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Abstract: Assessing the fire risk of vegetated roofs includes the determination of their possible 
contribution to fire. Green roof components such as plants and growing media are organic materials 
and present a fuel that can catch and support the spread of fire. The flammability characteristics of 
these components were analyzed and compared to a typical roof covering. Growing media with 
15% of organic matter were tested using cone calorimeter apparatus. The fuel load and heat release 
rate of the growing media were measured in both moist (30%) and dry conditions. It was observed 
that growing media in a moist condition do not present a fire risk, reaching a maximum heat release 
rate of 33 kW/m2. For dry substrates, a peak heat release rate of 95 kW/m2 was recorded in the first 
minute, which then rapidly decreased to 29 kW/m2 in the second minute. Compared to a typical 
bitumen roof membrane, the green roof showed a better fire performance. The literature data report 
more severe results for plant behavior, reaching peak heat release rates (HRRs) of 397 kW/m2 for 
dried and 176 kW/m2 for a green material. However, a rapid decrease in HRR to much lower values 
occurs in less than 2 min. The results also show that extensive and intensive types of green roofs 
present 22% and 95% of the additional fire load density when installed on a modified bitumen 
membrane, 19.7 and 85.8 MJ/m2, respectively. 
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1. Introduction 

Currently, plants are being successfully used as an environmental improvement tool. One of the 
examples of this contemporary technology is the installation of vegetation on roofs and walls of 
buildings, which helps to improve the ecology and social life in urban areas. This has been 
demonstrated by numerous scientific studies on various aspects, such as reduction of water runoff, 
increased energy efficiency of buildings, bringing aesthetic value and increased biodiversity by 
providing a natural habitat [1–5]. Studies make a great contribution to the development of these 
systems and to the promotion of the installation. The safety of green roofs, however, is poorly studied, 
namely in terms of the fire hazard. It is still debated whether the presence of such roofs possess a risk 
to the building and to what extent. The primary concern is the combustibility of green roof 
components, such as plants and soil organic matter (OM), which are claimed to present an additional 
fuel load that can contribute to fire [6,7]. In fire design, little attention is paid to roofs, because as non-
living spaces they pose a very low risk of fire exposure for the occupants. This conforms to the 
primary objective of the building code for fire safety (NBC) [8], to limit the risk for the occupants. 
Moreover, unlike the interior of the building, these spaces are not confined, and the amount of stored 

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by CorpusUL

https://core.ac.uk/display/442651064?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
mailto:Christian.Dagenais@fpinnovations.ca


Buildings 2020, 10, 126 2 of 14 

combustible materials on top of the roof is restricted. However, green roofs fully covered by 
vegetation, especially in cases of intensive greening, appear to store some amount of fuel 
continuously distributed on their surface, presented by the organic material in soil and plants. The 
possibility of such fuel to be ignited and to develop a fire was confirmed by the recent small green 
roof fires that happened in Portland (OR, USA) and London (UK) in the summer of 2018 [9,10]. From 
the available information, dried overgrown grass caught on fire from a spark in the first case. In the 
second, low extensive greening was ignited, possibly by a cigarette. Sustained flaming appeared, 
which spread over a roof deck and a wall nearby. Both fires were extinguished by firefighters. 

The flammability characteristics of organic materials, such as peat [11], leaf litter [12], forest litter 
in the form of pine needles [13], ornamental vegetation [14] and various plant species (leaves and 
twigs) [15] have been reported. However, studies on organic soil flammability or green roof 
substrates are difficult to find. A British report on the fire safety of green roofs investigated the 
behavior of dry green roof substrates in terms of ignitability and heat release rate (HRR) at a small 
scale using a cone calorimeter [16]. The document concluded a good performance for a standard mix 
showing either no ignition, or in the case of ignition, no sustained flaming. The report contains 
general conclusions and no details were given as for the tested samples (composition and amount of 
OM in the soil blend), test procedure and the description of results. Moreover, only dry material was 
tested, assuming the most dangerous case. Comparisons with a substrate containing some amount of 
moisture, as in real conditions, can provide a better idea of the fire hazard of the substrate. Another 
interesting comparison is given in the literature as for the advantages of a green roof over a 
conventional one in fire performance. It was stated that a dry extensive green roof with dry grass 
releases much less heat (3 kWh/m2) than a typical bituminous roof membrane (50 kWh/m2) [17]. A 
description of the experiment was not given and therefore it is not clear what the test conditions (test 
method) and the parameters of the green roof assembly were (soil organic product, the amount of 
vegetation material, moisture content). 

Additional information on combustible characteristics of green roof substrates, as well as a 
summary of the fire load, composed of substrates and vegetation, can contribute to the knowledge 
on the fire hazards of these systