flat roofs, where the 

smaller roof pitch allows for easy application, and creativity in design and 

implementation. Inverted roofing systems are used most commonly for Green roof 

applications for new flat-roofed buildings in Ontario. This type of underlying roofing 

system allows for better filtering of water percolating through a Green roof, but has the 

disadvantage that a rupture in the waterproofing membrane would necessitate that the 

entire roofing system be removed for waterproofing membrane repair. 

Several components of any Green roof system can be considered standard for flat 

roofs in Eastern Ontario, regardless of whether a conventional built-up low slope roof or 

an inverted low slope roof is used as the base of the Green roof. These components 

include: vegetation, growing medium (substrate), filter cloth, drainage layer, root 

repellent system and waterproofing membrane (Peck et al., 1999) as summarised in Table 

2.3 below.  
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Table 2.3: The basic components of a Green roof  
(DeNardo et al., 2003; Peck et al., 1999). 

Component Function Materials used 

Waterproofing Prevents water from entering the building and 
allows for stormwater  runoff during rainy periods 

Modified bitumen reinforced 
with fibreglass or non-woven 

polyester 
Root Repellent Prevents plants from damaging the waterproof 

membrane in the long term 
Copper linings 

Drainage Maintains proper drainage to the overlying growth 
media and ensures that plants do not drown from 
exposure to excess water and that water vapour 

can be released 

Porous mats, granular media or 
polystyrene 

Filter Cloth Ensures that fine sediments from the substrate do 
not clog the drainage layer and helps prevent roots 

from reaching the repellent system 

Non-woven, non-biodegradable 
polyester or polypropylene-

polyethylene mats 
Growing medium Used as fire resistance, insulation and 

waterproofing protection and as the growing 
media for vegetation 

Mixtures of inorganics 
(vermiculite, clay, volcanic rock, 

coarse sands) and organics 
Vegetation Insulates the system, protects biodiversity, air 

particle filter, aids in stormwater management, 
CO2 sequester and O2 producer and serves as a 

transpiration media 

Perennial, biennials or annuals 

 

2.3.3.1 Green Roof Vegetation 

Plants used for Green roof applications must be very hardy, and preferably native 

to the area in which they are being used, (native plants species are capable of quickly 

adapting to the existing climate with minimal maintenance (Monterusso et al., 2005)). 

Native species should be better able to resist local extremes of temperature and to thrive 

in areas where there is little moisture or soil fertility, and should also withstand windy 

conditions if present.  

The Sedum genus is heavily favoured in Europe for extensive Green roof 

applications (VanWoert et al., 2005). Sedums are drought tolerant and capable of taking 

up carbon dioxide at night for later photosynthetic processes (Villarreal and Bengtsson, 

2005). However, these plants do not perform well in most Canadian climates. In Eastern 

Ontario, wild flowers indigenous to the areas in which the Green roofs are installed are 

currently preferred and are being seeded into vegetated mats and used as the vegetation of 
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choice for Green roofing systems. The advantage to using vegetated mats is that the 

vegetation is pre-grown to a certain maturity and has already taken root, so that once 

installed the plants grow quickly. In addition to the easy installation of the mats (they are 

rolled into place over the growing medium in a similar fashion as would be done for rolls 

of sod), the wildflowers used are well adapted to the climate patterns in the area, and thus 

require little maintenance to survive.  

2.3.3.2 Green Roof Growing Media 

Tsiotsiopoulou et al. (2003) suggest that the growing medium (substrate) used in 

Green roof applications should serve a threefold purpose: it should act as an insulation 

layer against heat transfer in both summer and winter (i.e. energy loss due to both heating 

and cooling); it should protect the roof layers beneath the Green roof components from 

direct sunlight and cold temperatures, reducing the temperature fluctuations of these 

layers (waterproofing membrane, roof deck, and thermal insulation) and consequently 

increasing the service life of the roof; and it should support the anchorage and ongoing 

growth of the vegetation.  

Growing medium temperature is important for Green roofs as it affects vegetation 

root density as well as the growth of the vegetation shoots themselves (Tsiotsiopoulou et 

al., 2003). The thermal properties of the growing medium depend on its composition, the 

quantity of organics present, its moisture content, and its bulk density. Higher bulk 

density values typically increase the rate of heat transfer by conduction, since the 

growing medium particles are closer together in denser media. Essentially, a high 

percentage of voids in the substrate results in low thermal conductivity and thermal 

diffusivity, and in general leads to decreased thermal capacity (Tsiotsiopoulou et al., 
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2003; Wulfinghoff, 1999). Deeper growing medium layers hold more water for longer 

periods, a factor which is especially important with respect to stormwater detention and 

retention issues and in drought prone areas where irrigation of the roof may otherwise be 

required to prevent plant death. Deeper growing medium layers also encourage faster 

vegetation coverage (VanWoert et al., 2005). However, the additional weight of the 

growing medium may mean that greater costs are incurred to ensure that the structural 

integrity of the building will not be compromised. There must therefore be a balance 

between the growing media depth and Green roof installation and structural costs so that 

an optimum system is installed in terms of both economics and environmental benefits. 

2.3.4 Benefits of Green Roofs  

2.3.4.1 General 

The purported benefits of Green roofs are wide ranging and varied, ranging from 

provision of new habitat areas for native insect species to reducing the urban heat island 

effect (UHI). The following section discusses these purported advantages, with benefits 

of particular interest from an engineering stand point discussed in more detail. Potential 

benefits claimed by the Green roof industry include: 

• decreased temperature of urbanised areas (i.e., reduced UHI temperatures); 

• enhancement of environmental air quality (i.e., reduced smog and carbon dioxide, 

etc.); 

• increased species habitat (particularly for native insect and bird species); 

• decreased peak runoff and total volumes of stormwater due to Green roof 

stormwater retention and detention;  
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• improved quality and reduced turbidity of rooftop runoff; 

• decreased building energy use in both summer and winter; 

• improved employee productivity (employees are able to the outdoors while 

having breaks); 

• enhancement of the aesthetic appeal of the built environment; and 

•  increased sound insulation (soil, plants and the trapped layer of air can be used to 

insulate for sound by absorption, reflection and deflection).  

Green roofs have been heralded by many researchers (Köhler et al., 2002; Wong 

et al., 2003(b), Banting et al., 2005) as a means by which the higher temperatures in 

intensely developed urban areas, as compared to surrounding rural areas, could be 

reduced (increased surface and air temperatures in urbanised areas is now a well known 

phenomenon known as the urban heat island (UHI) effect). Green roofs are believed 

(Banting et al., 2005) to be capable of decreasing the UHI effect caused by the presence 

of large areas of surfaces that re-radiate thermal energy in much the same way that 

natural green spaces do in undeveloped areas. The presence of vegetation on the roofs 

would, from a heat gain standpoint closely simulate the natural environment before the 

advent of mass urban development, thus increasing the number of plants evapotranspiring 

and increasing the amount of rooftop shading. Evapotranspiration and rooftop shading are 

actually the primary factors affecting passive cooling of Green roofs in warm climates 

(Niachou et al., 2001), subsequently resulting in a cooler atmosphere and building 

interior as less heat is re-radiated into the atmosphere. Figure 2.8 shows this general 

trend, although the exact temperature differential was not quantified by the authors of that 

study. The reduction in thermal fluctuation of the outer roof surface and the increase in 
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the thermal capacity of the roof also contribute to the cooling of the spaces beneath the 

roof (Niachou et al., 2001).  

 
 

Figure 2.8: Schematic representation of the urban heat island effect 
(Banting et al., 2005). 

 
 

Vegetation has been shown to enhance environmental air quality in urban 

environments by trapping airborne particles and sequestering gaseous pollutants such as 

carbon dioxide (Nowak and Crane, 1998). Green roof plantings can undertake the same 

biological processes and improve urban air quality, although this effect has not yet been 

well quantified.  

Green roof systems can be used by various species as habitat, and may in some 

cases provide a source of food and or shelter. Rooftop green areas could replace much of 

the habitat lost at grade due to urban development. Green roofs have been reported to be 

successful living areas for several species which are rare or approaching extinction. In 

one London, England study, more than 50 species of spiders was collected from a series 

of Green roofs (Gedge, 2003). Gedge subsequently noted that 9% of the United 

Kingdom’s spider fauna was found on less than 10% of the number of roofs in the 

London area (Gedge, 2003). Using this study as an indication, Green roofs can be 
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expected to enhance biodiversity, although again this benefit is presumably location and 

climate specific. 

Many of the aforementioned benefits listed have not been rationally quantified, as 

has been noted previously by others such as Banting et al. (2005), and have thus not been 

discussed further. Among the few benefits that have seen limited research performed in a 

rational, quantifiable, and scientific way are the stormwater retention and thermal 

insulation capabilities of these systems, the details of which are presented in the 

following sections.  

2.3.4.2 Stormwater Retention Capabilities of Green Roofs 

It is well known that urbanisation typically increases the volumes and reduces the 

times to peak volume of stormwater runoff, and reduces the total quantity and quality of 

water which percolates through the soil and which is evapotranspired due to the increased 

amount of hard surface area and the rapid flow of water in designated drains (DeNardo et 

al., 2003).  Excessive stormwater runoff needs to be curtailed to protect receiving water 

bodies from pollution resulting from untreated stormwater runoff and combined sewer 

overflows (CSOs), and to minimize danger and damage due to flash flooding after 

extreme rainfall events. Green roofs present one viable engineering tool to reduce the 

stormwater impact of impervious areas within cities. They represent practicable best 

management practices that can serve to mitigate the frequencies of CSOs and subsequent 

surface water contamination. Green roofs increase the detention time of rainwater, and 

decrease the peak runoff volume and peak rate of runoff in areas where they are 

implemented (Villarreal and Bengtsson, 2005; DeNardo et al., 2003), while requiring no 
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additional land space and very little maintenance as opposed to other stormwater 

management options such as stormwater detention ponds.  

Various studies have been conducted to try to quantify the reductions in 

stormwater runoff afforded by implementation of Green roofs (Bengtsson, 2005; 

Bengtsson et al., 2005; DeNardo et al., 2003). One such study was undertaken at 

Pennsylvania State University (DeNardo et al., 2003). The test system consisted of a 

conventional flat roof, a 12 mm thick Enka™ drainage layer, 89 mm of porous media, 25 

mm of porous expanded polypropylene, and Sedum sperium planted at a spacing of 75 

mm on centre (DeNardo et al., 2003). In this study, 23% of the rain which fell was 

retained by the Green roof in one rainfall event, but no runoff was detained, because the 

soil was very saturated from a previous rain event. The Green roof was able to not only 

retain 20% of the rainfall occurring 6 days after another storm event, but detain to 58% of 

the rain that fell in the initial 5 hours before runoff began. This study also indicated that 

during low intensity rainfall events rainfall detention was minimal as the rain was able to 

easily pass through the Green roof layers and begin exiting the roof before the roof 

reached its retention storage capacity (DeNardo et al., 2003), i.e. rainwater drained from 

the Green roof system before tensile forces in the soil were able to retain the moisture in 

the capillary pores of the soil against the force of gravity (Viessman and Lewis, 2003). 

Figure 2.9 illustrates the decline in roof runoff with the installation of a Green roof 

(Garden roof), as compared to both the total rainfall and the runoff observed from a 

conventional roof (reference roof).  
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Figure 2.9: Green roofs delay stormwater runoff (Liu and Baskaran, 2005 (b)). 

  

Villarreal and Bengtsson (2005) note from their study which looked at 

precipitation and runoff data from a 0.80 m × 1.93 m sedum Green roof at the 

Department of Water Resources Engineering at Lund University, Sweden, which had a 

soil-vegetation layer 400 mm thick, underlying a geotextile layer, with the soil composed 

of 5% crushed limestone, 43% crushed brick, 5% clay, 37% sand, and 10% organic 

material that stormwater retention somewhat depends on the intensity of rainfall and the 

Green roof slope. The Green roof was placed on an impervious raised frame which 

allowed for runoff collection, and artificial rains, which mimicked real and design rain 

events, were applied to the system by means of a sprinkler. Runoff volumes were 

measured at one minute intervals using beakers. The experiment was carried out at slopes 

of 3.5%, 8.7%, 14%, and 25%, under both dry and wet initial conditions. As should be 

expected, a larger percentage of precipitation is retained by Green roofs if their roof slope 

is small, and if the depth of the growing media is large (VanWoert et al., 2005; Villarreal 

and Bengtsson, 2005). The effects of roof slope and media depth on runoff were found to 

be negligible once the growing media had reached saturation. This observation contrasts 
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with other studies (VanWoert et al., 2005), which state that in general rooftop retention 

rates are constant for roof gradients between the 2% and 58% (VanWoert et al., 2005). 

This discrepancy may be a consequence of differences in Green roof vegetation and the 

physical characteristics of the Green roof substrate such as the degree of saturation, 

particle composition and grain size distribution, and degree of compaction. A more 

saturated soil, as pointed out by DeNardo et al. (2003) in the University of Pennsylvania 

study, is unable to retain as much stormwater as one which is not saturated.  

There is very little runoff from a Green roof if the moisture content in the growing 

medium is less than the field capacity of the soil (i.e., the total amount of moisture held in 

the soil after excess water has drained away and drainage by gravity has decreased, (Das, 

1999)). Water can be stored on a Green roof for a long time if field capacity is not 

reached. Any water lost from the roof during this period is as a result of 

evapotranspiration (i.e., the sum of water lost from sources such as the soil and water 

bodies due to evaporation and that lost due to plant transpiration (Viessman and Lewis, 

2003). Stormwater runoff is initiated only after the field capacity of the growing medium 

is reached; typically between 40% and 50% moisture for a 38.1 mm growing medium 

(Bengtsson, 2005; Bengtsson et al., 2005). The maximum water retention that Green 

roofs experience is the difference between the precipitation and the runoff depth. The 

quantity of water retained is therefore a function of the porosity of the drainage layer. 

Drainage layers are used to remove excess water from a system (Allen and Iano, 2004) 

and may consist of natural coarse aggregates such gravel or man-made materials that 

possess defined lateral flow paths and vertical depressions to retain water for some time 

before it overflows the depression and again flows by way of the lateral flow paths. Peak 
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runoffs observed are typically lower when drainage layers are not present possibly 

because more time is needed for the water to infiltrate and percolate through the more 

tortuous flow path (Bengtsson, 2005).  

The more rapid runoff response of Green roofs with drainage systems can be 

attributed to the faster horizontal flow of water through a drainage layer than through the 

growing media. However, when the rainfall distribution is peaked, as observed on a 

rainfall hydrograph which shows the variation of periodic, seasonal, and yearly changes 

in rainfall (Viessman and Lewis, 2003), peak runoff is lowest when a drainage layer is 

present (Bengtsson, 2005, VanWoert et al., 2005). This is because as the water percolates 

through the growing medium it has a readily available exit route in the drainage layer. 

This scenario opposes one in which there is peaked rainfall without a drainage layer 

present, and where field capacity would have to be attained and surpassed before any 

excess rainfall would exit the Green roof system as runoff. 

If the Green roof growing media is wet or saturated before a storm event, 

rainwater is typically only detained by the Green roof system (Bengtsson et al. 2005; 

Villarreal and Bengtsson, 2005). Vegetation also affects stormwater retention, but this 

contribution is small as compared to the impact of the growing medium on runoff 

(VanWoert et al., 2005). 

In summary, Green roofs have generally proven to be an effective method of 

detaining and retaining stormwater runoff from roofs and of reducing or eliminating 

CSOs. However, the degree of effectiveness of Green roof systems in retaining or 

detaining water is directly linked to the degree of saturation of the soil prior to the rainfall 
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event, the growing medium composition and particle size, the type of drainage layer 

provided (if any) and the degree of compaction of the growing medium. 

2.3.4.3 Thermal Benefits of Green Roofs 

To decrease energy use in buildings, with a view to promoting sustainable 

development practices, there is currently a need to reduce the quantity of heat flowing 

into the interior of buildings in hot climates, and out of them in cold climates. This need 

is no less in areas experiencing periodic high or low temperatures such as are experienced 

during Canadian summers and winters. Green roofs are widely thought to be a potential 

tool in the future development of comfortable yet energy efficient buildings in many 

different climates (Onmura et al., 2001).  

In warm and hot climates, Green roofs are able to reduce the surface temperatures 

of conventional roofs by shading the roof from direct incident sunlight, reducing the 

thermal fluctuation experienced by the roof (particularly the critical component; the 

waterproofing membrane). This reduction in thermal loading translates into longer life 

spans for the roof system and decreased strain of the roof sealant (Köhler et al., 2002). 

The vegetation cover on a Green roof not only protects the roof from direct radiant 

energy, but also cools the roof as the plants evapotranspire, photosynthesize, and respire. 

In doing so, plants help to control the indoor temperature and humidity of the building 

(Niachou et al., 2001). The benefits of Green roofs in cold climates are much less 

understood. 

Green roofs offer, in addition to the insulation provided by conventional roofs, 

additional insulation layers consisting of three distinct strata (Liu and Baskaran, 2003). 

The uppermost layer comprises plants, both living and dead, which shade the surface of 
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the growing medium in which they are planted and alter the airflow and snow 

accumulation characteristics of the roof. A middle layer of growing medium, made 

ideally of high porosity and light coloured material, allows for good air flow and 

reflective capacity, especially in warm conditions. The bottom, or drainage layer, consists 

of drainage material or drainage system with large pores which facilitates the release of 

excess water from the growing medium (Köhler et al., 2002), and which also provides 

added insulation due to the low coefficient of thermal conductivity of the air spaces in 

this layer. Together these three layers enable a cooling effect of the water of evaporation 

and a higher roof insulation value to be observed. Figure 2.10 shows one possible 

example of how the components of a Green roof may be installed in a given application.  

 

Figure 2.10: Schematic of the components of a Green roof installed on top of a 
conventional built-up roofing system (Liu and Baskaran, 2003). 

   

The thermal benefits of a Green roof are dependent on numerous factors, most of 

which remain incompletely understood, including whether or not the roof is insulated, the 

type of plants, and the thickness of both the growing media and the vegetation cover. 
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Niachou et al. (2001) found that Green roofs placed on well insulated rooftops did not 

offer any significant differences in internal rooftop surface temperatures in warm 

climates. The highest external temperatures in the study were found in areas very sparsely 

populated by vegetation or where there was suspected non-homogeneity in the 

composition of the growing medium, of the water in the growing medium, or of the 

plants. The same study found that there was a marked difference in the exterior roof 

temperature for non-insulated buildings on which Green roofs were installed and those 

without Green roofs in warm climates. Specifically, the Green roof afforded about a 10oC 

decrease in the exterior surface temperature as opposed to non-insulated roofs (Niachou 

et al., 2001).  

Wong et al. (2003(a)) confirmed that the type of plant and thickness of vegetation 

cover are important in determining the potential thermal benefits gained from Green roofs 

in warm climates. Higher temperatures were found under plants with a low leaf area 

index, LAI, (i.e., the ratio of total upper leaf surface area per unit surface area of the land 

on which the plants are grown) as opposed to those with higher leaf area indices and 

denser foliage cover. It is therefore most desirable (for insulation in warm climates) that 

the plants used as part of any Green roof system be of the denser variety, providing more 

opportunity for transpiration and homogenous protection against incident radiation 

(Wong et al., 2003(a); Wong et al., 2003(b)). Regardless of the type of vegetation used, a 

decrease in exterior surface roof temperature can be expected because of the shading 

effect of the plants.  

The possible decrease in surface temperature in the order of 10oC is apparently 

experienced when a roof is covered with about 250 mm of soil as opposed to lying bare 



 41

in 1400 W/m2 intensity sunlight (Wong et al., 2003(b)). This illustrates the ability of 

Green roof growing medium to decrease surface temperatures due to the evaporation of 

moisture from the soil and decrease in the amount of incident solar radiation which 

reaches the roof deck (Wong et al., 2003(b)), as well as also providing an increase in R-

value of the roofing system.  

The overall heat transfer coefficient, U (a coefficient with denotes the total 

amount of heat which passes through a unit area of a given medium) has been found to be 

less when a roof was covered with plants than when it was bare. In one study, the heat 

transfer coefficient for a bare conventional built-up flat roof was found to be 

approximately 0.58 W/m2·K, as compared to 0.45 W/m2·K for a Green roof with 400 mm 

of growing medium (this depth value is huge compared to depths of 150 mm currently 

used in Eastern Ontario and should not be taken as a typical value) and plant cover, after 

daytime fluctuations in temperature were taken into account (Wong et al., 2003(a)).  

In instances where a Green roof was covered by growing medium only and where 

it was planted, similar quantities of heat loss were observed at night. This is because 

plants contribute more thermally in shading and evaporative cooling capacities, but only 

to a small extent do they contribute to rooftop insulation by conduction in warm climates 

(Onmura et al, 2001; Wong et al., 2003(a)).  

When comparing the thermal comfort of a building fitted with a Green roof as 

compared to one with a conventional roof in warm climates, Green roofs increase the 

level of comfort experienced in the interior of the building during the day (Niachou et al., 

2001). For one specific Green roof system studied in the Loutraki region, Greece, air 

temperatures were observed to exceed 30oC in buildings without Green roofs 18% of the 
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time, as opposed to exceeding 30oC only 5% of the time if the rooftop was covered by a 

Green roof (Niachou et al., 2001). Similar observations are presented by Wong et al. 

(2003), who suggest a 3oC-4oC decrease in interior temperatures as compared to external 

temperatures between 25oC and 30oC. Onmura et al. (2001) observed that the daily 

maximum temperature difference during a hot period, was greatest on clear days (about 

30oC difference) and least when cloudy (about 10oC difference), on an external concrete 

slab (150 mm concrete and 80 mm top mortar) when compared with a 300 mm thick 

growing medium Green roof placed on a 3 storey building in Osaka, Japan. This 

translates into a 50% decrease in the total heat flux which was transferred into the 

building.  

Recently, similar studies have been conducted in cold climate conditions to look 

at the potential benefits of Green roofs during winter. Studies conducted in Canada, 

primarily in the cities of Ottawa and Toronto, have generally found that the Green roofs 

insulated the buildings to a higher degree in summer and spring, whereas during the 

winter and fall their insulation value was not as high, although the effects could not be 

rationally quantified. 

One study conducted by Liu and Bass (2005) showed that two 100 mm and 75 

mm thick growing media Green roofs tested under real-time environmental conditions at 

a community center in Toronto consistently reduced the average daily heat flow through 

the building throughout the year. This reduction in heat flow was more in summer (70%-

90%), than in winter (10%-30%) as measured using isolated point heat flux sensors.  

Another Green roof (inverted system Green roof with 175 mm of growing 

medium and with all other Green roof components the same as the 75 mm Green roof 
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tested at the community center discussed in the preceding paragraph) tested at the 

Toronto City hall performed better than the 75 mm Green roof at the community center in 

Toronto. Liu and Baskaran (2005(a)) attribute the better thermal performance of the 175 

mm Green roof to the lower portion of the growing medium remaining unfrozen for part 

of the winter, providing extra insulation to the roof. However, it is not recommended that 

thermal roof insulation be replaced by extra growing medium in Green roofs geared for 

predominantly cold climate applications because the insulation value of Green roofs 

apparently decreases on freezing (Liu and Baskaran, 2005(a)). 

In addition, Liu and Baskaran (2005(a)) found that the benefits of installing a 

protected membrane (inverted) roof with a Green roof is diminished by the fact that the 

thermal roof membrane of the protected membrane roof lies beneath the thermal 

insulation layer, experiencing very little temperature fluctuations regardless of whether a 

Green roof is installed. 

In summary, a reasonable volume of research has studied the thermal benefits of 

Green roofs in warm and hot climate applications. However, only few studies have 

looked at the behaviour of these systems during extreme cold periods, and these have 

found that the systems can be effective in reducing heat loss from the buildings in winter 

(although thermal benefits cannot be quantified on the basis of this previous work). The 

degree of thermal benefit appears to be due to the depth of the growing media and the 

thickness of the roof insulation layer used, although the systems tested were not 

comprised entirely of the same material components (with the exception of the growing 

media depth). Research focused on the performance of Green roofs in cold climate 
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conditions, and with the only variant to system composition being the depth of the 

growing medium, therefore warrant investigation. 

2.4 Summary 

 This chapter has shown the need for more quantitative, reproducible research in 

the area of Green roof technology, especially with respect to the thermal insulation values 

which may result from the presence of such systems in cold climates. The vast majority 

of literature to date focuses on the evaporative cooling effects of Green roofs in warm 

climates or the impact these systems have on stormwater quality and quantity in our 

environment. The few attempts at studying Green roofs’ thermal performance in cold 

climates have not used controlled environments, making their data highly case specific, 

and their conclusions difficult to apply to different cases.  

It is thought that Green roof systems may add some thermal insulation benefit to 

roof systems during colder months, owing to the added layers the systems possess (filter 

cloths, drainage, growing media and plants), as compared to conventional roof systems. 

This current research develops reproducible tests capable of determining the validity of 

this hypothesis under controlled environmental conditions. 



 45

CHAPTER 3: EXPERIMENTAL PROGRAM 

3.1 General 

This chapter provides a detailed description of the experimental setup and testing 

procedures used in performing the research described herein. The nature of the testing 

program, the setup of experimental components such as the data acquisition system, 

heating element, and hot box, the test panels used as representative roofing systems, and 

the environmental chamber used to facilitate testing under controlled environmental 

conditions, are all described in detail. Also provided are details of the calibration methods 

used for the various testing apparatus. Ancillary tests performed to determine the 

conditions under which the tests were conducted, namely the moisture content of the 

growing media and depth mapping of the Green roof systems, are also described in this 

chapter. 

3.2 Experimental Program 

 Bearing in mind that the overarching goal of the research presented in this thesis 

was to determine to what extent (if any) Green roofs offer additional thermal insulation to 

typical commercial roofing systems in cold climates, an experimental system was needed 

with which the thermal performance of representative Green and conventional roof 

systems could be monitored under steady-state conditions. 

The experimental program was structured such that three roofing systems, 100 

mm nominal and 150 mm nominal growing medium Green roofs and a conventional roof 

design, as well as a calibration roof panel, could be monitored under the same steady-

state interior-exterior temperature differentials (i.e., a constant interior temperature of 
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21oC and exterior temperatures ranging from 0oC to -25oC in 5oC increments). All roof 

systems were continuously monitored during testing to determine the total electrical 

power used by the interior environment’s heating system to maintain steady-state 

temperature within the hot box, temperature profiles through the roofing systems under 

various temperature differentials, and the performance of the hot box apparatus itself.  

The temperatures at various depths throughout each of the four systems (three 

roofing systems and a calibration panel) were recorded to determine which of the layers 

within the roof structure was most important from a heat conduction standpoint.  

3.3 Test Setup 

The experimentation required to quantify the probable thermal benefits of Green 

roof systems in cold climates began in March 2007 and continued until May of the same 

year. Prior to testing, steps were taken to construct an experimental apparatus and roofing 

systems which were to be used, including: 

1) design and construction of an instrumented hot box apparatus; 

2) design and construction of an instrumented heating element and thermal 

controller; 

3) formulation of a custom designed data acquisition program to acquire data 

from multiple sensor types including thermocouples, temperature integrated 

circuits (ICs), and continuous current sensors; 

4) design and construction of three aluminium test bed panels to house the three 

roofing systems to be studied (referred to as the testing cradles); 

5) design and construction of two representative Green roof test panels and one 

conventional built-up flat roof test panel; and 
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6) calibration of the hot box apparatus and testing methods, verification of 

sensors and data acquisition, and design of testing protocols 

Sections 3.3.1 to 3.3.5 discuss details of each stage of the design and construction 

of the test setup. 

3.3.1 Hot Box Design and Construction 

It was determined that the most appropriate method to study the steady-state 

thermal conduction performance of Green roofing systems in cold climates was through 

the use of a hot box apparatus (ASTM, 1997). A hot box apparatus is a general term that 

refers to a class of testing that consists of a well-insulated box with an open top. The top 

of the box is closed with a test panel of the building system to be tested, and the entire hot 

box assembly is placed inside a larger environmental chamber. The interior of the hot box 

is maintained at a constant temperature, and the exterior temperature is maintained at 

some constant temperature until steady-state conditions are reached (in the current case a 

subzero temperature between 0oC and -25oC). By monitoring the energy used by the 

heater inside the hot box to maintain the box’s internal temperature at the given value 

(typically 21oC), and by knowing (by careful calibration of the hot box prior to testing) 

the energy lost through the hot box’s walls and floor, the thermal resistance (R-value) of 

the testing panel can be determined, and various systems can be rationally compared.  

A hot box apparatus was fabricated by the Author, with assistance of technical 

staff in the Department of Civil Engineering, in accordance with the American Society 

for Testing and Materials (ASTM) International standard designation ASTM C1363-97, 

Standard Test Method for the Thermal performance of Building Assemblies by Means of 

a Hot Box Apparatus (ASTM, 1997). The five-sided 1461 mm × 1461 mm plan 
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dimensioned hot box of a total height of 1640 mm, (is should be noted that the materials 

used during research were measured in US customary units, and as such the SI 

equivalents used herein are hard conversions of these customary units) consisted of a 19 

mm thick plywood five-sided box, fastened together with wood screws and sealed with 

920 Urethane Marine Grade caulking sealant by Bostik™ to ensure air and water 

tightness. The hot box was subsequently lined on its interior with two layers of 51 mm 

thick extruded polystyrene (XPS) foam insulation boards, giving a total XPS thickness of 

102 mm on the floor and all four side walls of the box. The first layer of XPS insulation 

was adhered to the plywood walls and floor with LePage™ PL 300 foam board adhesive, 

with overlapping edges of the insulation glued with the foam board adhesive and the 

seams bound and sealed with CW adhesive contractor’s sheathing tape by 

VentureTape™. This arrangement allowed the clear area inside the box to be 1219 mm 

cubed as required by ASTM C1363-97.  The outer layer of XPS and the plywood were 

extended vertically from the top of the 1219 mm cubed void inside the hot box such that 

the side walls of the aluminium testing cradles (described below) would be insulated 

during testing, thus avoiding a thermal “short-cut” through the highly thermally 

conductive aluminium. Figures 3.1, 3.2, 3.3, and 3.4 show photos and schematics of the 

hot box apparatus. 
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Figure 3.1: Vertical section view showing the components of the hot box  

(units: mm). 
 

 

 
 

Figure 3.2: Elevation photo of the hot box inside the environmental chamber. 
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Figure 3.3: Plan view of hot box (units: mm). 

 
 

 
 

Figure 3.4: Photo showing top and inside of the hot box. 
 
 

An open aluminium frame fitted with rubber casters was constructed and fitted to 

the base of the hot box so that the apparatus could be easily moved into the 

environmental chamber for testing and out again when a roof system was being changed 

for the commencement of a new test run. The reader should note that this frame formed a 

ring around the base of the hot box, allowing free air circulation beneath the box to 
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ensure uninterrupted heat transfer through the floor of the hot box within the 

environmental chamber (i.e., to ensure that heat transfer was uniform over all five faces 

of the hot box). Figure 3.5 shows a close-up photo of one corner of the aluminium base 

frame and caster. 

 

 
 

Figure 3.5: Photo of aluminium hot box frame and casters. 
 

3.3.2 Heating Element 

A 400 Watt heating element (Figure 3.6) was custom designed and constructed by 

technical staff from the Department of Civil Engineering in accordance with ASTM 

C1363-97. The heater comprised a heat source of two incandescent A23 200W light 

bulbs. The bulbs were housed inside two 305 mm outside diameter circular aluminium 

tubes to prevent uneven radiative heat transfer to the interior surface of the hot box and 

thus to ensure even heating of the inside walls of the hot box. The air inside the hot box 
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was continuously circulated using a 76 mm diameter fan mounted on an aluminium 

bracket and pointing directly at the heating assembly, further ensuring that the heat 

generated by the light bulbs was transmitted evenly throughout the entire hot box area by 

uniform forced convection.  

The entire heater/fan system was mounted on an aluminium base plate which was 

then bonded to a plywood base with aluminium angles for legs, raised 51 mm above the 

floor of the hot box to ensure that air was able to freely circulate beneath the heating 

assembly. The heating assembly was also fitted with a vertical metal rod, to which a 

clamp was attached so that sensing and control thermocouples could be placed 610 mm 

above the floor of the hot box (i.e., at the precise centre of the interior of the hot box 

volume). The sensing and control thermocouples were used during experimentation to 

record the ambient air temperature within the hot box and to provide a feedback to the 

temperature controller which maintained the constant temperature of 21oC inside the box 

by turning the light bulbs on and off as necessary. 

The heating apparatus was placed directly above a temperature IC (an integrated 

circuit that produces an output voltage proportional to absolute temperature) located on 

the centre of the floor of the hot box. This allowed the temperature of the floor within the 

hot box to also be recorded. Only one of the two possible light bulbs was ever actually 

used during the experimental phase, from calibration to conclusion of testing. The second 

bulb was used as a “contingency” bulb, intended to be used only in the event that the first 

bulb burned out during testing, such that heating could be continued without having to 

remove the testing panel from the top of the hot box midway through a test.  
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Figure 3.6: Heating element assembly. 

3.3.3 Data Acquisition System 

Due to the specialized sensors and data collection required for the testing 

described herein, a customized data acquisition program was created using the DT 

Measurement Foundry 4.0 software for recording the temperatures throughout the various 

layers of the conventional and Green roof systems, as well as the energy use of the 

heating assembly as measured with a continuous current sensor. A DT3003, a 100 

channel data logger to which temperature ICs were connected to record temperature 

readings after the ICs converted an output voltage to absolute temperature values, and a 

DT9805, a 7 channel data logger used to record the temperatures measured by 

thermocouples during the test, were used to acquire the assorted data. To create the 

program to record thermocouple temperatures, the Author connected the channels of the 

DT 9805 hardware to an analog input panel, which was called by a control panel to begin 

recording data at a frequency of 10 Hz. A linearization panel linked to the analog input 
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panel was able to calibrate the voltage readings collected in linear form, converting them 

into degree Celsius temperature values. Once the voltage signals were recognised by the 

linearization panel, 7 digital display panels and a chart recorder, linked to the control 

panel button were able to continuously show and record the temperature data. In addition, 

the Author was able to also link a Microsoft Excel™ panel to the linearization panel to 

record the temperatures of each thermocouple obtained every 0.1 seconds for the full 

duration of the testing of each roof panel and the calibration panel. 

A second worksheet was embedded into the program to collect data from the 

DT3003 hardware device. Here the Author connected 11 temperature ICs and a 

continuous current sensor to a single value input panel. A single value type panel was 

selected instead of an analog input panel to allow the program to handle the high 

frequency of continuous data collection. To linearize the voltage signals obtained while 

recording IC temperatures, the Author, after physically calibrating the temperature ICs, 

input the respective calibration curves to the property specification of each of the ICs 

within the single value input panel, thus directly collecting thermal data in degrees 

Celsius. Again, the temperature readings in degree Celsius were displayed on chart 

recorder and digital display panels. The data was also simultaneously collected within a 

Microsoft Excel™ spreadsheet, as before. The same single value input panel was used to 

collect data obtained from the continuous current sensor (continuously measuring 

electrical energy supplied to the heater/fan assembly). The current sensor was able to 

convert a root mean square (RMS) current input to a direct output current, which the 

Author established through calibration to be related to an RMS voltage (refer to Section 

3.4.2 for additional details). The voltage signals recognised by the single value input 
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panel were, as in the case of the temperature ICs and thermocouples, recorded by chart 

recorder and digital display panels as well as continuously logged within Microsoft 

Excel™. 

Figure 3.7 is a photograph of the continuous current sensor which, when wired 

into an electrical circuit, is able to measure the alternating current used by an apparatus 

and convert it into an output direct current. This output current is recognised as a pulse by 

a data logger, which records the pulses as output RMS voltage readings.  

 
 

Figure 3.7: The continuous current sensor used during testing to continuously 
monitor the power supplied to the hot box heating assembly. 

 
 
The portion of the program created to record current sensor readings was later 

used to determine the amount of energy supplied to the 200W light bulb heater assembly 

to maintain steady-state temperatures within the hot box. Current values measured by the 

sensor were converted into the power used for each hour of steady-state testing by 

numerically integrating the current sensor readings with respect to time using a simple 

midpoint rule procedure. This was accomplished by:  
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1) converting voltage readings from the continuous current sensor to RMS 

current readings using Equation 3.1, derived in Section 3.4.2 from the 

calibration of the current sensor:  

                      RMS current = (1.26 × current sensor voltage) - 2.52                 (3.1) 

2) determining the time interval between the collection of the voltage readings 

(in seconds) by subtracting the time at which the ith voltage reading was 

recorded from the time at which the ith + 1 voltage reading was taken; 

3) determining the time elapsed (in seconds) between each subsequent voltage 

reading;  

4) using values from 2) and 3) to calculate the midpoint time and duration of the 

corresponding time interval between the collection of the ith and ith + 1 data 

point, so that each time step reflected the time at the midpoint of the time 

interval; 

5) averaging the RMS current readings over consecutive time intervals for the 

full period of data collection and multiplying these average values by 120 V 

(the voltage supplied to the current sensor at the electrical outlet) to determine 

the average power (in Watts) used during each time interval; 

6) calculating the actual power use (in Watt·seconds), used by each system by 

multiplying the average power found in 5) by the corresponding time interval 

found in 3); and 

7) determining the power used during each one hour of testing (with five 

individual hours of testing at each environmental chamber temperature for 

each roofing system and for the calibration panel) by first summing all of the 
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actual power (W·s) values found in 6) for the entire period of data collection, 

and then dividing this total power  by 3600 seconds.  

An Omron E5CK digital temperature controller, with an accuracy of ± 1oC and 

programmed to maintain a set point value of 21oC inside the hot box, was able to adjust 

the temperature inside the hot box by returning the temperature to the set point by either 

switching the light on to increase the temperature in the hot box, or switching the light 

bulb off to allow cooling of the hot box. The data acquisition program recorded the 

current drawn by the light bulb at a frequency of 10 Hz. 

Figure 3.8 shows a schematic illustration of the various instruments (current 

sensor, heating element, hot box temperature controller and data acquisition system) 

within the overall testing assembly. 
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Figure 3.8: Schematic of instrumentation wiring for control of temperature and 
power use measurement. 
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current guidelines as stipulated by the City of Toronto (Kerim, 2007) based on the 

German landscape industry organization, Forschungsgesellschaft 

Landschaftsentwicklung Landschaftsbau (FLL) Green roof guideline (FLL, 2002). These 

guidelines suggest the use of a 150 mm nominal depth of growing medium for extensive 

Green roofs in new construction on new buildings and 100 mm nominal depth of growing 

medium for retrofit extensive Green roof applications on existing structures.  

A mass of 273 kg was established as the likely maximum loading for which to 

design the testing panels that would simulate the roof decking of a structure and hold the 

test roofing systems on top of the hot box during testing. This mass was estimated based 

on simple projected weights of the saturated growing medium and other roofing 

components. Testing cradles were required into which the roof systems to be tested could 

be installed, which would carry this 273 kg load without excessive deformation or failure 

(i.e., a simulated roof decking was required for the hot box). Two materials were 

considered as candidates for fabrication of the testing cradles, namely structural steel and 

6061 T6-aluminium alloy. 

To complete the design of the testing cradles, the 273 kg presumed maximum 

load was converted to a uniformly distributed line load (UDL) over 1321 mm, and simple 

calculations based on mechanics were conducted with conservative assumptions (such as 

assuming that the testing panel was simply supported rather than supported on all four 

sides as was actually the case) to determine the cradle thickness required to safely carry 

the afore-mentioned load (without yielding the metal used to fabricate the testing cradle). 

Based on these calculations, and the ease with which aluminium testing cradles could be 

fabricated locally, 6.4 mm thick aluminium was chosen as the material for the testing 
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cradles. Three test cradles 1321 mm × 1321 mm in plan and 305 mm deep, were 

fabricated so that they fit snugly into the top opening of the hot box. Figure 3.9 shows a 

vertical section view of one of the testing cradles, while Figure 3.10 is a photograph of a 

fabricated testing cradle. Figures 3.9 and 3.10 also show the aluminium support brackets 

and lifting hooks were incorporated onto the testing cradles such that they could be safely 

lifted into position onto the top of the hot box and safely supported once in place (i.e., to 

ensure that the hot box could support the full weight of the testing cradles and roofing 

systems. The lifting hooks were used to lift the testing panels into position on top of the 

hot box for testing, and to transport the test panels in the laboratory by gantry crane. 

 
Figure 3.9: Vertical section view of one of three identical aluminium testing 

cradles fabricated by MetalCraft Marine Inc., Kingston (units: mm). 
 

 
 

Figure 3.10: The fabricated aluminium testing cradles. 
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Sample calculations detailing the design of the testing cradles are shown in 

Appendix A, while Appendix B contains illustrations of the testing cradles’ aluminium 

support brackets and lifting hooks. 

Three watertight aluminium testing cradles were fabricated as shown in Figure 

3.10. One of these cradles was outfitted with a conventional commercial built-up system, 

while the other two were outfitted with typical 100 mm nominal and 150 mm nominal 

growing media thickness Green roof systems, of a type currently used in Eastern Ontario. 

The Green roof systems were selected by industry partners who are knowledgeable in the 

area.  

3.3.4.2 Construction of a Representative Conventional Roof 

Since the research presented herein was aimed at evaluating the thermal benefits 

of Green roof systems in cold climates, particularly as would be the case for the use of 

extensive Green roof systems installed on flat roofed commercial type buildings in 

Eastern Ontario, it was desired to have a control roof to which the Green roof systems 

could be compared.  

A conventional built-up roof was used as the control roofing panel, since a large 

proportion of flat commercial roofs currently in use in Eastern Ontario are of this type 

(based on input from industry partners). The roofing system was designed by Mr. Bob 

Kerim, an industry partner at Tremco Weatherproofing Technologies Inc., Mr. Scott 

Wylie, a building envelope consultant from Wytech Building Envelope Solutions, and 

constructed by Amherst Roofing Inc., a local roofing company. The conventional roof 

consisted of five specific components. Figure 3.11 outlines the various components 

within this test panel. 
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Figure 3.11: Components of the conventional built-up roofing system test 

panel (units: mm). 
 

 
Seven Constantine-Copper (T-type) thermocouples each 4.5 m (15 feet) in length 

were fabricated by the Author for installation in each of the three test roof panels prior to 

their installation in the aluminium testing cradles. These thermocouples were later 

labelled and embedded at the centre of each layer of the conventional built-up roof and 

Green roof testing panels during their construction. 
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thermocouple T-15 was placed on the top surface of the aluminium testing cradle at its 
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of the vapour retarder directly above T-15. Above thermocouple T-16 was placed 51 mm 

of isocyanurate insulation, again using insulation adhesive. Thermocouple T-17 was 

placed at the centre of the top surface of the isocyanurate insulation, and 25 mm of 

fibreboard bonded with insulation adhesive was set down above this thermocouple. The 

fibreboard was canted at the perimeter of the test panel as would be done in a typical field 

application. Thermocouple T-18 was placed on top of the fibreboard. A three ply cold-

applied built-up roof membrane, 2 mm thick, was placed above thermocouple T-18. 

Thermocouple T-19 was placed on the top surface of the built-up roof waterproofing 

membrane, and was held in place using contractor’s sheathing tape with CW adhesive by 

VentureTape™. A gravel ballast finish 51 mm thick was then placed above thermocouple 

T-19 to finish the roofing installation. 

Thermocouples placed on the top surface of the aluminium test cradles were held 

in place using five-minute epoxy, while subsequent thermocouples, with the exception of 

T-19, were held in place by the insulation adhesive.  Figure 3.12 shows the completed 

conventional built-up roof installed inside an aluminium testing cradle. 
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Figure 3.12: Finished conventional built-up roof installed in an aluminium testing 
cradle and ready for thermal testing. 

 

3.3.4.3 Construction of Representative Green Roof Systems 

Two similar but slightly different representative Green roof systems were 

installed in each of the two remaining aluminium testing cradles, again designed based on 

guidelines set out by the City of Toronto (Kerim, 2007), as described previously and 

through consultation with industry partners discussed previously. The Green roofing 

systems were identical except for their nominal growing medium depths.  

Figures 3.13 and 3.14 show the various components of the Green roofing test 

panels. The Green roofs chosen were inverted roofing systems with Green roofing 

components installed on top, in place of the traditional gravel ballast that would normally 

be applied. To begin construction of both the 100 mm nominal and 150 mm nominal 

thick growing medium Green roof systems, inverted roof system bases were first 

constructed inside the aluminium testing cradles. 
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Figure 3.13: Components of the 100 mm nominal Green roof test panel 
units: mm. 
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Figure 3.14: Components of the 150 mm nominal Green roof test panel 
units: mm. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.15: Pontarolo™ Engineering engineered drainage layer panel used in 
the fabrication of the Green roofing test panels. 
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The Green roofing panels were also designed by Mr. Kerim and Mr. Wylie and 

constructed by Amherst Roofing Inc. They consisted of a 3 mm thick styrene butadiene 

rubber (SBR) waterproofing membrane, which was fully adhered in cold roofing 

adhesive (preventing water from reaching the roof decking in an actual field installation). 

A 0.2 mm thick polyethylene slip sheet allowed any moisture in the waterproofing 

membrane to exit the system. A 76 mm thick extruded polystyrene insulation, supplied 

by Amherst Roofing, thermally insulated the roof systems, and a 2 mm thick fabrene 

filter fabric allowed water to exit the system. A 51 mm thick drainage layer (Figure 3.15) 

from Pontarolo™ Engineering collected excess water from the growing medium and 

channelled it to a scupper which was installed in one corner of the Green roof panel 

aluminium testing cradles to allow water to drain freely from the system. A 2 mm thick 

filter cloth prevented the growing medium from being transported into the layers beneath. 

The growing medium and vegetated mats were provided by industry partners LandSource 

Organix Inc. A 100 mm depth of growing medium was placed in the 100 mm nominal 

Green roof testing panel during its fabrication, while 150 mm of growing medium was 

used in the 150 mm nominal Green roof. All Green roof components, except those 

specifically mentioned above, were supplied by Tremco Weatherproofing Technologies 

Inc. 

 As with the construction of the conventional built-up roof panel, thermocouples 

were placed at the plan centre of each layer of the testing panels. Thermocouple T-8 was 

placed at the bottom of the inverted roof assembly of the 150 mm nominal thick Green 

roof system, while thermocouple T-1 was placed on the top surface of the aluminium 

testing cradle to be utilised for the 100 mm nominal Green roof. These thermocouples 
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where then overlain with styrene-butadiene rubber (SBR)-single ply membrane fully 

adhered in cold adhesive, followed by thermocouples T-9 and T-2 in the 150 mm and 100 

mm nominal thick Green roof systems, respectively. A 0.2 mm polyethylene slip sheet 

was then laid over top of the SBR-single-ply membrane. Thermocouples T-10 and T-3 

were then placed in the 150 mm and 100 mm nominal Green roof systems respectively. 

These were followed by thermocouples T-11 and T- 4 placed on the top surface of the 76 

mm of extruded polystyrene insulation and fabrene filter fabric. Thermocouples T-12, T-

13 and T-14 were then placed in that order, above the centre of the drainage layer, filter 

cloth and growing media of the nominal 150 mm thick Green roof system, while T-5, T-6 

and T-7 were inserted into the afore-mentioned three layers within the 100 mm nominal 

Green roof assembly. Each Green roof system was then topped with a vegetated mat of 

native wildflowers, sowed in approximately 51 mm of growing medium, engineered 

specifically for this application by LandSource Organix Inc. It is worth noting that the 

growing medium was tamped only by hand during installation of the Green roofing test 

panels. Figure 3.16 shows one of the Green roofing systems just before the vegetated mat 

was installed. 
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Figure 3.16: Green roof test panel after installation of the growing medium, but 
before installation of the vegetated mat. 

 
 

During the interim three month period between construction of the roofing test 

panels and thermal testing of the first one, each Green roof system was housed inside the 

Structural Engineering Research Laboratory at Queen’s University. To maintain plant 

growth indoors, the Green roof test panels were stored beneath one of two 100W 

fluorescent full-spectrum light bulbs. The special light bulbs used provided optimum light 

for plant growth, and the Green roof panels experienced significant growth during the 

three month period. The Green roof plantings were thoroughly watered every other day 

and were allowed to drain freely by way of the scuppers installed in each aluminium test 

cradle. Figure 3.17 shows one of the Green roofing test panels in the laboratory awaiting 

testing, and Figure 3.18 shows one of the scuppers installed 10 mm from the base and 

295 mm from the edge of one of the aluminium testing cradles. The scupper allowed 

drainage during the interim period between fabrication and testing.  



 70

 
 

Figure 3.17: Green roof test panel installed in its aluminium testing cradle during 
the interim period between installation and testing. 

 

 
 

Figure 3.18: Scupper used to drain Green roof systems. 
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3.3.5 Environmental Chamber 

The thermal testing of the various roofing systems was performed by placing the 

entire hot box and test panel assembly inside the controlled environment of an 

environmental chamber (cold room) in the Structural Engineering Research Laboratories 

at Queen’s University. The environmental chamber is 6100 mm × 4500 mm in plan 

dimensions, and is controlled by a 2104 Chromalox™ temperature controller with an 

accuracy of ± 1oC. Once inside the environmental chamber and steady-state conditions 

had been achieved, five tests of one-hour duration each were performed for each of the 

three roofing panels (and for the calibration panel as described below) at environmental 

chamber temperatures ranging from 0oC to -25oC in 5oC increments. The environmental 

chamber is cooled using standard refrigeration coils and a series of fans ensured that the 

air was well circulated throughout testing, thus promoting uniform heat transfer to and 

from the hot box by forced convection. 

Fluorescent lights present in the environmental chamber were turned off during 

testing to minimise uneven heat transfer resulting from radiative heating of the test panels 

from the lights above. 

3.4 Hot Box and Systems Verification 

This section describes the calibration methods used by the Author to ensure that 

all components of the various apparatus used during experimentation were able to 

repeatably and accurately record meaningful engineering data. 
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3.4.1 Temperature ICs 

Twelve temperature ICs, which were used to monitor the temperatures of the 

inside and outside surface temperatures at the centre of the respective faces of the hot box 

during testing, were calibrated by first wiring each temperature IC to the DT9805 

hardware device. One temperature IC was then adhered to the centre of each of the five 

inner faces of the hot box with Loctite™ gel adhesive. Temperature IC-5 was placed on 

the floor of the hot box, while temperature ICs 1 through 4 were positioned one on each 

of the four inner hot box walls. The sixth temperature IC was mounted next to the hot box 

temperature controller feedback thermocouple in the volumetric centre of the hot box.  

Figure 3.19 shows a temperature IC, placed on one of the inner walls of the hot box. 

 
 

Figure 3.19: Temperature ICs adhered to the inside walls of the hot box. 
 

The remaining ICs were also bonded with Loctite™ gel adhesive to the plywood 
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for 24 hours, after which time data was acquired for each of the ICs and for the control 
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thermocouple of the environment chamber. In this manner, the temperature ICs could be 

calibrated against the control thermocouple for the environmental chamber, which had 

and accuracy of ± 1oC. The same procedure was used to calibrate the ICs at -30oC. Data 

collected at 10oC and -30oC were thus used to arrive at an assumed linear calibration 

curve for each independent IC (temperature ICs are well known to respond in a linear 

fashion so that additional temperatures were not needed for calibration). 

The Author subsequently collected data using the IC calibration curves to 

determine whether the temperatures noted by the ICs were indeed reflected in the values 

recorded by the environmental chamber temperature controller. It was observed that the 

calibration curve for temperature IC-4 did not record temperatures to the expected 

accuracy of ± 1oC, possibly due to the wires of the IC connecting at a point other than 

their tips, resulting in a flow of charge along this new path and the recording of the 

temperature at this new contact point. This IC was therefore re-calibrated. A handheld 

digital thermocouple reader, HH-25TC with an accuracy of 0.4% of the reading 

connected to a T-type thermocouple was adhered with contractor’s sheathing tape to the 

inside wall of the hot box directly next to IC-4 to re-calibrate the IC. In this instance, the 

environmental chamber was set to 10oC and -25oC. The Author again recorded the 

voltage output of the temperature IC and also noted the temperatures recorded by the 

handheld thermocouple reader. The tests were conducted for ten minutes at each of the 

two temperatures, resulting in a new calibration curve for IC-4. The digital thermocouple 

reader was subsequently used to verify the calibration curves of the other temperature 

ICs. 
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In order to further verify the calibration curves of each temperature IC, the Author 

allowed the ICs to record data for five hours in one-hour intervals. The data recorded by 

the DT3003 was analysed to determine whether the readings for each hour were within 

the expected ± 1oC (the maximum accuracy which could be expected from the 

temperature ICs since this was the accuracy of the environmental chamber control used in 

their calibration). The temperatures recorded for the five one-hour periods of testing at 

0oC and -25oC were within the accuracy of the environmental chamber. 

3.4.2 Current Sensor Calibration 

A model PC-50 current sensor, manufactured by F.W. Bell, and capable of 

continuously measuring sinusoidal alternating (AC) current, was used to measure the 

power supplied to the heater/fan assembly within the hot box during testing. Although a 

calibration curve for this sensor was supplied by its manufacturer, the calibration was 

verified by the Author for use in the experimental program described herein.  

The manufacturer’s calibration curve for the PC-50 current sensor, which 

compared the output direct current (in units of mA) with the alternating input root mean 

squared (RMS) current (in units of A) was reconfigured to allow a direct comparison 

between an RMS voltage and an input alternating current, thus permitting an output direct 

current of 4 mA to be converted to an equivalent output RMS voltage of 2 V, and an 

output direct current 20 mA to be converted to a 10 V RMS voltage for acquisition by the 

data acquisition system.  

Verification of the manufacturer’s calibration curve was achieved by supplying 

two known input alternating currents of 1.47 A and 0 A. The 1.47 A current was 

measured using a Hewlett-Packard 34401A handheld multimeter with an accuracy of  
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± 0.001 A, which was directly wired to the 200 W light bulb around whose power supply 

wires the current sensor was placed. The light bulb was then unplugged so that no current 

present. The 0 A current value was corroborated by the HP34401A multimeter. The 

corresponding output direct current noted by the current sensor as an output voltage was 

recorded by the DT3003 data acquisition system. 

The calibration curve for the PC-50 current sensor determined by the Author 

deviated from the manufacturer’s curve by 0.02 A at most, representing a reasonable fit 

of the curve for the collected data. The resulting calibration curve is shown in Figure 3.20 

and was used to convert current sensor voltage values to RMS current values as discussed 

previously in Section 3.3.3. 
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Figure 3.20: Author’s experimentally determined current sensor calibration curve. 
 

3.4.3 Hot Box Heating Assembly 

The heating element as described in Section 3.3.2 was tested for its ability to heat 

the hot box and maintain the set temperature to ensure that the experiments would be 
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carried out with repeatability and accuracy. The temperature ICs wired to the DT3003 

hardware were fed from the data acquisition computer into the environmental chamber 

(through an access port protected from electromagnetic noise by a 30 mm outside 

diameter, 6.4 mm thick, and 45 mm long metal pipe). Six of the temperature ICs were 

then threaded through a small hole drilled through one of the walls of the hot box, and as 

mentioned in Section 3.4.1, these were adhered to the internal walls of the hot box using 

Loctite™ adhesive gel. The opening was backfilled with expanding insulating foam to 

ensure that the hot box remained wholly airtight. The remaining ICs were later adhered to 

the outer walls and floor of the hot box as previously discussed. 

The power cables from the light bulbs and fan were fed through a 30 mm 

diameter hole drilled through the hot box wall. This hole was subsequently backfilled 

with expanding insulation foam to prevent heat loss which would otherwise introduce 

error in experimentation.  

The power cords from the heating element exited the hot box and were connected 

to a power supply outside the environmental chamber through a 20 mm diameter hole 

drilled through the environmental chamber access port cap. This access hole was located 

as far away as possible from the metallic piping housing the temperature IC lead wires to 

ensure that the ICs’ readings were not corrupted by electronic noise from the power 

supply. 

To test the capability of the hot box heating assembly as well as to calibrate the 

entire hot box, the top of the box was closed using a special calibration panel which was 

designed to have the same thermal characteristics as the hot box floor and walls. To 

accomplish this, a T-type thermocouple, T-Outside, was adhered to the outer surface of a 
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1321 mm × 1321 mm plan dimensioned calibration panel made of two plies each of 51 

mm thick extruded polystyrene and 19 mm thick plywood, as was used for the fabrication 

of the rest of the hot box, with Loctite™ gel adhesive. The two plies of extruded 

polystyrene were adhered with contractor’s sheathing tape and were subsequently bonded 

to the plywood with urethane caulking sealant. This finished calibration panel is shown in 

Figure 3.21. 

 
 

Figure 3.21: The calibration test panel. 
 

 
 The calibration panel was placed into the top opening of the hot box so that the 

clear internal dimensions within the hot box were 1219 mm × 1219 mm × 1219 mm. The 

heater assembly was turned on and the temperature controller was set at 21oC with the 

environmental chamber set at -25oC. The system consisting of the hot box assembly and 

environmental chamber was then allowed to reach steady-state conditions, at which time 
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the six temperature ICs inside the hot box logged data for five consecutive one-hour 

periods. The temperature of the environmental chamber was subsequently increased to 

5oC, and again the system was allowed to attain steady-state conditions and temperature 

data were again logged for five consecutive one-hour periods. The collected data at these 

two environmental chamber temperatures was studied and it was determined that a single 

200 W light bulb indeed produced enough heat to maintain steady-state conditions within 

the hot box at both temperature extremes expected during subsequent testing. The 

collected data also confirmed that the bulbs consistently heated the hot box floor and 

walls to the same degree, since the temperature recorded by the temperature ICs was the 

same at all locations within ± 1oC during the five hours of testing at -25oC and at 5oC.  

3.4.4 Verification of Selected Instrumentation 

Prior to data collection, a trial run of the entire hot box assembly set up as for 

experimentation was conducted by the Author over the range of temperatures and at the 

sample rate to be used during testing. The Author used the calibration panel lid for these 

trials to ensure that there were no problems in instrumentation once testing commenced.  

Once the calibration panel was fabricated, a T-type thermocouple, T-Inside, was 

adhered to centre of the extruded polystyrene insulation on the inside face of the 

calibration panel. The calibration top was installed into the top opening of the hot box on 

9 mm diameter foam backer rods around the perimeter of the opening to ensure that the 

system was air-tight, thus minimising heat loss. Extreme care was taken to ensure that the 

box was properly sealed. To further ensure that the calibration panel was placed on the 

hot box in an air-tight fashion, insulating spray foam with a thermal resistance value of 

0.88 m2·K/W was used to seal the boundary between the calibration panel and the edges 
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of the hot box. The spray foam was allowed to dry for 24 hours at room temperature, 

allowing the foam to adequately expand and fill all the gaps.  

Thermocouples T-Inside and T-Outside were connected to the data acquisition 

computer, and the environmental chamber was set at 0oC and monitored for 24 hours 

until steady-state conditions were achieved (i.e., the inside temperature of the hot box 

was consistently at 21oC and the temperature outside of the hot box was consistently 

0oC), then the calibration runs were commenced. Each run was carried out in one hour 

intervals for five hours total at each environmental chamber temperature. The 

temperatures on the inside and outside faces of the hot box and calibration panel were 

recorded continuously at 10 Hz. The power used to maintain the hot box assembly at a 

steady-state temperature of 21oC was also recorded using the PC-50 current sensor, also 

at a sample rate of 10 Hz. 

Once a five hour sample period was over, the environmental chamber was 

reduced by 5oC and the process was repeated until calibration was completed at an 

environmental chamber temperature of -25oC. The accumulated data was then analysed to 

determine the power used during each hour of experimentation.  

Since the data acquired by the current sensor were measured as an RMS voltage, 

the Author converted the data into an RMS current (in amperes) using the Author’s 

calibration curve for the current sensor (Figure 3.20). The current was then converted into 

RMS power (in Watts) using the steps detailed in Section 3.3.3. The temperatures inside 

and outside of the hot box were measured using thermocouples and temperature ICs. 

These data were analysed by the Author to determine the total heat transferred through 

the calibration roof panel (Section 4.3.2) and to have a reference to which subsequent 
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tested roof systems could be compared (Sections 4.4.2, 4.5.2, 4.6.2 and 4.7.2 herein). The 

effective thermal resistance value of the calibration roof panel was also calculated as 

detailed in Section 4.3.3.  The method of averages detailed by ASTM designation C1045-

01 (ASTM, 2001), together with the energy used to heat the calibration panel itself was 

used to calculate the effective R-value of the calibration panel. The air temperature of the 

environmental chamber (Tc) and the temperature of the air inside the hot box (Th) were 

also used in the calculation of R-values as presented in Section 4.3.  

 The Author employed the same experimental protocol as described in this section 

when testing the conventional and two Green roof panels, with the only difference being 

that additional thermocouples were placed at the centre of the layers of the systems as 

previously discussed (Figures 3.13 and 3.14).  

3.5 Design Modifications 

 The testing cradles used to house the roofing test panels in this study were 

fabricated from aluminium, which is known to have a relatively high thermal 

conductivity in comparison to other building materials. Simple one-dimensional heat 

transfer calculations performed by the Author before testing the roofing systems led to 

some concern that significant heat losses would be introduced by the aluminium test 

cradles, since, if left un-insulated on their sides and top edges, they could provide an easy 

path for heat flow out of the hot box which could exceed heat losses through the roofing 

test panels. In addition to the support brackets and lifting hooks on the test cradles, which 

were fully exposed to the environmental chamber temperatures on the top surface of the 

hot box, 13 mm of the top of the test cradle walls was also exposed to the environmental 

chamber. 
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 It was thus decided to insulate the side walls and top edge of the testing cradles so 

as to prevent thermal short-circuiting and unwanted heat loss. The exposed areas of the 

aluminium were completely covered with 51 mm thick extruded polystyrene foam, with 

the seams between the aluminium and the polystyrene foam sealed with contractor’s 

sheathing tape. The Author subsequently sealed areas where pieces of the polystyrene 

foam came into contact with expanding insulation foam (Figures 3.22 and 3.23). 

 As will be discussed in Chapter 5, it is suspected that there was indeed significant 

heat loss through the aluminium testing cradles, and as such it is not possible to compare 

the calibration panel data to the roofing test panel data in a meaningful way. It is possible 

to compare the conventional and two Green roof systems against each other, since all 

three test panels had identical aluminium testing cradles that were identically insulated 

during testing. Unfortunately, the temperatures of the support brackets, lifting hooks, and 

testing cradle walls were not monitored during testing so it is not possible to know how 

much heat was lost via this heat flow path.  

 
 

Figure 3.22: A Green roof test panel in the top of the hot box prior to testing: 
lifting hooks and support brackets exposed and un-insulated. 

 

 
 

Figure 3.23: A Green roof test panel in the top of the hot box just after testing: 
lifting hooks and support brackets well-insulated. 
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3.6 Ancillary Tests 

3.6.1 Moisture Content 

Soil moisture is known to be a key factor in determining its thermal conductivity 

(Budhu, 2000). Thus, the moisture content of the 100 mm and 150 mm nominal Green 

roof systems was determined just prior to commencing thermal testing according to 

ASTM test method D2216 to ensure that both systems exhibited similar growing medium 

moisture levels at the start of testing (ASTM, 2005). This allowed the Author to 

rationally and confidently compare the data obtained from the respective systems. 

Just before the start of testing, the Author removed from the middle of the 100 

mm nominal Green roof vegetated mat, approximately 25 mm depth of growing medium 

and placed it in a covered jar. The Author then immediately weighed three empty, 

labelled drying tins using a digital balance with an accuracy of ± 0.001 grams and 

recorded the mass of each tin in grams. A small quantity of growing medium was then 

placed in each of the tins and the combined sample and tin were again weighed and 

recorded. The Author then placed the growing medium sample and tins in a drying oven 

at a temperature of 105oC for 24 hours after which period they were removed and placed 

in a desiccator to cool for an hour. After cooling, each of the three samples was weighed 

and the mass was recorded (ASTM, 2005). The dry mass of solids was used in the 

calculation of the moisture content. 

This method was repeated for the 150 mm nominal Green roof system. The 

masses obtained for both the nominal 100 mm and 150 mm Green roof systems were 

used to calculate the moisture content of roof system. The data obtained while carrying-
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out this test is presented in Appendix D, while Section 4.2.1 discusses the moisture 

content obtained for each Green roof testing panel.  

3.6.2 Green Roof Depth 

 To determine the true depth of the growing media and the variability in growing 

media depth for the two Green roof systems, the Author conducted a grid mapping of the 

depth of the growing media of the nominal 100 mm and 150 mm Green roofs. Each test 

panel was considered to be a plane of dimensions 1168 mm × 1168 mm. The growing 

medium depth was measured at twenty-five points determined by a grid of dimension 292 

mm × 292 mm by hand with a small ruler of accuracy ± 1mm. These depths were then 

averaged to approximate the true depth of each system to be considered in analyzing the 

experimental data. The results of the mapping are presented in Section 4.2.2, while 

Appendix E presents the actual depths obtained while mapping each of the two Green 

roof systems. 

3.7 Sources of Error 

A source of error may have been electrical noise introduced by the proximity of 

the data acquisition wiring to the power cords, although this was minimised by running 

the temperature ICs and thermocouples through a metal piping as discussed in Section 

3.4.3, where they were in close proximity to power supply wires. 

 During the calculation of the quantity of power needed to maintain the testing 

system comprising of hot box, roof systems and environmental chamber at steady-state, 

integral approximation was used as discussed in Section 3.3.3. This allowed the power 

use to be found by determining the area under a curve of voltage versus time. Some error 
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may have been introduced by using integral time steps which were too large. The Author 

minimised this effect by calculating the integral of the curve of voltage versus time over 

small time change differentials (voltage readings were generally taken every 0.1 

seconds). 

 The variability of the growing medium depth throughout the test panels was also a 

source of error, but was minimised by measuring the growing medium depths at twenty-

five points within the panels as is discussed in Section 3.6.2. The moisture content of the 

growing medium was another probable source of error in testing, which greatly affects 

the thermal conductivity of soil (i.e., large moisture content values increase soil thermal 

conductivity).  The test panels were therefore carefully watered to saturation by applying 

water to the top of the Green roofs until a small amount of water pooled at the top of the 

Green roof test panels. The panels were then drained to field capacity, and the growing 

medium moisture content tested just prior to testing of each Green roof panel to minimize 

this error. 

3.8 Summary 

 This chapter discussed the experimental procedures and apparatus used by the 

Author and highlights the calibration methods used to ensure that tests were carried out 

with a high degree of repeatability and accuracy. Among the topics presented were the 

construction of a hot box, test cradles, conventional and Green roofing systems, the 

formulation of a data acquisition program, and the calibration of the testing systems and 

apparatus. Also discussed were ancillary tests to determine the moisture content as well 

as the average depths of each of the two Green roof systems’ growing media at the time 

of testing. The following chapter presents and discusses the experimental results. 
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CHAPTER 4: EXPERIMENTAL RESULTS AND DISCUSSION 

4.1 General 

 This chapter presents and discusses the findings of the experimental program. 

First, the results of ancillary tests to determine the moisture content of the Green roof 

growing media and the true depth of each of the 100 mm nominal and 150 mm nominal 

Green roof test panels at the time of testing are presented. Details of tests on each of the 

three roof system test panels and on the calibration roof setup, both in terms of total 

power use and effective thermal resistance are also presented. The chapter then concludes 

with a comparison of the three roof system test panels. 

4.2 Ancillary Tests  

 Ancillary tests established the initial condition of each Green roof test panel just 

prior to thermal testing. These tests were important to accurately characterize both the 

growing media depth and the growing media moisture content-these two factors are 

known to influence the thermal properties of granular media (ASHRAE, 2005; 

Wulfinghoff, 1999).  

4.2.1 Moisture Content 

Moisture content is defined as the ratio of the mass of water to the mass of solids, 

expressed as a percentage (Budhu, 2000), present in the Green roof growing media. 

Growing media samples were taken from the centre of the vegetated mat of each Green 

roof test panel (thermocouples were therefore not disturbed as the topmost thermocouple 

was located beneath the vegetated mat, about 25 mm away from the area which was dug 
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to obtain growing media samples), just before the start of thermal testing. The moisture 

content of the growing medium of the vegetative mat in each Green roof test panel was 

taken to be the average of the values obtained from these three samples. Based on these 

tests, the moisture content of the 100 mm nominal Green roof test panel was 134% and 

that of the 150 mm nominal panel was also 134%, with standard deviations of 0.19% and 

0.02% respectively. Calculations giving moisture content values are shown in Appendix 

D.  

The results indicate that both Green roof test panels had similar growing medium 

moisture contents before thermal testing was commenced, and they can thus be rationally 

compared in terms of thermal performance. The moisture content of the engineered 

growing medium used herein, which consisted of 60% inorganics and 40% organics, 

cannot be regarded as typical for every type of growing medium, since no other published 

work is apparently available which discusses engineered growing media moisture content 

and its effect on thermal conductivity. Additional research in this area, studying 

engineered growing media at various moisture contents, is thus warranted. 

4.2.2 Depth Mapping 

The depth of the growing medium was measured at twenty-five points for each of 

the two Green roof test panels, after removing the vegetated mats, and these 

measurements were subsequently averaged to approximate the growing medium depth. It 

is worth noting that the growing medium was tamped only by hand during installation of 

the Green roofing test panels. The result was that the growing media was poorly 

compacted and experienced considerable settlement during the three month interval 

between test panel fabrication and thermal testing. Actual growing media thicknesses of 
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82 mm and 127 mm were calculated for the 100 mm nominal and 150 mm nominal 

growing media Green roof test panels respectively. These measured depths showed that 

the growing media settled by 18 mm and 23 mm in each Green roof test panel 

respectively from the time of their construction. These measured average growing 

medium depths have been used for presenting graphical and numerical data for the Green 

roofs in all subsequent discussions. Figures 4.1 and 4.2 illustrate the contours obtained 

from the measured depths of the growing media in each Green roof test panel (the solid 

lines in Figures 4.1 and 4.2 are the depths at the numbered contours, while the dotted 

lines are depths at 2 mm contour intervals for the 150 mm nominal Green roof test panel 

and 1 mm intervals for the 100 mm nominal Green roof test panel). 

It is evident that there was significant variation (by as much as 80 mm) in the 

growing medium depth over the surfaces of the Green roof test panels. This variation in 

depth was likely due to the uneven compaction and settlement of the growing media, 

variations in the thickness of the engineered vegetated mat, and slight variations in 

growing media depth at the time of Green roof test panel construction. The observed 

variations in growing media depth and the possible effects of these variations are 

discussed later in this chapter, but it is worth noting that these variations can be expected 

in actual field applications of Green roofs, where considerably less care is typically taken 

during the installation process. The variation in growing media depth observed also 

highlights the fact that growing media depth, if determined to be an important issue 

affecting the thermal performance of Green roofing systems, cannot be relied upon to the 

same extent of XPS insulation, for instance, which has a well defined thickness and 

reasonably well-quantified thermal properties. 
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Figure 4.1: Contour depth mapping results for the 100 mm nominal Green roof 

test panel after media settlement (depths in mm). 
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Figure 4.2: Contour depth mapping results for the 150 mm nominal Green roof 

test panel after media settlement (depths in mm). 
 

4.3 Calibration Panel Results 

 Prior to thermal testing of the Green roof test panels, a calibration panel 

comprising two layers of 51 mm thick extruded polystyrene foam and one layer of 19 

mm plywood was fabricated as discussed previously. This panel, identical to the hot box 

walls and floor, was used to calibrate the hot box assembly in accordance with ASTM 

C1363-97 (ASTM, 1997). Figure 4.3 shows the calibration panel as set in the hot box for 

thermal testing. 
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Figure 4.3: Corner details of the calibration panel 
units: mm. 

 
The purpose of calibration testing was to determine the heat loss (power use) 

through the walls and floor of the hot box at each temperature differential, so that this 

heat loss could be subtracted from the total heat loss (power use) measured during testing 

of each of the roofing system test panels. This subsequently enabled the energy used by 

each of the other three roofing system test panels to maintain thermal steady-state 

conditions to be determined during each round of testing.  

The total energy used by any given roofing system (i.e., the calibration panel or 

three testing panels) was found by numerically integrating the area beneath plots of 

instantaneous supplied power versus time for each individual hour of the five hours of 

testing at each temperature differential. To determine the heat loss for each specific roof 

system panel, 5/6 of the power used by the hot box with the calibration panel at each 

environmental chamber testing temperature was subtracted from the total power used by 
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the entire system at these same temperature differentials. This was done under the 

assumption that, because all five sides of the hot box and the calibration panel were 

constructed identically, the heat lost through each face would be identical during 

calibration runs. This was verified (as discussed below) by comparing inner and outer 

face temperatures for all sides of the hot box at each temperature differential. Thus each 

of the five sides of the hot box was assumed to account for 1/6 of the energy used to 

maintain steady-state of the entire hot box during calibration. Therefore, the heat lost 

through any roofing test panel at any given temperature differential was taken as the total 

energy used by the entire hot box assembly in maintaining steady-state conditions, minus 

5/6 of the total energy used by the hot box with the calibration panel at the same 

temperature differential.  

4.3.1 Temperature Variation  

 Figure 4.4 illustrates the mean temperature recorded by the thermocouple 

mounted on the outside (top) face of the calibration panel, T-Outside, when the 

environmental chamber was set to 0oC. This figure shows that the environmental 

chamber temperature could not be maintained at 0oC: the chamber experienced 

temperature cycling approximately every ten minutes as the heating and cooling system 

of the environmental chamber switched off and on to maintain the set point temperature. 

The temperature cycling of the environmental chamber to maintain a set point of 0oC 

means that the temperature of the environmental chamber actually varied by about ± 2oC, 

but this variation had no impact on IC calibration because temperature IC calibration was 

conducted when the environmental chamber was at its set point. These heating and 

cooling cycles are consistently reflected in all graphs illustrating temperature variations 
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in the test set up (Figures 4.4 to 4.7), and are unavoidable within the range of temperature 

control available. 

The time-averaged T-Outside temperature recorded during the first hour of testing 

at set point 0oC was 0.1oC, as compared to 0.4oC during the fifth hour of testing, which 

suggests that although the environmental chamber set point remained at 0oC there was a 

0.3oC swing in temperature during the five hour testing period. However, the reader 

should note that this variation is within the ± 0.5oC accuracy of the thermocouples 

suggested by the manufacturer and the ± 1oC accuracy of the environmental chamber 

feedback thermocouple and calibrated temperature ICs. The reader will note that it is 

expected that the temperature of T-Outside should be slightly greater than ambient 

temperature in the environmental chamber, since the internal hot box temperature was 

maintained at 21.0oC at all times, and heat was thus being lost through the calibration 

panel thus raising its temperature slightly.  
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Figure 4.4: Similar variation in temperature of the outer surface of the calibration 

panel during the first and last hour of testing at an environmental chamber set 
point temperature of 0oC. 
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Figure 4.5: Similar variation in temperature of the inner surface of the calibration 
panel during the first and last hour of testing at an environmental chamber set 

point temperature of 0oC. 
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Figure 4.6: Similar variation in temperature of the outer surface of the calibration 

panel during the first and last hour of testing at an environmental chamber set 
point temperature of -25oC. 
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Figure 4.7: Similar variation in temperature of the inner surface of the calibration 
panel during the first and last hour of testing at an environmental chamber set 

point temperature of -25oC. 
 

Figure 4.6 shows the temperature recorded by T-Outside during the first and last 

hours of testing at an environmental chamber set point temperature of -25oC. In this case, 

the outer surface of the calibration panel was maintained at a time-averaged temperature 

of -23.0oC, and again there is some variation in temperature due to the cyclic temperature 

control of the environmental chamber. Again, the recorded temperatures are slightly 

higher (in this case by about 2.0oC) than the environmental chamber’s set point, as 

expected given heat loss from the hot box. 

Figures 4.5 and 4.7 show the temperatures recorded by the thermocouple on the 

inside face of the calibration panel, T-Inside, during calibration runs at environmental 

chamber set point temperatures of 0oC and -25oC, respectively. The data show time-

averaged values of 20.0oC and 19.5oC respectively on the inside face of the calibration 

panel, and the temperatures at the beginning of each sampling hour recorded as being 
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slightly lower than the average temperatures for that particular hour in both cases. These 

lower (by less than about 0.5oC) than the average temperatures at the start of each 

sampling hour may be due to the self-heating response of the thermistor on the DT9805. 

A thermistor requires a current to make a reading, therefore at the start of testing because 

the thermistor was cold it needed some time for the frequency of the current flowing to it 

to stabilize and subsequently enable the data acquisition board to record constant 

temperatures. The lower than the set point hot box surface wall temperatures observed in 

Figures 4.4 and 4.6 is expected and is due to the loss of heat energy used to maintain 

steady-state temperature through the hot box walls and roof, as was the case for the 

higher than expected temperatures recorded by T-Outside during calibration testing.  

 An unexpected spike in the recorded temperature is evident in Figure 4.7 during 

the first hour of testing. This is thought to be a consequence of a brief surge in ambient 

electrical noise caused by a voltage spike recorded by the thermocouple. This type of 

artificial spike in recorded temperature was rare in the data, and it is thus ignored in 

discussion of the testing results. 

The data obtained suggest that temperature control of the test setup can be 

maintained with a temperature cycle at about ± 2.0oC away from the set point 

temperature, but with a time-averaged value of the desired temperature (within the ± 

1.0oC accuracy of the control thermocouple). The noise in the temperature readings 

presented in Figures 4.4 to 4.7 also suggests that the precision of the temperature 

measurements was never more than about ± 1.0oC, although the value which was 

expected based on the thermocouple specifications of the manufacturer was ± 0.5oC. This 

accuracy is satisfactory considering that the accuracy of the environmental chamber 
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feedback thermocouple was ± 1oC. It follows that data collected during experimentation 

cannot be expected to be more accurate than the accuracy of the environmental chamber. 

4.3.2 System Power Use 

 Since the main objective of this research was to evaluate the thermal performance 

of Green roof systems in cold climates, it was imperative that the power used to maintain 

steady-state temperature of the calibration panel could be accurately and repeatably 

determined. The procedure for determining power use was discussed previously in 

Sections 3.3.1 through 3.4.4. 

 Figures 4.8 and 4.9 show examples of the data used to determine the power used 

(heat lost) during testing of the calibration panel at the extremes of testing temperatures, 

0oC and -25oC, during the first and last three minutes of the first and fifth hours of testing 

at these environmental chamber set point temperatures.  
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(a) Power use during the first three minutes of testing at 0oC. 
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(b) Power use during the last three minutes of testing at 0oC. 

 
Figure 4.8: Similar power use during calibration panel testing at an environmental 

chamber set point temperature of 0oC. 
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(a) Power use during the first three minutes of testing at -25oC. 
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(b) Power use during the last three minutes of testing at -25oC. 

 
Figure 4.9: Similar power use during calibration panel testing at an environmental 

chamber set point temperature of -25oC. 
 
 
 Figures 4.8 and 4.9 show that, as expected, the power used to maintain steady-

state conditions within the hot box, was supplied intermittently as the incandescent light 

bulb heating element was switched on and off, with short-lived voltage peaks appearing 

at the beginning of the “on” phases and the voltage reaching a plateau with time and then 

dropping to zero at instances when the light bulb was switched off. This “square” wave 

trend is common to all of the subsequent graphs relating energy use with time for each 

test panel tested.  

 The total power use for each of the tested systems was effectively an integration 

of these curves with time for each system over each hour of testing (i.e., the area under 

the instantaneous power curve is the total power use in W·s). The average power 

(calculated by multiplying the average current recorded by a current sensor by the 120 V 

RMS power supply) was integrated over the time interval between the second and first 
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instant of collecting each data point throughout each hour of testing. This resulted in the 

calculation of power over time intervals of typically 0.1 seconds, which were summed for 

each one hour testing period and divided by 3600 seconds to obtain the power used per 

hour. The actual power use values so calculated for each hour of testing at the six 

environmental chamber set point temperatures for the calibration panel are given in Table 

4.1 and shown graphically in Figure 4.10. It is clear that the power use over the five hours 

of testing at each of the respective environmental chamber temperatures remained 

virtually constant and that there was a steady increase in power use as the environmental 

chamber temperature decreased, as should be expected since heat loss is driven by 

thermal gradients. 

 During the first hour and last hour of testing at 0oC the power used by the 

calibration system was 6.5 W. This represents a 0.0% differential in power usage during a 

five hour period, demonstrating the good repeatability of the testing system. Similar 

calculations determined that there was a 0.6% differential in power usage during the first 

and last hour of testing the calibration panel at -25oC. The power use during the first hour 

was calculated as 16.0 W and that during the fifth hour as 15.9 W.   

Table 4.1: Power use for each hour of testing at various environmental chamber set 
point temperatures for the calibration panel. 

Power Use (W) 
Hour # 0oC -5oC -10oC -15oC -20oC -25oC 

1 6.5 8.3 10.5 12.3 14.2 16.0 
2 6.4 8.5 10.4 12.2 14.1 16.1 
3 6.7 8.5 10.4 12.3 14.0 15.9 
4 6.4 8.5 10.4 12.4 14.1 16.1 
5 6.5 8.4 10.1 12.2 14.0 15.9 

Average 6.5 8.4 10.4 12.3 14.1 16.0 
Standard 
deviation 

0.1 0.1 0.2 0.1 0.1 0.1 

Coefficient 
of variation 

(%) 

1.5 1.2 1.9 0.8 0.7 0.6 
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Figure 4.10: Power use for the calibration panel for each of the five hours of 

testing at the various environmental chamber set point temperatures. 
 

4.3.3 Effective Thermal Resistance 

 For each roof system test panel and the calibration panel, an effective R-value was 

calculated according to ASTM standards C168-03 and C1045-01 (ASTM 2003; ASTM 

2001). The thermal resistance values calculated herein are effective resistances, and they 

should not be considered as true R-values determined under standard test conditions for 

reasons that will become clear throughout the rest of this chapter. It was not possible to 

determine a number of values that would normally be required for standard testing 

building envelope components, such as the convective heat transfer coefficients both 

inside and outside the hot box, and more importantly, flanking losses resulting from edge 

effects in the testing panels, therefore, effective R-values are used only for the purposes 

of comparing the three roof test panels. Note that it was also not possible to compare the 

calibration panel to the other roof panels since the calibration panel was not installed 

inside an aluminium testing cradle. 
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The ambient air temperature of the environmental chamber (environmental 

chamber set point temperature) and the air temperature inside the hot box (measured with 

the hot box temperature controller feedback thermocouple and taking the time-averaged 

temperature for each hour of testing) were used to determine the effective thermal 

resistance values for the calibration panel and the other three roof system test panels at 

each of the six environmental chamber testing temperatures (ASTM, 2001): 

                                             
Q

TTAR ch )( −
=                                                                   (4.1) 

where A  is the specimen area (m2) normal to the heat flux direction;Q  is the time rate of 

one-dimensional heat flow through the metering area of the test roof (W); and hT  and 

cT are the area-weighted and time-averaged temperatures of each panel’s hot and cold 

surface temperatures (K) during a full hour of testing, respectively. 

For the calibration panel, the specimen area normal to the direction of heat flow 

was 1.49 m2 for both the hot and cold surfaces of the roof system as designed in Section 

3.4.3. For the three roof test panels, the inside and outside areas were also 1.49 m2 

because the side walls of the aluminium testing cradles were insulated with 51 mm thick 

insulation, as shown in Figure 4.11.   

Therefore, in the case of the calibration panel, when the environmental chamber 

was set to 0oC (cold side ambient) and the temperature inside the hot box was 21oC (hot 

side ambient), the effective thermal resistance value was calculated as follows (ASTM, 

2001): 

                     
W

KKm
Q

TTAR ch
Co 49.6

)2.2732.294(49.1)( 2

0

−
=

−
= = 4.82 m2·K/W             (4.2) 

Q0
o

C = 6.49 W (the average power use value at 0oC in Table 4.1) 
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The effective thermal resistance values were found using this procedure for each 

environmental chamber temperature and each roof system test panel. Table 4.2 presents 

the effective thermal resistance values obtained for the calibration panel at environmental 

chamber set point temperatures ranging from 0oC to -25oC. In comparison, a theoretic 

thermal resistance value of 3.64 m2·K/W should be expected based on the Canadian 

design standard long-term thermal resistance value over a 5-year laboratory aging period 

(CAN/ULC S770; Underwriters’ Laboratories of Canada, 2007). This document states 

that a 100 mm thickness of extruded polystyrene foam has an R-value of 3.48 m2·K/W, 

while ASHRAE (2005) states that a 19 mm thick sheet of plywood has an R-value of 

0.16 m2·K/W. Possible reasons for the discrepancy between the experimental and 

theoretic R-values are given in Chapter 5. This theoretical value is lower than the 

experimentally observed values at all environmental chamber temperatures, which 

suggests that R-values vary depending on the conditions of the environment under which 

the materials are used, as well as other factors noted later. Therefore, theoretical thermal 

resistance values based on controlled laboratory testing of a material should not be taken 

as absolute thermal resistance values for use in the field under all conditions. The 

theoretical values in available R-value tables are typically calculated at a standard mean 

temperature of 24oC and 50% relative humidity (ASHRAE, 2005; ASTM 1997).  

The observation that R-values depend on the temperature at which thermal 

resistance testing is conducted is not new and is confirmed by other available studies. For 

example, in a 1991 U.S Department of Energy study of loose-fill insulation materials, 

decreases in thermal insulating properties by as much as 50% were observed under winter 

testing conditions (Wilkes et al., 1991). Therefore the thermal resistance values 
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calculated herein are not absolute values, but only those obtained based on the relative 

conditions of testing.  

Table 4.2: Effective thermal resistance values calculated for the calibration panel 
based on the relative conditions of testing. 

Environmental chamber temperature (oC) Thermal resistance value (m2·K/W) 
0 4.82 
-5 4.60 

-10 4.46 
-15 4.37 
-20 4.34 
-25 4.28 

 

4.4 Conventional Built-Up Roof Results  

 The conventional built-up flat roof was used for comparison against the 

performance of the two Green roof system test panels, since this is the type of roof 

against which Green roofs are typically competing in the roofing industry in Eastern 

Ontario. The following sections discuss the results from testing of this roof panel in terms 

of temperature variation, thermal resistance and power use. Figure 4.11 shows the corner 

details of the conventional built-up roof panel once placed in the hot box. 
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Figure 4.11: Corner details of the conventional built-up test panel  

units: mm. 

4.4.1 Temperature Variation 

Thermocouples placed at the centre of each layer of the conventional built-up roof 

panel, as described in Section 3.3.4.2, recorded the temperatures experienced by the 

various layers of the roofing system as the environmental chamber temperature was 

decreased in 5oC intervals from 0oC to -25oC. A typical sample of the temperatures 

recorded by thermocouples T-15, placed on the underside of the aluminium test cradle 

and T-19, placed at the base of the 51 mm gravel ballast finish, is shown in Figures 4.12 

and 4.13.  
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Figure 4.12: Typical temperature variation for the conventional built-up roof panel 

over the first and last hour of testing at an environmental chamber set point 
temperature of 0oC for T-15 and T-19. 
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Figure 4.13: Typical temperature variation for the conventional built-up roof panel 

for the first and last hour of testing at an environmental chamber set point 
temperature of -25oC for T-15 and T-19. 
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 Figure 4.12 shows that the mean temperature of thermocouple T-15, at the bottom 

of the aluminium test cradle, was maintained at an average temperature of about 18.0oC, 

and T-19, at the base of the gravel ballast finish, read a mean temperature of about 0.0oC 

when the environmental chamber is set to 0oC, while Figure 4.13 shows thermocouple T-

15 and T-19 recorded temperatures of about 16.0oC and -20.0oC respectively. It can 

therefore be seen from Figures 4.12 and 4.13, that steady-state temperature conditions 

were indeed achieved and maintained throughout experimentation. This behaviour was 

typical for all panels tested. 

 The fact that T-19 recorded temperatures close (about 4.0oC difference) to the set 

point of the environmental chamber suggests that gravel offers little or no thermal 

insulation (T-19 was located on the surface of the built-up roof, 51 mm beneath the top 

surface of the gravel ballast finish). This is not surprising as the void spaces between 

gravel particles are large, offering easy flow paths for the transfer of heat by both free 

and forced convection. 

4.4.2 System Power Use 

 The plots in this section present data collected at the extremes of testing 

temperatures 0oC and -25oC, during the first three minutes of the first and last hour of 

testing at each environmental chamber temperature, and typical power use trends 

established while testing the conventional built-up roof test panel. 

 Figures 4.14 and 4.15 show that the power used to heat the conventional built-up 

test panel was again supplied intermittently, with short-lived peaks appearing at the 

beginning of the “on” phase for the heating system. It is also worth noting that the width 

of the approximately square waves increased as the set point temperature of the 
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environmental chamber decreased, indicating that longer time periods were required 

during which the heating element within the hot box needed to remain on to maintain 

steady-state conditions. This observation holds true for each of the three roof systems 

tested, as well as the calibration panel presented previously. The duration that the heating 

element remained on was longest (about 20 seconds at a set point temperature of -25oC) 

for the conventional built-up roof panel, an observation which is consistent with its low 

thermal insulating characteristics as compared against the other roof panels. Note also 

that the calibration panel, with the highest effective thermal resistance of any of the 

panels tested, required the heating element to be on for the shortest periods (about 12 

seconds). 

In certain isolated instances, abnormal peaks and shapes of the square waves were 

observed in the data. Such an incomplete square wave is shown for the purposes of 

illustration in Figure 4.14(a). The reasons for these abnormalities are not known, 

although these sections of missing data were sufficiently isolated and short-lived that they 

are not considered to have affected the power use data calculations, particularly given the 

other sources of experimental error discussed previously. To ensure that these 

abnormalities did not affect the data, the abnormality was spliced out from the data set 

(from the peak of the square wave before the abnormality to the beginning of the square 

wave after the abnormality) and the total power use during the hour was divided by the 

new total sampling time (in seconds). Such calculation showed that the abnormalities 

created a 0.2% difference in power use between the spliced and full hour power use data, 

when the largest percentage difference between the power use through the five hours of 
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testing at that environmental chamber temperature (0oC) was 5.0%, indicating that the 

abnormality does not affect the power use calculations. 

 The calculated power use was 28.3 W during the first hour of testing for the 

conventional built-up roof test panel at 0oC, while it was 28.3 W during the last hour at 

the same environmental chamber temperature. This represents a 0.0% difference in 

experimental power usage. When the total five hours of testing were considered, the 

percentage differential in power usage between any hours was found to be a maximum 

4.7%. This illustrates the reasonable repeatability of the entire testing apparatus used 

herein. Similar calculations demonstrated that there was a 5.7% difference in 

experimental power usage during the first and last hour of testing at -25oC. The power 

use during the first hour was determined as 63.6 W and during the fifth hour was 60.0 W.  

The power use values determined while testing the conventional built-up test 

panel at the six environmental chamber set point temperatures are presented numerically 

in Table 4.3 and graphically in Figure 4.16. It is evident that the power use during the 

five hours of testing at each respective environmental chamber temperature remained 

reasonably constant, and that between each environmental chamber temperature there 

was a steady increase in power use as the testing temperature decreased. It is also evident 

that more power was used during testing of the conventional built-up test panel (at least 

3.5% additional power) at any given environmental chamber set point temperature.  
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(a) Power use during the first three minutes of testing at 0oC. 
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(b) Power use during the last three minutes of testing at 0oC. 

 
Figure 4.14: Similar power use for the conventional built-up test panel at an 

environmental chamber set point temperature of 0oC. 
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(a) Power use during the first three minutes of testing at -25oC. 
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(b) Power use during the last three minutes of testing at -25oC. 

 
Figure 4.15: Similar power use for the conventional built-up test panel at an 

environmental chamber set point temperature of -25oC. 
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Table 4.3: Power use at various environmental chamber set point temperatures for 
the conventional built-up test panel. 

Power Use (W) 
Hour # 0oC -5oC -10oC -15oC -20oC -25oC 

1 28.3 34.1 43.6 49.9 60.0 63.6 
2 28.8 36.1 44.8 49.8 59.5 62.3 
3 29.7 35.5 44.4 50.9 61.3 63.7 
4 29.0 36.3 46.4 50.2 60.8 62.4 
5 28.3 35.3 45.1 49.9 59.4 60.0 

Average 28.8 35.5 44.9 50.1 60.2 62.4 
Standard 
deviation 

0.6 0.9 1.0 0.5 0.8 1.5 

Coefficient  
of variation 

(%) 

2.1 2.5 2.2 1.0 1.3 2.4 
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Figure 4.16: Power use of the conventional built-up test panel during each of the 

five hours of testing for the various environmental chamber set point 
temperatures. 

 

4.4.3 Effective Thermal Resistance 

The effective thermal resistance values of the conventional built-up test panel 

(again using exterior and interior ambient temperatures in the calculation using Equation 

4.1) were determined for the range of temperatures at which the environmental chamber 

was set. In this case, power used in the calculation of the effective R-value, Q in Equation 



 113

4.1, was taken as the total power use for the built-up test panel at a given temperature 

minus 5/6 of the power use from the calibration panel testing at the same environmental 

chamber temperature (giving the heat lost per unit time through the built-up panel itself). 

The effective R-values remained fairly constant for all environmental chamber 

test temperatures. This suggests that the conventional built-up roof panel, irrespective of 

the environmental chamber temperature, offered the same thermal insulation under these 

test conditions. The reader is reminded, as previously discussed, that the effective R-

values calculated for the conventional built-up roof panel, and later the nominal 100 mm 

and 150 mm Green roof test panels are not compared against the calibration panel 

because the three test roof panels were installed in aluminium test cradles unlike the 

calibration panel which was not installed in an aluminium testing cradle. 

 Table 4.4 summarizes the effective R-values calculated for the conventional built-

up test panel at temperatures ranging from 0oC to -25oC, calculated using the method 

presented previously in Section 4.3.3. 

Table 4.4: Effective thermal resistance values of the conventional built-up test panel. 
Environmental chamber temperature (oC) Thermal resistance value (m2·K/W) 

0 1.09 
-5 1.09 

-10 1.03 
-15 1.07 
-20 1.02 
-25 1.10 

 

The calculated values of thermal resistance were less than expected from 

tabulated R-values for the panel’s constituent materials, which indicated that for a 

conventional built-up roof consisting of 6 mm thick aluminium test cradle of R-value 

0.11 m2·K/W (ASHRAE, 2005), 51 mm of isocyanurate insulation with an R-value of 

2.13 m2·K/W, 25 mm of fibreboard with an R-value of 0.52 m2·K/W, and a 2 mm thick 
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waterproofing membrane with an R-value of 0.06 m2·K/W (Kerim, 2007), the thermal 

resistance value should be in the range of 2.82 m2·K/W. It is probable, although it could 

not confirmed during testing that the lower thermal resistance values seen here was a 

result of factors such as moisture ingress into the roof layers which would not be 

experienced by the roof materials during standard R-value testing, and the deterioration 

of the insulation caused by the replacement of the less conducting 

hydrochlorofluorocarbon blowing agent in the insulation cells of the test roof by air, 

which some researchers have found to be the cause of decreased R-values (Wulfinghoff, 

1999). The most likely cause of the lower effective R-values of the conventional built-up 

test panel compared to the tabulated R-values is flanking losses associated with unwanted 

heat transfer through the side walls of the aluminium testing cradles during testing (as 

discussed previously in Chapter 3). Thus, it should again be noted that the effective R-

values determined for the conventional built-up test panel should not be compared against 

tabulated R-values, nor should they be compared against the results of the calibration 

panel (which was not installed in an aluminium test cradle). The evidence for and 

magnitude of these presumed flanking losses are discussed in detail in Chapter 5. 

4.5 Nominal 100 mm Green Roof Test Panel Results 

 A 100 mm nominal Green roof (Figure 4.17) was constructed and tested as 

described in Section 3.3.4. This test panel was designed to be representative of a Green 

roofing system that would be used in retrofit roofing applications in Eastern Ontario and 

was tested in a well-drained but saturated moisture condition. This moisture condition 

was chosen since it was assumed to be the most probable and frequent state of the roof 

during winter months, when there is typically frequent rainfall and snowfalls melt, and 
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also because the R-values were expected to be lowest when the roof systems were fully 

saturated (ASHRAE, 2005).  

 
Figure 4.17: Corner Details of the 100 mm nominal Green roof test panel 

units (mm). 

4.5.1 Temperature Variation 

Figure 4.18 shows the time-averaged temperature of thermocouples T-1 (on the 

bottom surface of the aluminium testing cradle) being maintained at 18.0oC, and T-7 (at 

the top surface of the growing medium, but below the vegetated mat) being maintained at 

about 2.0oC when the environmental chamber was set to 0oC during both the first and last 

hours of testing. Figure 4.19 shows thermocouples T-1 and T-7 recording temperatures 

with time-averaged values of 16.0oC and -20.0oC respectively during the first and last 

hours of testing at -25oC. These two figures show that steady-state was achieved and 
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maintained throughout experimentation. Again, the figures show that thermocouple T-1 

recorded temperatures about a mean which was slightly lower than the internal 

temperature of the hot box, 21oC, and T-7 recorded temperatures slightly higher than the 

environmental chamber set point temperatures, 0oC and -25oC, in both cases. When 

comparing Figures 4.12 and 4.18, which both illustrate the temperature variation at a 

environmental chamber set point temperature of 0oC, thermocouple T-19 at the top of the 

conventional built-up roof test panel in Figure 4.12 (just below the 51 mm of gravel 

ballast) is about 2.0oC cooler than T-7 at the top of the nominal 100 mm Green roof in 

Figure 4.18 (just below the approximately 25 mm thick vegetated mat). This may be 

attributed to the better insulation capacity of the vegetated mat as compared with the 

gravel ballast (although neither the vegetated mat nor the gravel ballast provides much 

insulation in the context of typical R-values for building materials seen in the comparison 

of the temperature variation through the layers of the test panels in Section 4.7).  
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Figure 4.18: Temperature variation for the 100 mm nominal Green roof test panel 

during the first and last hour of testing at an environmental chamber set point 
temperature of 0oC for T-1 and T-7. 
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Figure 4.19: Temperature variation for the 100 mm nominal Green roof test panel 

during the first and last hour of testing at an environmental chamber set point 
temperature of -25oC for T-1 and T-7. 

4.5.2 System Power Use 

This section presents data collected at the extremes of testing temperatures, 0oC 

and -25oC, during the first and last hour of testing at each environmental chamber 

temperature, and shows typical trends established while determining the power use of the 

nominal 100 mm growing media Green roof test panel. Figures 4.20 and 4.21 show that, 

as for the other test panels discussed previously, the power used to maintain steady-state 

temperatures in this system was supplied intermittently with short-lived peaks at the 

beginning of the “on” phase. The figures also show that, as before, the length of the “on” 

phase for the heating assembly increased with decreasing set point temperatures. 

 21.4 W of power was used during the first hour of testing for this roof panel at a 

set point of 0oC, while 23.0 W was used during the last hour of testing. This represents a 

7.0% difference in power use over the five hours of testing at this temperature. Similar 
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calculations determined that there was a 1.1% difference in power usage during the first 

and last hour of testing at -25oC.  

Table 4.5 and Figure 4.22 show power use values determined for the 100 mm 

nominal Green roof test panel for each hour of testing at each environmental chamber set 

point temperature. These values represent an average 13.0% to 29.0% decrease in power 

use by the roof panels when comparing the conventional built-up and nominal 100 mm 

Green roof test panels, through the range of environmental chamber set point 

temperatures, indicating that the Green roof panel had statistically more significant 

insulating characteristics when compared to the conventional built-up test panel at all 

temperatures studied (as also seen when comparing Tables 4.4 and 4.6). Figure 4.22 

shows that the power use over the five hours of testing at each respective environmental 

chamber set point temperature remained fairly constant, and that between each 

environmental chamber temperature there was an increase in power use as the testing 

temperatures decreased, as expected. The magnitude of the increases in power use 

(between 11.0% and 22.0%) with reductions in environmental chamber temperature was 

in the range of those observed for the conventional built-up test panel (3.5% to 20.9%). 
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(a) Power use during the first three minutes of testing at 0oC. 
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(b) Power use during the last three minutes of testing at 0oC. 

 
Figure 4.20: Similar power use for the 100 mm nominal Green roof test panel at 
an environmental chamber set point temperature of 0oC during the first and last 

hour of testing. 
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(a) Power use during the first three minutes of testing at -25oC. 
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(b) Power use during the last three minutes of testing at -25oC. 

 
Figure 4.21: Similar power use for the 100 mm nominal Green roof test panel at 

an environmental chamber set point temperature of -25oC during the first and last 
hour of testing. 
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Table 4.5: Power use at various environmental chamber set point temperatures for 
the nominal 100 mm growing media Green roof panel. 

Power Use (W) 
Hour # 0oC -5oC -10oC -15oC -20oC -25oC 

1 21.4 27.3 33.9 36.5 41.8 54.4 
2 21.5 26.1 32.7 36.2 43.0 55.3 
3 22.7 26.8 32.5 36.2 42.9 52.1 
4 21.6 26.8 32.4 36.8 43.1 55.3 
5 23.0 28.7 31.7 36.8 42.5 55.0 

Average 22.0 27.2 32.6 36.5 42.7 54.4 
Standard 
deviation 

0.8 1.0 0.8 0.3 0.5 1.3 

Coefficient  
of variation 

(%) 

3.6 3.7 2.5 0.8 1.2 2.4 
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Figure 4.22: Power use of the 100 mm nominal Green roof test panel during each 

of the five hours of testing for the various environmental chamber set point 
temperatures. 

 

4.5.3 Effective Thermal Resistance 

The effective R-values for the nominal 100 mm Green roof test panel (again using 

exterior and interior ambient temperatures in the calculation using Equation 4.1) were 

determined for the range of temperatures at which the environmental chamber was set. 

Again, power used in the calculation of the effective R-value, Q in Equation 4.1, was 
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taken as the total power use for the nominal 100 mm Green roof test panel at a given 

temperature minus 5/6 of the power use from the calibration panel testing at the same 

temperature. 

Table 4.6 presents the effective R-values obtained for the 100 mm Green roof test 

panel at environmental chamber set point temperatures ranging from 0oC to -25oC. The 

table shows that the effective R-values remained fairly constant for all environmental 

chamber test temperatures. This approximately constant trend in R-value suggests that the 

100 mm nominal Green roof panel, irrespective of the environmental chamber 

temperatures offered about the same thermal insulation under these test conditions. As 

expected on the basis of energy use data presented previously, the effective thermal 

resistance values for this panel were greater than that of the conventional built-up test 

panel, again suggesting that the nominal 100 mm growing media Green roof test panel is 

slightly more (16% to 41%) thermally insulating than the conventional built-up test 

panel. This difference may be attributable to differences in the insulating properties of the 

two types of insulation (isocyanurate in the conventional test panel and XPS in the 

nominal 100 mm Green roof test panel) used in the built-up and Green test panels, or to 

the presence of the Green roof test panel components themselves.  

Table 4.6: Effective thermal resistance values of the 100 mm nominal growing 
media depth Green roof panel. 

Environmental chamber temperature (oC) Thermal resistance value (m2·K/W) 
0 1.42 
-5 1.42 

-10 1.42 
-15 1.47 
-20 1.43 
-25 1.26 
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4.6 Nominal 150 mm Green Roof Test Panel Results 

A 150 mm nominal Green roof test panel (Figure 4.23) was constructed and tested 

as described in Section 3.3.4. This test panel was designed to be representative of a Green 

roofing system that would be used in newly constructed roofing applications, and was 

also tested while in a well-drained, but saturated moisture condition for reasons explained 

previously.  

 
Figure 4.23: Corner Details of the 150 mm nominal Green roof test panel 

units (mm). 

4.6.1 Temperature Variation 

Figure 4.24 summarizes the time-averaged temperature of thermocouples T-8 (on 

the underside of the aluminium testing cradle) at 19.0oC and T-14 (at the top surface of 

the growing media, but below the vegetated mat) at about 9.0oC when the environmental 
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chamber was set to 0oC during both the first and last hours of testing. Figure 4.25 shows 

thermocouples T-8 and T-14 recording time-averaged temperatures of about 16.0oC and  

-11.0oC respectively. Though a larger difference in temperature readings between the first 

and fifth hour of testing is observed for T-14 at a 0oC environmental chamber 

temperature than at -25oC, the difference in readings between the two hours at 0oC are 

within the ± 1oC accuracy of the thermocouples. From these data it can be seen that 

steady-state was again achieved and maintained throughout experimentation. 

 Thermocouple T-8 recorded temperatures about a mean which is close (about 

2.0oC difference at an environmental chamber set point of 0oC and about 5.0oC at a set 

point of -25oC) to the internal temperature of the hot box, 21oC, although T-14 showed 

temperature differences of 9.0oC and 14.0oC respectively from set point environmental 

chamber temperatures 0oC and -25oC. The variation in temperature of T-14 between 

hours 1 and 5 is difficult to reconcile, but may be due to thermal movement of moisture 

through the test panel as the test was run. The increased external temperatures measured 

by T-14 (Figure 4.24 and 4.25) are also difficult to reconcile in comparison to the 

temperatures observed for thermocouple T-7 during testing of the 100 mm nominal Green 

roof test panel in which temperatures at the top of the growing medium were 

considerably lower (2.0oC and -20.0oC) at set point temperatures 0oC and -25oC 

respectively. The warmer temperatures recorded by T-14 as compared to T-7 may be as a 

result of the non-uniform thickness of the vegetated mat, which better protected 

thermocouple T-7 from the cold in the 100 mm nominal Green roof test panel than T-14 

in the 150 mm nominal Green roof test panel. It should be noted that the true growing 

media depth for the two Green roof test panels at the centre of each test panel (where 
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thermocouples T-7 and T-14 were placed) did not appear to have a significant impact on 

the temperatures measured by T-7 and T-14. The approximate thickness of the growing 

medium beneath T-7 was about 88 mm and that beneath T-14 113 mm, based on these 

measured values it was expected that the temperature measured by T-14 would be less 

than that measured by T-7 because the thicker growing medium of the 150 mm nominal 

Green roof test panel was expected to reduce the heat loss from the hot box due to the 

increased thermal mass. However, as can be seen from Figures 4.24, 4.25, 4.18 and 4.19 

this was not seen. It is therefore most probable that the non-uniform thickness of the 

vegetated mat greatly influenced the temperatures measured by T-7 and T-14. 
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Figure 4.24: Temperature variation for the 150 mm nominal Green roof test panel 

during the first and last hour of testing at an environmental chamber set point 
temperature of 0oC for T-8 and T-14. 
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Figure 4.25: Temperature variation for the 150 mm nominal Green roof test panel 

during the first and last hour of testing at an environmental chamber set point 
temperature of -25oC for T-8 and T-14. 

 

4.6.2 System Power Use 

The plots in this section (Figures 4.26 and 4.27) present the power use trends of 

the 150 mm nominal growing media Green roof test panel at environmental chamber set 

point temperatures of 0oC and -25oC during the first and last hour of testing in each case. 

 Again, power use data were reasonably consistent from hour to hour at each 

environmental chamber set point temperature, with a 3.2% difference in power usage 

between the first and last hour at 0oC, and a 0.0% difference during the first and last hour 

at -25oC.  

A 12.0% to 36.0% decrease in power use was observed when comparing the 

conventional built-up and 150 mm nominal Green roof test panels, and a 16.0% decrease 

to 18.0% increase was observed between the 100 mm nominal and 150 mm nominal 

Green roof panels. The decrease in power use of the 150 mm nominal growing media 
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Green roof test panel at the two environmental chamber testing temperature extremes, but 

otherwise slightly increased power when this test panel is compared to the 100 mm 

nominal Green roof panel is again difficult to reconcile, but suggests that these two 

systems performed similarly over the range of environmental chamber temperatures 

considered. Recalling that the true depth of the growing medium for these two test panels 

was at some points in the test panel similar at the time of testing (differing by as little as 

20 mm), it is not surprising that they performed similarly.  

The power use values determined during testing of the 150 mm nominal Green 

roof panel at the six environmental chamber set point temperatures are presented in Table 

4.7 and graphically illustrated in Figure 4.28, which shows, as before, a distinct increase 

in power use from warmer to cooler environmental chamber temperatures with only 

slight variations (by no more than 4.0%) between each of the five hours for each testing 

temperature. 
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(a) Power use during the first three minutes of testing at 0oC. 
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(b) Power use during the last three minutes of testing at 0oC. 

 
Figure 4.26: Similar power use for the 150 mm nominal Green roof test panel at 
an environmental chamber set point temperature of 0oC during the first and last 

hour of testing. 
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(a) Power use during the first three minutes of testing at -25oC. 
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(b) Power use during the first three minutes of testing at -25oC. 

 
Figure 4.27: Similar power use for the 150 mm nominal Green roof test panel at 

an environmental chamber set point temperature of -25oC during the first and last 
hour of testing. 
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Table 4.7: Power use at various environmental chamber set point temperatures for 
the 150 mm nominal Green roof test panel. 

Power Use (W) 
Hour # 0oC -5oC -10oC -15oC -20oC -25oC 

1 18.0 29.0 39.1 42.7 47.9 50.5 
2 18.0 29.3 39.7 42.7 48.6 51.3 
3 18.5 30.3 39.3 42.0 49.0 51.5 
4 18.8 30.3 40.5 42.4 48.5 50.8 
5 18.6 30.0 39.9 42.0 49.7 50.5 

Average 18.4 29.8 39.7 42.4 48.7 50.9 
Standard 
deviation 

0.4 0.6 0.5 0.4 0.7 0.5 

Coefficient 
of variation 

(%) 

2.2 2.0 1.3 0.9 1.4 1.0 
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Figure 4.28: Power use of the 150 mm nominal Green roof test panel during each 

of five hours of testing at each environmental chamber set point temperature. 
 

4.6.3 Effective Thermal Resistance 

Table 4.8 presents the effective R-values calculated for the 150 mm nominal 

growing media depth Green roof test panel at environmental chamber set point 

temperatures ranging from 0oC to -25oC. These values showed that thermal resistance 

was generally constant for the range of set point temperatures tested, except at 0oC where 
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the R-value was much greater (by as much as 32.0%) than the other values. A statistical 

test (using the box and whisker plot) was used to determine whether the R-value of 1.70 

m2·K/W was an outlier. From the test (a value was considered an outlier if it was between 

the lower quartile and 1.5 times the interquartile range, or the upper quartile and 1.5 times 

the interquartile range, if the value was greater than 3 times the interquartile range from 

either the lower or upper quartile it was deemed an extreme outlier) the R-value of 1.70 

m2·K/W was determined to be an extreme outlier. It can therefore be concluded that the 

R-values of the 150 mm nominal Green roof test panel were generally constant for the 

range of test temperatures. 

Table 4.8: Effective thermal resistance values of the 150 mm nominal growing 
media depth Green roof panel. 

Environmental chamber temperature (oC) Thermal resistance value (m2·K/W) 
0 1.70 
-5 1.30 

-10 1.16 
-15 1.27 
-20 1.25 
-25 1.35 

4.7 Comparison of the Roof Test Panels 

 Since the focus of this research is to evaluate the potential thermal benefits of 

Green roofs in cold climates, it is important that a direct comparison of the thermal 

performance of the three roof test panels be made. A comparison of the temperatures 

experienced by various components of the roof test panels is made in Section 4.7.1., and 

the power used by the roof panels (and subsequently experimentally determined effective 

thermal resistances) in Section 4.7.2. 
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4.7.1 Temperature Variation 

 The vertical walls of the hot box were numbered Walls 1 through Wall 4, with 

Wall 1 facing the door to the environmental chamber, while the floor was numbered Wall 

5. Figure 4.29 is a representative plot which shows that the temperature variation 

experienced by Wall 1 of the hot box was approximately identical irrespective of the 

testing panel fitted at its top. The temperature of the external wall face decreased as 

expected as the set point temperature decreased from 0oC to -25oC, with the wall 

temperature typically being one or two degrees Celsius warmer than the ambient 

temperature because of limited heat transfer through the hot box walls as discussed in 

Chapter 3. The internal wall temperature was maintained at a mean value of about 18.0oC 

to 20.0oC for the range of environmental chamber set point temperatures, with lower 

temperatures experienced at lower set point temperatures, again as expected based on 

heat transfer consideration. These trends were expected given that the five-sided hot box 

was designed so as to be well-insulated, with heat being transferred predominantly only 

through each roof test panel. 
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Figure 4.29: Temperature variation of the inside and outside faces of Wall 1 

during testing of all three roof panels and the calibration panel. 
 

Figure 4.30 shows the temperature variation across all five walls of the hot box 

for the calibration test panel; these data are representative of the typical variations in 

temperature seen for the other three panels during testing. The internal temperatures of 

the wall faces remained centred about a mean of 18.0oC to 20.0oC, again with cooler 

internal wall temperatures observed at the cooler environmental chamber set point 

temperatures, while the temperature of the external wall faces decreased with decreasing 

environmental chamber set point temperature. In general, all the internal and external 

wall temperatures were the same within (2.0oC) during testing at a given temperature for 

all panels tested. 
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Figure 4.30: Temperature variation of all four walls and the floor of the hot box 
walls for the calibration test panel setup during testing at various environmental 

set point temperatures. 
 
 

Figures 4.31 and 4.32 indicate that the majority of the insulation of the 

conventional built-up test panel occurred in the layers of the isocyanurate and fibreboard 

insulation, shown by the large differences in temperature between the surfaces of the 

insulation. Figure 4.32, and later Figures 4.34 and 4.36 are plots of depth versus 

thermocouple temperatures for the various test panels. The following depths were used 

for the conventional built-up test panel: 0.0 cm (base of test panel), 0.6 cm (inside surface 

of test panel), 0.7 cm (vapour retarder), 5.7 cm (isocyanurate insulation), 8.3 cm 

fibreboard, and 8.4 cm (waterproofing membrane). 

The isocyanurate insulation in the conventional built-up test panel accounted for 

approximately 72.0% of the total decrease in temperature of the conventional built-up test 

panel, while the fibreboard accounted for 20.0% of the total temperature decrease. To 

further show the significance of these two materials in insulating the conventional test 



 135

panel the temperature differences of the waterproofing membrane, vapour retarder and 

the aluminium test cradle are also expressed as a percentage of the total decrease in 

temperature of the conventional built-up test panel. The waterproofing membrane was 

responsible for 2.0% of the temperature losses, the vapour retarder 0.0% and the 

aluminium test cradle 6.0%. The observation in thermal behaviour of the various 

materials conforms to the expected performance of the materials based on tabulated R-

values. The published R-values of the various materials used in testing (the R-value of 

the isocyanurate is 2.13 m2·K/W, fibreboard is 0.52 m2·K/W, aluminium is 0.11 m2·K/W, 

built-up waterproofing membrane is 0.06 m2·K/W, and the vapour retarder too small to 

be considered as contributing to the insulation performance of the test panel) suggest that 

the isocyanurate should be most insulating followed by the fibreboard, and aluminium 

test cradle, waterproofing membrane and finally the vapour retarder, trends which were 

all noted in Figures 4.31 and 4.32.  
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Figure 4.31: Temperature variation through the conventional built-up test panel at 

various environmental chamber set point temperatures. 
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Temperature measured by the thermocouples (oC)
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Figure 4.32: Temperature variation at various locations in the conventional built-

up test panel during testing at various environmental chamber set point 
temperatures. 

 
 

In the case of the 100 mm nominal Green roof test panel the majority of the 

insulation took place in the layers of the extruded polystyrene (XPS) insulation and 

growing media (Figures 4.33 and 4.34). The XPS insulation accounted for approximately 

66.0% of the total decrease in temperature of the 100 mm nominal Green roof test panel, 

while the growing medium accounted for 19.0% of the total temperature decrease. The 

temperature differences of the waterproofing membrane, slip sheet, drainage and filter 

layers, filter cloth and the aluminium test cradle are also expressed as a percentage of the 

total decrease in temperature of the 100 mm nominal Green roof. The waterproofing 

membrane was responsible for 1.0% of the total temperature difference across the test 

panel, the slip sheet 0.0%, the drainage and filter layers 1.0%, the filter cloth 6.0% and 

the aluminium test cradle 7.0%. The observation in thermal behaviour of the various 

materials conforms to the expected performance of the materials based on known R-

values. The published R-values of the various materials used in testing (the R-value of 
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the XPS is 2.64 m2·K/W, aluminium is 0.11 m2·K/W, waterproofing membrane is 0.05 

m2·K/W, and the filter cloth, polyethylene slip sheet, and drainage layers are considered 

to not contribute to the insulation performance of the test panel) suggest that the XPS 

should be more insulating than the aluminium test cradle, and waterproofing membrane 

as was observed.  

The reader should note that the growing medium was expected to have a thermal 

benefit to the test system because of the presence of polyurethane foam (known to have 

an R-value of 0.97 m2·K/W) pieces in the medium. Therefore, the observed performance 

of the growing medium during testing performed as was expected based on the published 

R-value of the polyurethane foam in the medium (the polyurethane was used as a bench 

mark since standard testing to determine the R-value of the growing media has not to the 

knowledge of the Author been conducted). 

It is worth noting that in the plots of depth versus thermocouple temperatures 

(Figures 4.34 and 4.36), the following depths, with the layer they depict noted in 

parentheses, were used in the Green roof test panel plots: 0.0 cm (base of test panel), 0.6 

cm (inside surface of test panel), 1.0 cm (waterproofing membrane), 1.0 cm 

(polyethylene slip sheet), 8.6 cm (extruded polystyrene insulation), 13.6 cm (drainage 

layer), 13.7 cm (filter cloth) and 21.9 cm (growing media) in the case of the 100 mm 

nominal Green roof test panel and 26.4 cm (growing media) in the case of the 150 mm 

nominal Green roof. 
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Figure 4.33: Temperature variation through the 100 mm nominal Green roof test 

panel at various environmental chamber set point temperatures. 
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Figure 4.34: Temperature variation at various locations in the 100 mm nominal 
Green roof test panel during testing at various environmental chamber set point 

temperatures.  
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The 150 mm nominal Green roof test panel was also looked at to determine where 

the majority of the insulation took place. In this test panel, as the 100 mm nominal Green 

roof test panel, the thermal performance of the test panel was most dependent on the XPS 

insulation and growing medium at environmental chamber temperatures -5oC to -25oC 

(Figures 4.35 and 4.36). At these five environmental chamber temperatures the XPS 

insulation accounted for approximately 64.0% of the total decrease in temperature of the 

150 mm nominal Green roof test panel, while the growing medium accounted for 19.0% 

of the total temperature decrease. The temperature differences of the waterproofing 

membrane, slip sheet, drainage and filter layers, filter cloth and the aluminium test cradle 

are also expressed as a percentage of the total decrease in temperature of the 150 mm 

nominal Green roof. In this instance the aluminium test cradle and filter cloth accounted 

for 9.0% and filter cloth 8.0% of the total temperature difference across this test panel, 

while the waterproofing membrane, slip sheet and filter layers did not contribute to the 

thermal insulation of the test panel. Again, as for the 100 mm nominal Green roof test 

panel, the thermal performance of materials with published R-values generally 

conformed to the trends seen in Figures 4.35 and 4.36.  

However, at an environmental chamber set point temperature of 0oC, the growing 

medium had the most impact on the insulation of the 150 mm nominal Green roof test 

panel, accounting for 67.0% of the temperature difference occurring at this set point 

temperature. The XPS insulation and aluminium test cradle accounted for 15.0% and 

10.0% of the total temperature decrease experienced by the test panel at set point 0oC. 

This observation is difficult to reconcile given the trends observed for both the 100 mm 

nominal and 150 mm nominal Green roof test panels at the other set point temperatures, 
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but may have been due to the presence of moisture (moisture has been shown to decrease 

the thermal resistance of materials Wilkes et al, 1991) in the XPS layer at the start of 

testing, but which dried before testing commenced at subsequent environmental chamber 

set point temperatures. The temperature of the growing medium of the 100 mm nominal 

Green roof test panel was unexpectedly colder at a set point temperature of -25oC (Figure 

4.33), than at the same environmental chamber temperature for the 150 mm nominal 

Green roof test panel (Figure 4.35). This may have been caused by the presence ice 

lenses (ice has a higher thermal resistance than air) next to the XPS insulation. 
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Figure 4.35: Temperature variation through the 150 mm nominal Green roof test 

panel at various environmental chamber set point temperatures. 
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Temperature measured by the thermocouples (oC)
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Figure 4.36: Temperature variation at various locations in the 150 mm nominal 
Green roof test panel during testing at various environmental chamber set point 

temperatures.  
 

 Figure 4.33 shows that the growing medium of the 100 mm nominal Green roof 

test panel reached a temperature of 0oC at a set point temperature of -5oC, while Figure 

4.35 shows the growing medium of the 150 mm nominal Green roof becoming frozen at 

an environmental chamber set point temperature of -10oC. Irrespective of the possible 

variation in thickness of the vegetated mat, this observation was as expected given that 

the average depth of the 100 mm Green roof test panel is 82 mm, while that of the 150 

mm nominal Green roof test panel was 127 mm, requiring a longer period for the thicker 

medium to freeze and the temperature of the thermocouples above the growing media to 

reflect the change in state of the component. There appears to be no change in behaviour 

of the Green roof test panels’ components after freezing of the growing media (the 

components contributing most to insulation of the test panels remained the same). 

Figure 4.37 shows that the temperature measured at the level of the waterproofing 

membrane decreased as the environmental chamber set point temperature decreased, but 
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that the temperature through the waterproofing membrane of the conventional built-up 

test panel was consistently coldest. Clearly, this is due to the fact that the waterproofing 

membrane in the conventional built-up test panel was placed above the primary thermal 

insulation, whereas the Green roof test panels were both based on inverted-type roofs 

where the waterproofing membrane was placed below both the primary insulation and the 

Green roof components. This observation supports previous claims by other researchers 

(Liu and Baskaran, 2005(a)) which stated that use of Green roofs may prolong the service 

life of waterproofing membranes by reducing extremes of thermal cycling. However, it 

should be noted that this concept would hold true for any inverted-type roof, and it is not 

necessary that the roof be Green to achieve lower waterproofing membrane temperatures. 
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Figure 4.37: Temperatures measured at the top and bottom surfaces of the 
waterproofing membrane for all three of the test panels at all environmental 

chamber set point temperatures. 
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4.7.2 Heat Loss and Effective Thermal Resistance of the Roof Test Panels 

  Throughout Sections 4.3.2, 4.4.2, 4.5.2 and 4.6.2, the power used by the entire 

system consisting of the hot box and each testing panel was noted and discussed. This 

section compares the power used solely by each roof test panel. These values were 

determined by subtracting 5/6 of the power obtained for the calibration roof panel, from 

the total power obtained while testing the conventional built-up, nominal 100 mm and 

nominal 150 mm Green roof test panels including the hot box, as was discussed in 

Section 4.3. 

Figure 4.38 shows the test panel heat loss for each of the three test panels tested. 

It is again evident that heat loss was largest for the conventional built-up test panel. It is 

also evident that, in general, the nominal 150 mm Green roof test panel on average lost 

slightly more heat than the nominal 100 mm Green roof test panel, although this trend is 

reversed at the extremes of temperature exposure.  

An analysis of variance comparing 5-hour sample means confirmed that the set of 

differences among the power use means for the nominal 100 mm and nominal 150 mm 

Green roof test panels were not statistically different at the 99% confidence level. It is 

also worth noting, that the true average depths of the growing media of the two Green 

roof test panels varied by as little as 20 mm at the time of testing, so that the added 

insulation value expected to be gained from the use of the nominal 150 mm Green roof is 

indeed expected to be small (although not non-existent as is evident in the data). Analysis 

of variance also showed that the performance of the conventional versus nominal 150 

mm Green roof test panels and conventional versus the nominal 100 mm Green roof test 

panels were statistically different from each other at the 99% level of confidence. 
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Therefore, the thermal benefit of Green roofs in cold climates is at least statistically 

significant with a confidence level of 95% (even if it is only marginally significant 

economically as demonstrated in Chapter 5). 
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Figure 4.38: Heat loss of all three test panels (individual markers indicate the 

power use at each of the five hours of testing at each environmental chamber set 
point temperature for the respective test panels). 

 

Another way of comparing the heat loss data is to compare the effective R-values 

determined for each of the roof test panels. Such a comparison is given in Figure 4.39. 

The figure shows that R-values were relatively constant for the conventional built-up test 

panel, 100 mm nominal Green roof and 150 mm nominal Green roof test panels, except 

at a set point temperature of 0oC for the 150 mm nominal Green roof test panel where the 

R-value was 32.0% greater than the minimum value. A statistical test (box and whisker 

plot) determined that this R-value was in fact an extreme outlier, as were the R-values of 

the 100 mm nominal Green roof test panel at set point temperatures of -15oC and -25oC. 

Analysis of variance showed that the performance of the conventional built-up versus 150 
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mm nominal Green roof test panel and conventional built-up versus 100 mm nominal 

Green roof test panels were statistically different from each other at the 99% level of 

confidence. An analysis of variance comparing the mean R-values confirmed that the set 

of differences for the 100 mm nominal and 150 mm nominal Green roof test panels were 

not statistically different at the 99% confidence level. These observations also support the 

comments provided above for the heat loss data in Figure 4.38. As stated before, the 

thermal benefit of Green roofs in cold climates is therefore at least statistically significant 

with a confidence level of 95% (even if it is only marginally significant economically as 

demonstrated in Chapter 5). 
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Figure 4.39: Effective thermal resistance values of all three test panels. 

 

4.8 Summary 

 The preceding sections discussed the experimental data obtained for ancillary, 

power use and thermal resistance tests conducted during the study. Ancillary tests on both 

the nominal 100 mm and nominal 150 mm Green roof test panels determined that the 
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moisture content of the Green roof test panels were 134% and 134%, while the average 

depths were 82 mm and 127 mm respectively.  

 As specified by the ASTM method C1363-97, the hot box constructed was able to 

maintain its thermal insulating capacity throughout testing. This was demonstrated by the 

constant temperatures recorded by the temperature ICs at the internal face of the hot box 

and the decline of the external face temperature of the hot box with decreasing 

environmental chamber set point temperature (Figures 4.29 and 4.30). 

Also observed was the marked decrease in power use when comparing the Green 

roof test panels with the conventional built-up roof test panel, as was noted by Liu and 

Baskaran (2005) in the field study carried out at a community center in Toronto, Ontario. 

In general, the nominal 150 mm Green roof test panel on average lost slightly more heat 

than the nominal 100 mm Green roof test panel, although this trend is reversed at the 

extremes of temperature exposure. An analysis of variance comparing 5-hour sample 

means confirmed that the set of differences among the power use means for the nominal 

100 mm and nominal 150 mm Green roof test panels were not statistically different at the 

99% confidence level, but that the performance of the conventional versus nominal 150 

mm Green roof test panel and conventional versus the nominal 100 mm Green roof test 

panel were statistically different from each other at the 99% level of confidence. It 

follows then that the thermal benefit of Green roofs in cold climates is at least statistically 

significant with a confidence level of 95%. 

The R-values of the test panels were found to be relatively constant for each of 

the three test panels after it was statistically determined that the abnormally high R-value 

calculated at a set point temperature of 0oC for the 150 mm nominal Green roof test panel 
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was an outlier. The trends in R-value further support those of heat loss of the test panels, 

in which the conventional built-up test panel loss the most heat, followed by the Green 

roof test panels.  

In addition, the isocyanurate and fibreboard insulation of the conventional built-

up test panel contributed most to the thermal performance of the test panel. In the case of 

the Green roof test panels, the thermal insulation was mainly provided by the XPS 

insulation and growing media.  

Thermal testing also showed that the waterproofing membrane of an inverted roof 

could increase the service life of the membrane by reducing the thermal cycling 

experienced by the waterproofing membrane. 

 In the following chapter an attempt is made to model the thermal behaviour 

patterns obtained during experimentation to predict the thermal performance and 

potential savings, if any, in heating costs of a building installed with a Green roof.  
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CHAPTER 5: PREDICTING THERMAL PERFORMANCE AND POTENTIAL 
CONSEQUENCES FOR ENERGY USE IN BUILDINGS 

5.1 General 

 This chapter seeks to fulfill two objectives. First, an attempt is made to predict the 

thermal resistance value of the extruded polystyrene (XPS) insulation in the calibration 

panel, and subsequently to compare this predicted value against the value calculated from 

experiment. This is done in order to validate the testing procedure and to provide 

information required to draw quantifiable conclusions from the testing of the three roof 

test panels. To achieve this objective, use was made of power use values from the 

experimentation presented in Chapter 4, as well as available published thermal resistance 

values for the materials used in the construction of the calibration panel. Using the 

experimentally determined R-value of XPS (shown in Chapter 4 to be by far the most 

insulating component of both the Green roof and conventional built-up roof test panels), 

and published tabular R-values for other components of the test panels, the approximate 

heat energy lost through the aluminium testing cradle (i.e., flanking losses) is 

approximated. The resulting changes in effective R-values for the three roofs when these 

additional losses are considered are discussed. 

 Second, an illustrative attempt is made to approximate the potential energy 

savings that might be achieved for a conventional flat roof building that could receive a 

roofing system similar to the models tested in the current study. This is done by again 

making use of experimentally determined thermal resistance values, daily temperature 

variation data recorded over a single winter in Kingston, Ontario, the total roof area of an 

example flat roof, and the total heating costs associated with the example building over a 
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one year period. Equation 4.1 is used to estimate the total power which is expected to be 

used (for heating only) if Green roofs such as those tested were installed on the building.  

5.2 Heat Loss Through the Aluminium Testing Cradle 

 This section seeks to approximate the quantity of heat lost through the aluminium 

testing cradles, which in Chapter 4 was suggested as the most likely reason for the 

smaller calculated experimental effective R-values for the three roof test panels as 

compared against the R-values expected on the basis of tabulated thermal data for the 

panels’ various components. 

The experimental R-value of the calibration panel was determined over the full 

range of environmental chamber set point temperatures using Equation 4.1, which 

expresses the thermal resistance value for a material in terms of its hot and cold surface 

temperatures (as opposed to the ambient air temperatures, which were used in Chapter 4 

to calculate effective R-values for all of the roof panels), the total area perpendicular to 

the direction of heat flow, and the total thermal energy lost through the material (see 

Section 4.3.3 for a full description of the variables). The temperatures of the hot and cold 

surfaces of the calibration panel were determined by taking the time-average of the 

temperature recorded by each temperature IC at the centroid of the interior and exterior 

faces of the calibration panel for each of the five hours of testing at a given 

environmental chamber temperature. The thermal energy value for the calibration panel 

was taken as the average power used to heat the panel at a particular environmental 

chamber temperature (determined as per the method previously discussed in Section 4.3).   

The following example illustrates the use of Equation 4.1 in calculating the 

experimental R-value for the calibration panel at an environmental chamber set point of 
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0oC. The average measured temperature on the hot surface of the panel was 292.8 K 

(19.6oC), and that of the cold surface 273.4 K (0.0oC) when the environmental chamber 

was at a temperature of 0oC. The average thermal energy, Q, used by the calibration panel 

was 6.49 W, and the area normal to the heat flux direction was 1.49 m2 as discussed 

previously in Chapter 4. This resulted in an experimental R-value of 4.45 m2·K/W (refer 

to Table 5.1). Subsequently the R-value of the calibration panel was calculated based on 

the tabular values seen in Table 5.2, determined to be 3.64 m2·K/W at all set point 

temperatures. 

Table 5.1 shows that the experimental R-values were actually 8.0% to 18.0% 

greater than those expected on the basis of available published R-values for the 

calibration panel’s components (tabular R-values). This difference is small, given the 

various possible sources of error, and it is encouraging to note that the experimental  

R-values are indeed quite close to the expected values. The observed differences may be 

due to various possible factors such as small air gaps which may have existed between 

the two XPS insulation layers, or the XPS insulation and plywood layer (the adhesive 

layer was not continuous over the entire bonded surface). Air gaps are well known to be 

thermally insulating (still air has an R-value of 0.11 m2·K/W when the direction of heat 

flow is upward (ASHRAE, 2005)). Another reason for the differences in R-values may be 

in the tabulated R-values used themselves. Tabulated R-values were presumably 

determined as an average of the R-values calculated from a range of tests performed at 

standard testing conditions, and the standard deviations and/or intentional conservatism 

of these thermal resistance values with manufacturing and field conditions are not known. 

Standard tests used to calculate the R-value of materials are conducted at 24oC and 
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relative humidity of 50% (ASHRAE, 2005), and to the knowledge of the Author, no R-

values have been published for conventional building materials at conditions differing 

from those mentioned above. As such, the deviations seen in Table 5.1 may be reasonable 

within the unknown range of deviation in published R-value data. 

Table 5.1: Tabular and experimental thermal resistance values for the calibration 
panel at various environmental chamber set point temperatures. 

Thermal resistance values (m2·K/W) 
Environmental chamber set point temperature 0oC -5oC -10oC -15oC -20oC -25oC 

Tabular 3.64 3.64 3.64 3.64 3.64 3.64 Calibration panel 
Experimental 4.45 4.25 4.15 4.05 4.01 3.98 

 

Table 5.2: Tabular (published) R-values of materials used in the test panels during 
experimentation. 

Composite section Materials contributing to the thermal 
performance 

of the composite sections 

R-Value of the materials used 
(m2·K/W) 

19 mm Plywood 0.16 1 Calibration panel 
100 mm extruded polystyrene 

insulation 
 

3.48 2 

 

Total  3.64 
25 mm fibreboard 0.52 3 

51 mm isocyanurate insulation 2.13 3 
Built-up waterproofing membrane 0.06 3 

Conventional built-up roof test 
panel 

6 mm aluminium 0.11 1 
Total  2.82 

Styrene butadiene rubber 
waterproofing membrane 

0.05 3 

76 mm extruded polystyrene 
insulation 

The values were calculated 
from experiment 

Nominal 100 mm and 150 mm 
Green roof test 

panels 

6 mm aluminium 0.11 1 
Total  0.16 + the contribution of the 

polystyrene 
* Materials assumed not to contribute significantly to the thermal resistance of the system are not included 
in the total R-value of the composite sections (Kerim, 2007). 
1American Society of Heating, Refrigeration and Air-Conditioning Engineers (ASHRAE), 2005 
2Underwriters’ Laboratories of Canada (CAN/ULC S770), 2007 
3Kerim, 2007 

 

Figure 5.1, which plots the experimental R-values as compared against the 

theoretical (tabulated) R-value, shows that the experimental R-value decreases as the set 

point temperature of the environmental chamber decreases (although no data is 
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apparently available in the literature on the variation of R-value of XPS insulation with 

temperature, similar observations were made by one U.S Department of Energy study on 

loose fill insulation materials (Wilkes et al, 1999) which found that the R-value of these 

materials decreased by as much as 50% under “winter” conditions as compared with 

“standard” conditions).  
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Figure 5.1: Comparison of experimental and tabulated thermal resistance values 

for the calibration panel. 
 

To approximate the heat lost through the aluminium testing cradle (in the 

terminology used by ASTM (ASTM, 1997) these are called the flanking losses for the 

testing apparatus), it was assumed that the 19 mm thick plywood bonded to the 102 mm 

thick XPS (two layers at 51 mm each) of the calibration panel, performed as expected 

based on tabular R-values, or that because of the plywood’s small thermal insulation 

capacity (seen in Table 5.2 where the plywood contributes only 4.4% of the tabulated  

R-value for the calibration panel) its performance did not significantly affect the overall 

thermal behaviour of the calibration panel. Therefore, the R-value of the 102 mm thick 

XPS insulation was calculated as 4.29 m2·K/W, 4.09 m2·K/W, 3.99 m2·K/W, 3.89 
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m2·K/W, 3.85 m2·K/W, and 3.82 m2·K/W for environmental chamber set point 

temperatures 0oC, -5oC, -10oC, -15oC, -20oC, and -25oC, respectively. A line of linear 

least-squares best-fit plotted through the calculated experimental XPS R-values was used 

to approximate the variation of R-value of XPS with temperature under the current test 

conditions. These best-fit XPS R-values were then used in the calculation of the predicted 

R-values of the two Green roof test panels for all set point temperatures, by assuming (as 

before) that the other components (assumed to be much less significant to the overall R-

values for the test panels and indeed shown in Chapter 4 to be much less important than 

the XPS insulation) performed as expected based on tabular R-values. The reader should 

note that the thermal contribution of the growing medium, which in Chapter 4 was shown 

to be second to that of the XPS in the Green roof test panels, was not included in the 

current calculations, as the tabular R-value for this material is not currently available.  

Table 5.3 compares the R-values of the conventional built-up roof and Green roof 

test panels, as determined directly from testing and calculated using Equation 4.1, to the 

combined actual (for XPS the value was determined based on the calibration panel 

experiments) and tabular (for all other Green roof test panel components (Table 5.2)) R-

values for each test panel at the six environmental chamber temperatures. The actual  

R-values of XPS insulation used in calculating the predicted R-values of the Green roof 

test panels for all set point temperatures were approximately 75% of the best-fit R-values 

calculated for the XPS because the XPS in the calibration panel was 102 mm thick 

whereas that in the Green roof test panels was 76 mm thick. The R-values of the XPS 

used in the Green roof test panel were therefore 3.14 m2·K/W, 3.07 m2·K/W, 3.01 
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m2·K/W, 2.94 m2·K/W, 2.87 m2·K/W, and 2.81 m2·K/W for the environmental chamber 

set point temperatures 0oC, -5oC, -10oC, -15oC, -20oC, and -25oC respectively. 

Table 5.3: Approximate R-value reductions due to flanking losses through the 
aluminium testing cradle. 

Thermal resistance values (m2·K/W) 
Environmental chamber set point temperature 0oC -5oC -10oC -15oC -20oC -25oC 

Predicted 2.82 2.82 2.82 2.82 2.82 2.82 
Experimental 0.95 0.95 0.91 0.92 0.88 0.92 

Conventional built-up roof test 
panel 

Lost thermal 
resistance  

1.87 1.87 1.91 1.90 1.94 1.90 

Predicted 3.30 3.23 3.17 3.10 3.03 2.97 
Experimental 0.81 0.81 0.70 0.63 0.69 0.79 

Nominal 100 mm Green roof test 
panel 

Lost thermal 
resistance  

2.49 2.42 2.47 2.47 2.34 2.18 

Predicted 3.30 3.23 3.17 3.10 3.03 2.97 
Experimental 0.24 0.53 0.58 0.58 0.52 0.57 

Nominal 150 mm Green roof test 
panel 

Lost thermal 
resistance 

3.06 2.70 2.59 2.52 2.51 2.40 

 

Table 5.3 suggests that up to 69%, and between 73% and 93% of the energy that 

was lost from the roof system test panels respectively may have been lost due to flanking 

losses through the aluminium testing cradles. Based on this estimate of heat lost through 

the aluminium testing cradle it would appear that the heat lost through the conventional 

built-up test panel was between 19.0 W and 41.8 W, and for the 100 mm nominal Green 

roof test panel, excluding the probable added thermal benefit of the growing medium and 

vegetated mat, the heat lost was between 16.5 W and 39.7 W. For the 150 mm nominal 

Green roof test panel the value was estimated between 17.1 W and 41.2 W (these 

estimations are based on the experimentally determined heat loss through each Green 

roof test panel calculated in Sections 4.4, 4.5 and 4.6). It follows that as was suggested in 

Chapter 4, flanking losses from the aluminium testing cradles were responsible for highly 

significant (i.e., the majority) of heat lost from the system during the testing of each 

roofing system test panel. It is thus clear that any future testing using the experimental 
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apparatus described herein must rethink the design of the testing cradle in order to 

minimize flanking losses. It is also clear that it is neither possible nor appropriate to 

compare the experimental R-values for the calibration panel against those determined for 

the three roof test panels, although it is appropriate to compare the roof test panels against 

one another. 

Variations in the actual R-values calculated for each Green roof test panel (Table 

5.3) may also have been influenced by heat lost through the joint between the aluminium 

testing cradles and the hot box by convection, which was assumed to be negligible in 

experiments because extreme care was taken to ensure that the hot box was tightly sealed.  

The difference in R-values determined from experiment and those calculated from 

published data reiterate the views of ASHRAE (2005) that wherever possible, 

experimentally determined R-values should be used in place of tabular ones, as the 

experimental values more accurately reflect the environmental conditions in which the 

materials are being used. 

5.3 Predicted Potential Heating Energy Savings  

 This section discusses, for the purposes of illustration only, the energy use of a 

conventional flat roof commercial building, namely the 3519 m2 Canadian Tire store at 

59 Bath Road, Kingston, Ontario. The goal is to provide a rough estimate of the financial 

incentives (due to heating costs during the winter months only) for installing a Green roof 

on a building such as this, given the results of the testing presented herein. Data such as 

the total power use of the building between November 2006 and March 2007, the daily 

variation in temperature over the same period, and the costs of electricity are used to 

predict the energy use, and the possible energy savings which may result from the 
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installation of Green roof systems on the roof of this type of commercial building. At 

least one major retailer in Kingston is currently considering exactly such a retrofit Green 

roof application. 

 The average daytime and night-time daily temperatures in Kingston between 

November 2006 and March 2007 were obtained from Environment Canada (Environment 

Canada, 2007). Temperature differences between the hot and cold side of the roof were 

used to calculate the energy use per day assuming that the example building’s roof was 

fitted with 100 mm nominal and 150 mm nominal growing media Green roofs, such as 

those which were tested in the current research project, or a conventional built-up roof 

such as that tested herein. Also used to calculate daily energy use were the effective  

R-values for the three roof test panels based on ambient air temperatures. This was 

accomplished using the effective R-values obtained in Chapter 4 (Figure 4.39), 

determined for each roof test panel. 

The effective R-value data were used in Equation 4.1, where A  is the roof area in 

m2 normal to the heat flux direction of the example building being investigated; R  is the 

average constant thermal resistance value of the 100 mm nominal Green roof, 150 mm 

Green roof (the R-value of the 150 mm nominal at the set point temperature of 0oC was 

excluded in determining the average R-value for this Green roof test panel as it was 

determined to be an extreme outlier in the data set (Section 4.7.2)), and conventional 

built-up test panels; Q  is the time rate of one-dimensional heat flow through the roof area 

in W; and hT  and cT are the area-weighted temperatures based on ambient air conditions 

of the example roof’s hot and cold sides respectively, in degrees Kelvin. The area of both 

the hot and cold sides of the roof for the example building was taken as 3159 m2, while 
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the ambient hot side temperature was assumed to be constant at 294.2 K (21oC) (both 

values obtained from management of the example building being investigated). The 

temperature of the cold side was calculated based on the Environment Canada daily 

temperature data discussed previously.  

Once the temperatures difference between the inside and outside roof 

temperatures during the night and day of the building were determined, these values were 

each taken individually and multiplied by the roof area. The values were then 

individually divided by the respective interpolated R-values for each of the conventional 

and two Green roof test panels, based on the exterior temperature of the roof being 

investigated. The power use during the day and night assuming that day and night were 

each 12-hour time periods with constant temperature (an admittedly coarse 

approximation) was determined for each roof system for the five month period between 

November and March. The total heat energy lost through the roof was subsequently 

approximated by summing the daytime and night-time power uses for the five months for 

each roofing system.  

The actual power used to heat the building was taken as 32% (Department of 

Energy, 2006) of the total power used by the building. Since the true percentage of the 

building’s heat energy used to heat the building’s roof could not be determined, the 

energy used to heat the existing conventional building’s roof was taken as the calculated 

conventional roof energy use (Table 5.4). The energy which would be used if a 100 mm 

nominal or 150 mm nominal growing media Green roof was installed on the roof, rather 

than a conventional built up roof, was also calculated in this manner.  
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The potential cold season energy savings obtained if Green roofs were installed 

on the building are presented as a percentage of the building’s total heating energy use in 

Table 5.5. Table 5.4 presents the calculated energy used by the building for heating with 

a conventional roof as a percentage of the total electrical and gas power use (City of 

Kingston, 2007) of the building. The table then compares the energy used for heating the 

building with the experimentally tested conventional built-up test panel against that 

which would be used if the building were to be outfitted with a Green roof (as tested 

herein). The table shows, as expected on the basis of the data presented in Chapter 4 that 

the calculated energy used during the months of January and February, was greater for 

the nominal 150 mm Green roof than for the nominal 100 mm Green roof. This occurred 

because during these two months there were a substantial number of days where the 

exterior air temperature was between -5oC and -25oC, and the effective R-values of the 

150 mm nominal Green roof test panel at these environmental chamber temperatures 

were less than those of the 100 mm nominal Green roof test panel (Figure 4.39). Thus, 

the energy use was more for the 150 mm nominal Green roof, although it was shown in 

Chapter 4 that the means of the effective R-values of the two Green roof test panels were 

not statistically different.  



 159

Table 5.4: Approximate calculated energy use of Canadian Tire Downtown 
Kingston building with a Green roof (for illustration only). 

Month Total building 
energy 

consumption 
obtained from 

Utilities 
Kingston 

(KW) 

Total 
heat 

energy 
used by 

the 
building 
(KW) 

Calculated 
conventional 

test panel heat 
energy use  

(KW) 

Conventional 
roof power 

used for heat as 
percentage of 
total building 

energy use (%) 

Predicted 
heat 

energy use 
of the 100 

mm 
nominal 

Green roof 
panel 
(KW) 

Predicted 
heat 

energy use 
of the 150 

mm 
nominal 

Green roof 
panel 
(KW) 

November 129600 41472 2852 2.2 2097 2522 
December 139200 44544 3408 2.4 2513 3023 
January 141000 45120 5582 4.0 4231 5110 
February 123000 39360 4438 3.6 3362 4061 
March 129000 41280 2825 2.2 2256 2525 
Total 661800 211776 19105  14459 17241 

 

The energy savings which could be realized if either of the Green roof systems 

were installed on this building as a percentage of the building’s total heating energy use, 

and as a monetary amount given the current cost of electricity ($0.053 per KW for the 

first 600 KW and $0.062 per KW greater than 600 KW), are presented in Table 5.5. The 

table shows that the total heat energy use may be marginally reduced by installing a 

Green roof on the building. This reduction may be in the range of 10% to 24% during the 

five winter months from November to March, corresponding to only a $116 to $288 

savings per winter with the use of a Green roof as compared to a conventional built-up 

roof, during which time the total heat energy cost for the example building would be 

approximately $13125.  

These energy savings, though small during the winter, are expected to be much 

greater during the summer months when the vegetation of the Green roof provides 

shading for the roof, and the impact of evapotranspiration of the plants is most significant 

(Liu, 2006; Liu and Baskaran, 2003). It is also important to keep in mind that the current 

research has not addressed the likelihood of additional potential factors on roof 
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performance in cold climates, such as likely greater snow depths on Green roofs, which 

might cause an additional cold-climate thermal benefit under certain conditions. 

Table 5.5: Energy savings for a conventional commercial flat roof building for a 
single winter season (2006). 

 100 mm nominal 
Green roof 

150 mm  nominal 
Green roof 

Predicted energy savings as a percentage of total building 
roof heat energy use (%) 

24 10 

Predicted monetary heating energy savings during the 
winter months ($) 

288 116 

 

Given the insignificant financial benefits of thermal insulation by Green roof 

systems in cold climates, it is worth quickly considering the cost of installing a 

conventional built-up roof as compared against an extensive Green roof, so as to compare 

the probable pay-back time before the installation costs of these two types of roofs are 

offset by the savings in heating costs. It is worth noting here that the energy lost through 

the roof while cooling the commercial building being used as this case study is unknown, 

but that the quantity is expected to be significantly greater than the energy used for 

heating based on the large temperature differentials of the inner and outer roof surfaces 

during summer (Liu and Baskaran, 2005(a); Wulfinghoff, 1999). 

The cost of installing a conventional built-up roof is approximately $10 per 0.09 

square meters (1 square foot) (Kerim, 2007), while that of installing a Green roof is $25 

per 0.09 square meters (1 square foot) (Wylie, 2007). Therefore to install a conventional 

built-up roof on the 3159 m2 commercial building being investigated it would cost 

approximately $351,000, whereas it would cost approximately $877,500 to install a 

Green roof. It follows that installing a Green roof costs an additional $526,500 (a factor 

of 2.5), and if the savings due to heating over five months is conservatively considered to 

be representative of the savings to be had for the year it would take approximately 1828 
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years to offset the capital cost of the Green roof given current heating costs, a time period 

which seems extremely lengthy from an economic standpoint. However, the reader 

should note that cooling energy savings of as much as $0.32 per 0.09 square meters per 

year (Wylie, 2007), has been reported in the Green roofing community, but these savings 

depend also on the use of the building. It is also worth considering, as previously 

discussed in Chapter 2, that other potential benefits may accrue to the private building 

owner through the use of Green roofing systems, including promotional value, lower 

cooling costs in the summer, and reduced stormwater charges (not to mention the 

numerous potential benefits). 

5.4 Summary 

 As is argued by many researchers and roofing experts (Wilkes et al, 1999; Allen 

and Iano, 2004; ASHRAE, 2005), that theoretical R-values found from controlled 

laboratory testing at a 50% relative humidity and a mean temperature of 24oC are only 

estimates of the actual behaviour of insulation material in the field. Factors such as the 

moisture present in the material, and the environment and application conditions, 

including mean temperature and temperature gradient, all affect thermal resistance. 

Therefore, the only method of determining the actual thermal performance of a material 

is to analyze it under field conditions. 

 Significant heat losses (between 69% and 93%, corresponding to 16.5 W and 41.8 

W of energy when comparing the three test panels) were experienced by the conventional 

built-up roof, 100 mm nominal Green roof, and 150 mm nominal Green roof test panels 

due to flanking losses in the aluminium testing cradle. It follows that much of the heat 

loss noted in Chapter 4, was a consequence of the flanking losses, and as such any future 
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testing using the experimental apparatus described herein must minimize the flanking 

losses from the aluminium testing cradle. 

 There appear to be heat energy savings during the winter months from November 

to March (24% for the 100 mm nominal growing media Green roof and 10% for the 150 

mm nominal growing media Green roof) to be gained from the installation of Green roofs 

such as those tested herein. These savings are insignificant when viewed over an 

extended period given the cost of Green roof installation. However, while the benefits of 

Green roofs on heating costs during winter months for a typical structure appear to be 

relatively small (recovering Green roof installation costs could take as much as 1828 

years according to the research presented herein), published research suggests that added 

savings are likely to be realized during the warmer months of the year when the processes 

of plant evapotranspiration and shading result in cooler external roof surfaces and 

subsequent decrease in a building’s power usage for cooling (Liu, 2006; Liu and 

Baskaran, 2003; Niachou et al., 2001). Over time the energy savings from installing a 

Green roof may offset the cost of its installation, resulting in net savings to the building’s 

owner. This is likely to become a more important consideration in the future, as energy 

costs are expected to rise in the coming decades (and not even considering other benefits 

mentioned previously). 
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CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS 

6.1 Summary 

 The purpose of this study was to rationally and defensibly evaluate the thermal 

benefits of Green roof systems in cold climates, and in particular those experienced in 

Eastern Ontario. To accomplish this, nominal 100 mm and 150 mm Green roofs were 

constructed and their thermal performance, monitored by a current sensor, a series of 

thermocouples, and temperature ICs, and recorded by a uniquely programmed data 

acquisition system was compared to a conventional flat roof. 

 The model roofs were placed inside an insulated hot box of plan dimensions 1461 

mm × 1461 mm and depth 1640 mm so that the clear area within the hot box was 1219 

mm × 1219 mm. In the hot box was a heating element which maintained the temperature 

within the hot box at 21oC. The entire system was placed in and environmental chamber, 

whose temperature was decreased from 0oC to -25oC to simulate cold climate conditions. 

Once the inside and outside of the test set up reached thermal steady-state, the energy 

used by the heating element to maintain this steady-state, monitored by the current sensor 

was recorded. The variation of temperature through each test panel and the temperature 

of the external and internal hot box walls were also recorded. 

 The energy used by each roof was then determined from the data collected by the 

current sensor. This then allowed the thermal resistance of each roof system to be 

calculated and compared at each of the six environmental chamber temperatures.   

 A thermal prediction model was also used to assess the heat energy savings as a 

percentage of the total building energy costs and in terms of monetary savings during the 

winter months. A 3159 m2 commercial type flat roofed building in Kingston, Ontario was 
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used to perform the calculations with data from Environment Canada and the 

management of the building. 

6.2 Conclusions 

 A number of conclusions can be drawn from the experimental study presented and 

discussed in this thesis. The conclusions are: 

1. Based on the limited testing presented herein the energy used to maintain the 

temperature of a heated enclosed system, such as that tested during research, 

fitted with a conventional roof was on average 13.0% to 33.0% greater than 

that used by the Green roofs (Tables 4.3. 4.5, 4.7). Irrespective of the type of 

roof however, the power used to maintain steady-state temperature increased 

as the ambient temperature (temperature of the environmental chamber) 

decreased. 

2. The data also suggests that the thermal resistance value of the Green roof test 

panels were 11.0% to 41.0% greater than that of the conventional built-up test 

panel for the range of temperatures tested.  

3. Based on the limited testing presented herein it appears that published thermal 

resistance values are not absolute R-values, because these published values 

are calculated under standard test conditions which are often not identical to 

the conditions in which the materials function in the environment. Therefore, 

the only true method of assessing the thermal performance of a material is to 

test it under the conditions of which the material’s performance is needed. 

4. It appears that the insulating properties of a Green roof in cold climates are 

most affected by the insulation layer. This can be seen by the wide variation in 
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temperature between the surfaces of the insulation. The growing medium 

appears to be secondary in its effect on thermal insulation properties of the 

Green roof. 

5. The results of tests indicate that the temperature of the waterproofing 

membrane in each test panel generally decreased with decreasing 

environmental chamber temperature. However, the waterproofing membrane 

was coldest at all testing conditions for the conventional built-up test panel, 

suggesting that longer waterproofing membrane service life can be had if 

roofing systems are of the inverted type where the membrane is subjected to 

less severe thermal cycling.  

6. Energy savings of about 24% and 10% of the total heating energy used by a 

commercial conventional roofed building may be had with the installation of a 

82 mm or 127 mm Green roof over the winter months November to March. 

This corresponds to a $288 to $116 saving over the same period. The annual 

savings expected to be gained from Green roof installation is greater than 

indicated by the winter savings as the thermal benefits of Green roofs are in 

the shading and evapotranspiration provided by plants during summer.  

6.3 Recommendations 

 The recommendations arising from the conclusion of any study are one of the 

keys to improving future research in the area. The following are the recommendations 

garnered from this study:  

1. Development of a database from which the thermal resistance properties of 

building materials at various environmental conditions may be obtained. 
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Forthcoming trends in the behaviour of these materials under variations in 

moisture, temperature, and aging among other factors should be presented so 

that more accurate comparisons could be made between the experimental and 

theoretic thermal resistance values. 

2. The thermal performance of Green roof systems should be determined while 

varying moisture conditions. This would determine if any and how the 

behaviour of these systems varies with changes in moisture content.  

3. The energy used during summer by buildings fitted with Green roofs should 

be quantified so as to put an accurate monetary value to the annual total 

energy savings which these systems afford.  

4. Equation 4.1 which determines a material’s power use as a function of its 

thermal resistance value and the temperature differential between the hot and 

cold surfaces of the material should be improved to more accurately account 

for variability in R-values stemming from environmental conditions to which 

the material may be exposed. 

5. The aluminium testing cradle used during testing should be modified for 

future experiments to decrease the flanking losses through the walls of the 

cradle. In the future both the inside and outside walls of the testing cradle, as 

well as the edges should be insulated prior to placing the cradle into the hot 

box. 
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APPENDIX A: Testing Cradle Design Calculations 

 
This appendix presents the design calculations used to fabricate the aluminium 

testing cradles used in experimentation. The aluminium testing cradle design was 

developed using simple mechanics. 

A.1 Determination of the Thickness of the Testing Cradles 

In order to comply with the ASTM Test Method C1363-97: Standard Test Method 

for the Thermal Performance of Building Assemblies by Means of a Hot Box Apparatus 

(ASTM, 1997) during experimentation, and in an attempt to adhere to the City of 

Toronto’s Green roof installation guidelines, which are based on Forschungsgesellschaft 

Landschaftsentwicklung Landschaftsbau (FLL) Green roof guidelines (FLL, 2002), test 

panels of total depth of 305 mm were fabricated as discussed in Section 3.3.4, and 

Appendix A.1.1. 

A.1.1 Sample Calculations 

 The mass of the test panel was converted to a weight (Force) using Equation A.l 

(Hibbeler, 2003). 

                                     Force = mass × acceleration                                                   (A.1) 

 In the above equation the mass is 273 kg and the value of acceleration due to 

gravity is 9.81 ms-2. It follows then that the Force is 2.67 kN. Converting the point load, 

Force into a uniformly distributed load (UDL) required the Force to be divided over the 

distance, L  on which the load would be acting, where L is 1.32 m. Therefore, the 

uniformly distributed load was found to be 2.02 kN/m.  
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Figure A.1 is a schematic showing the distribution of the UDL over the width of 

the test panel. 

 
Figure A.1: Free-body diagram showing the UDL over the width of the test panel. 
 

The maximum bending moment, 0.44 kN·m, to be experienced by the test panel 

was then calculated based on Equation A.2 (Hibbeler, 2003), where L is 1.32 m and UDL 

is 2.02 kN/m. This bending moment value was later used to find the necessary thickness 

of aluminium to be used in the fabrication of the test panel. 

                                               
8

2LUDLM ×
=  kN·m                                                     (A.2) 

The thickness of the aluminium test tub was found using Equation A.3 (Hibbeler, 

2003) which relates shear stress, σ, to the bending moment, M , moment of inertia, I and 

the distance to the neutral axis, y. 

                                                   
I

My
=σ  MPa                                                            (A.3) 

The maximum shear stress occurs at the furthest distance from the neutral axis 

and is then given by Equation A.4 (Hibbeler, 2003), where c is half the thickness of a 

rectangular section. 

                                     MPa
I

Mc
=maxσ                                                          (A.4) 

2.02 kN/m 

1.32 m 
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The test panel was considered to be a rectangular section with moment of inertia, 

I given by Equation A.5, (Hibbeler, 2003). Figure A.2 illustrates the test panel cross-

section as it relates to the moment of inertia of a rectangular section. 

 

                                                  
12

3BhI =   mm4                                                            (A.5) 

 

 

Figure A.2: Cross-section of the test panel. 

 
 Using Equation A.6 the moment of inertia of the panel is calculated as 110 h3. 

From Kissell and Ferry (2002), the shear stress of aluminium is 255 MPa, and use is 

made of Equation A.4, the thickness of the test panel, h is calculated as 2.8 mm. Due to 

the unavailability of aluminium of this thickness the test panels were fabricated with an 

actual thickness, hused of 6.4 mm. 

A.2 Deflection of the Testing Cradles 

 The maximum deflection, maxΔ due to dead load of the test panels was calculated 

using Equation A.6, (Canadian Institute of Steel Construction, 2000). In this equation L is 

1320 mm, UDL is 2.02 N/mm, I is 110hused
3 mm4, the thickness of aluminium, hused is 6.4 

mm, and Elastic modulus of aluminium, E is 70 × 103 N/mm2 (Hibbeler, 2003). 

  

                                     
EI

LUDL
384

5 4

max
××

=Δ  mm                                                    (A.6) 

h

B = 1320 mm
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The reader should note that a 15% reduction in uniform distributed loading was 

applied to Equation A.6 as stipulated by the Canadian Standards Association as per CSA-

S161-94 (Canadian Institute of Steel Construction, 2000). This led to the calculation of 

6.1 mm as the maximum deflection of the test panel, which was then compared to the 

allowable deflection, as per Equation A.7, of the test panel (Canadian Institute of Steel 

Construction, 2000).The length over which this deflection was calculated, L is 1320 mm. 

                                                =Δ allowabke  
180

L                                                            (A.7) 

 Since the maximum calculated deflection, 6.1 mm was less than the allowable 

deflection, 7.3 mm, the 6.4 mm thick aluminium test panels were deemed to be capable 

of supporting their intended loading. 

A.3 Determination of the Dimensions of Testing Cradle Support Brackets  

 The support brackets were considered to be cantilever beams (Figure A.3) with a 

force, P, the maximum total weight of a test panel including all the roofing components. 

The value of P is 3.24 kN, and includes the weight of the test panel itself (564 N), of 

density, ρ , 2700 kg/m3 (Kissell and Ferry, 2002) and volume, 0.02 m3. 

 
 

Figure A.3: Force diagram of the support bracket. 

L = 0.07 m

P

hused = 6.35mm 
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 Equation A.8, (Canadian Institute of Steel Construction, 2000) was used to 

determine the moment applied to the brackets by the applied force, P, and this value was 

found to be 0.23 kN·m. 

                                              =M P L  kN·m                                                                (A.8) 

Equation A.3 was employed to determine the width of the brackets, where y is hused/2, M, 

is 0.23 kN·m, and I is 110 hused
3 and σ is 255 MPa as seen prior. 

A safety factor of 2 was applied to Equation A.3 as this produced the most critical 

usage condition for the brackets, leading to the calculation of a width, B of 261 mm, with 

a width of 305 mm used. Figure A.4 is a schematic illustrating the dimensions of the 

brackets as fabricated and includes a 51 mm overhang, to place the bracket snugly over 

the hot box. Eight support brackets, each of width 40 mm were used to give the total 

width of 305 mm for each test panel. This allowed the test panels to be more easily fitted 

into the hot box. 

 
 

Figure A.4: Schematic of the support brackets as fabricated. 
 

A.4 Determination of the Fillet Weld Lengths for the Support Brackets 

To determine the length of the fillet welds of the brackets Equations A.9, and 

A.10 (Canadian Institute of Steel Construction, 2000) in the longitudinal and transverse 

6.35mm 

305 mm

51 mm
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directions were equated to the force applied to the brackets, Fapplied is 3.24 kN. The 

specified minimum tensile strength of aluminium, Fu in Equation A.9 is 105 MPa (Kissell 

and Ferry, 2002), while the ultimate shear stress, Xu in Equation A.10 is 100 MPa in the 

longitudinal direction, and 140 MPa in the transverse direction (Marsh, 1983).  

    A safety factor, filletFS. of 2.34 (Kissell and Ferry, 2002) was applied to the force 

applied to the brackets, when equating this force to Equation A.10 (in both transverse and 

longitudinal directions).                                                                                                                                  

                                 umwbasemetalr FAV φ67.0=      N                                                      (A.9) 

                                 )sin5.01(67.0 welduwwweldmetalr XAV θφ += N                                 (A.10) 

where wφ = 1, the area in millimetres squared, mA  is husedL, and weldθ  in the 

longitudinal direction is 0o, and is 90o in the transverse direction. wA  in Equation A.10 is 

Sin45o×husedL. Equation A.9 leads to the length of the weld, L, being calculated as 17 

mm, while from Equation A.10 lengths of 25 mm and 12 mm are obtained for the 

longitudinal and transverse weld directions respectively.  

The shear force in the based metal was found to be the limiting criteria for the 

fillet weld lengths of the aluminium brackets, and as such fillet welds 51 mm long and 

6.4 mm thick (conservative as this is the entire thickness of the brackets, hused) were 

specified for design. Figure A.5 shows a schematic of the welds as fabricated.  
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Figure A.5: Schematic showing the lengths of the fabricated welds (not to scale). 
 

The same fillet weld specifications as the test panel brackets were used for the 

hooks. It follows that use was made of 6.4 mm fillet welds that were 51 mm long. 

A.5 Determination of the Adequacy of the Lifting Hooks for Transport 

Since the hooks were to be placed one on each of side of the test panels, the 

design chosen for the hooks needed to be verified to ensure it was appropriate for the 

weight each hook was expected to bear once the test panels were maximally loaded. 

 

mmhused 4.6=  

mmhused 4.6=  
 

L
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Figure A.6: Free body diagram of forces experienced by each lifting hook. 

 
 

Forces were resolved in the vertical and horizontal direction (Equations A.11 and 

A.12, (Hibbeler, 2003)) to determine the load which each hook would experience. The 

author established the force to be carried by each hook, F, as 1/4 of the total weight of 

each test panel, including the planted, fully saturated roof systems and the weight of the 

test panels themselves. 

Resolving forces in the vertical direction: 

                                                         0=∑↓+ yF                                                    (A.11) 

114 mm 

MA 

AyF  

VA 

F 
45o

θcosF  

A 

810 N 
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F is calculated as 1146 N, where θ  is 45o. Resolving Equation A.12, the force, VA is 

calculated as 810 N. Since VA is less than the applied force, 3240 N, the welds were 

deemed adequately designed for shear. 

Resolving forces in the horizontal direction: 

                                                         0=Σ→+ xF                                                    (A.12) 

The adequacy of the welds for bending was also determined by resolving 

moments about point A as per Equation A.13 (Hibbeler, 2003). The moment about point 

A was calculated as 92380 Nmm, with a moment arm length of 114 mm. 

Resolving moments: 

                                                      0=∑+ M                                                           (A.13) 

This calculated moment was then used in Equation A.3 to calculate the maximum 

stress, σ, where I is 2432 mm4, (B is 114 mm, and hused is 6.4 mm), and y is hused/2. This 

calculated maximum stress was then compared to the yield stress of aluminium, 255 MPa 

divided by a safety factor of 2. The maximum stress was found to be 121 MPa which was 

less than the yield stress of aluminium divided by a safety factor of 2, thus the designed 

welds were adequate for bending.  
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APPENDIX B: AutoCAD RENDERINGS 

 Figures B.1 and B.2 show the dimensions of the hook of the aluminium test 

panels as were designed in Appendix A, and as fabricated. Figure B.3 shows the 

dimension specifications of the test panel brackets designed in Appendix A. 

 

 
 

Figure B.1: Side view of the test panel lifting hook (units: mm). 
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Figure B.2: Front view of the test panel lifting hook (units: mm). 
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Figure B.3: Side view of the test panel support bracket. 
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APPENDIX C: SAMPLE POWER USE CALCULATION 

This appendix provides a detailed sample presentation of the calculations applied 

to the raw data in order to obtain the power used to maintain the hotbox set point 

temperature at 21oC when the environmental room was set to temperatures of 0oC to  

-25oC in five degree Celsius decrements.  

The energy per unit time needed to maintain steady-state within the hot box at 

varied temperatures was needed to determine the thermal resistance of the hotbox 

calibration lid. The following sections discuss how this determination was made. 

C.1 Sample Raw Data Used to Determine the Test Panels Power Use  

 The sample data presented here is used to calculate the power needed to maintain 

the hot box at an internal temperature of 21oC when the environmental chamber was set 

to -25oC. 

Table C.1: Sample raw data used to calculate power use. 
Time Current sensor voltage (V) 

14:55:42.9 3.157 
14:55:43.0 3.149 
14:55:43.1 3.137 
14:55:43.2 3.154 
14:55:43.3 3.147 
14:55:43.4 3.162 
14:55:43.5 3.164 
14:55:43.6 3.162 
14:55:43.7 3.149 
14:55:43.8 3.142 
14:55:43.9 3.145 

 

This data was then used to calculate the root mean squared (RMS) current from 

the voltages measured by the current sensor by employing the calibration curve (Equation 
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3.1), the method of derivation of which was discussed in Section 3.4.2. Table C.2 shows 

the current readings obtained for the sample data.  

                     RMS current = (1.26 × current sensor voltage) - 2.52                              

Table C.2: Summary of the RMS current for sampling period. 
Time Current sensor voltage (V) RMS current (A) 

14:55:42.9 3.157 1.458 
14:55:43.0 3.149 1.448 
14:55:43.1 3.137 1.433 
14:55:43.2 3.154 1.454 
14:55:43.3 3.147 1.445 
14:55:43.4 3.162 1.464 
14:55:43.5 3.164 1.467 
14:55:43.6 3.162 1.464 
14:55:43.7 3.149 1.448 
14:55:43.8 3.142 1.439 
14:55:43.9 3.145 1.443 

 

Subsequent calculations carried out to determine the power use of the roof 

systems and calibration panel were conducted as follows: 

1) converting voltage readings from the continuous current sensor to RMS 

current readings using Equation 3.1 (Column 3, Table C.3); 

2) determining the time interval between the voltage readings (in seconds) by 

subtracting the time at which the ith voltage reading was recorded from the 

time at which the ith + 1 (Column 4, Table C.3); 

3) determining the time elapsed (in seconds) between each subsequent voltage 

reading;  

4) using the values from 2) and 3) to calculate the midpoint time and duration of 

the corresponding time interval between the collection of the ith and ith + 1data 

point, so that each time step reflected the time at the midpoint of the time 

interval; 
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5) averaging the RMS current readings over consecutive time intervals for the 

full period of data collection and multiplying these average values by 120 V 

(the voltage supplied to the current sensor at the electrical outlet) to determine 

the average power (in Watts), used during each time interval (Column 6,& 7 

Table C.3); 

6) calculating the actual power use (in Watt·seconds), used by each system by 

multiplying the average power found in step 5) by the corresponding time 

interval found in 3) (Column 8, Table C.3); and 

7) determining the power used during each hour of testing (with five individual 

hours of testing at each environmental chamber temperature for each roofing 

system and for the calibration panel) by first summing all of the actual power 

(W·s) values found in step 6) for the entire period of data collection, and then 

dividing this total power  by 3600 seconds. 

Table C.3: Calculated values to determine roof system power use. 

Time 

Current 
sensor voltage 

(V) 
 

RMS 
current 

(A) 
Time 

interval (s) 

Time 
Elapsed 

(s) 

Average 
RMS 

current 
(A) 

Average 
Power 
(W) 

Actual 
Power 
(W.s) 

14:55:42.9 3.157 1.458 0.093 0.047 1.453 174.334 16.213 
14:55:43.0 3.149 1.448 0.110 0.148 1.441 172.823 19.010 
14:55:43.1 3.137 1.433 0.093 0.250 1.444 173.200 16.108 
14:55:43.2 3.154 1.454 0.110 0.351 1.450 173.956 19.135 
14:55:43.3 3.147 1.445 0.094 0.453 1.454 174.560 16.409 
14:55:43.4 3.162 1.464 0.093 0.547 1.465 175.846 16.354 
14:55:43.5 3.164 1.467 0.110 0.648 1.465 175. 846 19.343 
14:55:43.6 3.162 1.464 0.093 0.750 1.456 174. 712 16.248 
14:55:43.7 3.149 1.448 0.110 0.851 1.444 173.200 19.052 
14:55:43.8 3.142 1.439 0.094 0.953 1.441 172.897 16.252 
14:55:43.9 3.145 1.443 0.093 1.047 1.451 174.124 16.101 
 

This method was repeated for each hour of data collection for each of the six 

environmental chamber temperatures and the three roof systems and calibration panel.  
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In order to determine the power use of each roof system and the calibration panel, 

excluding the power used by the hot box itself, 5/6 of the power used to maintain steady-

state of the entire hot box assembly when fitted with the calibration panel at a particular 

environmental chamber temperature was subtracted from the total actual power used (W) 

to heat the roof systems themselves at that environmental chamber temperature. It 

follows then that the power used to heat the calibration panel, excluding the hot box was 

1/6 that used to heat the entire assembly including the hot box at that particular 

environmental chamber temperature, as shown in Section 4.3.3. 
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APPENDIX D: MOISTURE CONTENT CALCULATIONS 

D.1 Moisture Content of the Nominal 100 mm and 150 mm Green Roof Test Panels  

This section of Appendix D speaks to the data collected to arrive at a value for the 

moisture content of the nominal 100 mm Green roof. The moisture content of the 

growing media of each Green roof was calculated using Equation D.1 (Budhu, 1999) and 

based on ASTM D2216 (ASTM, 2005). 

                                                          %100. ×=
s

w

M
MCM                                            (D.1) 

 From Table D.4, drying tin, 3E-SE1 the mass of water, wM is 5.004 g, and the 

mass of the dry solids, sM is 3.727 g. The mass of water was obtained from subtracting 

the mass of the growing media and tin after drying the sample in the oven, from the mass 

of the tin and growing media obtained prior to drying. The mass of the solid particles was 

calculated by subtracting the mass of tin 3E-SE1 from the mass of the tin and dry 

growing media after cooling. These two values are seen in Table D.3 for drying tin 3E-

SE1. The moisture content of the sample in this tin was calculated as 134.3 %.  

Table D.1 shows the raw data collected to determine the moisture content of the 

samples, while Table D.2 gives the values of moisture content obtained from the use of 

Equation D.1. Likewise Table D.3 presents raw data obtained to determine the moisture 

content of the nominal 150 mm growing media Green roof, while Table D.4 presents the 

calculated water content values. The moisture content values are discussed in Section 

4.2.1.  
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Table D.1 Data used to find the moisture content of the nominal 100 mm Green roof 
test panel. 

Drying tin Mass of empty tin (g) Mass of growing media 
and tin before drying (g) 

Mass of growing media 
and tin after drying (g) 

3E-SE1 11.681 19.361 14.958 
6D 12.733 19.564 15.651 

2W-AB 11.373 19.013 14.638 
 

Table D.2: Moisture content of each sample from the nominal 100 mm Green roof 
test panel. 

Drying tin Mass of dry growing 
media (g) 

Mass of water (g) Moisture content (%) 

3E-SE1 3.277 4.403 134.36 
6D 2.918 3.913 134.10 

2W-AB 3.265 4.375 134.00 
 

Table D.3: Data used to find the moisture content of the nominal 150 mm Green 
roof test panel. 

Drying tin Mass of empty tin (g) Mass of growing media 
and tin before drying (g) 

Mass of growing media 
and tin after drying (g) 

3E-SE1 11.734 20.465 15.461 
6D 12.718 23.415 17.284 

2W-AB 11.358 19.734 14.934 
 

Table D.4: Moisture content of each sample from the nominal 150 mm Green roof 
test panel. 

Drying tin Mass of dry growing 
media (g) 

Mass of water (g) Moisture content (%) 

3E-SE1 3.727 5.004 134.27 
6D 4.566 6.131 134.28 

2W-AB 3.576 4.800 134.24 
 



 190

APPENDIX E: GREEN ROOF DEPTH MAPPING 

 Appendix E showcases the individual depth values obtained at points on a grid of 

dimensions 292 mm × 292 mm. The average of the 25 values obtained for each Green 

roof system enabled the mean depth throughout the nominal 100 mm and nominal 150 

mm growing media Green roof system to be calculated. 

 The depths obtained from mapping the nominal 100 mm and nominal 150 mm 

Green roof systems are given in Table E.1.The values were averaged to find the effective 

depth of the nominal 100 mm and 150 mm Green roofs. 

Table E.1 Depths at various points in each Green roof test panel. 
Point Nominal 100 mm Green Roof 

depth (mm) 
Nominal 150 mm Green Roof 

depth (mm) 
1 122.6 82.6 
2 122.6 92.6 
3 112.6 92.6 
4 102.6 82.6 
5 112.6 72.6 
6 122.6 82.6 
7 122.6 77.6 
8 122.6 82.6 
9 122.6 82.6 

10 112.6 72.6 
11 142.6 92.6 
12 122.6 82.6 
13 112.6 87.6 
14 112.6 82.6 
15 122.6 72.6 
16 162.6 92.6 
17 122.6 77.6 
18 112.6 72.6 
19 122.6 72.6 
20 112.6 72.6 
21 162.6 92.6 
22 142.6 82.6 
23 132.6 92.6 
24 142.6 82.6 

162.6 82.6 25 
Average = 82.4 Average = 126.6 mm 
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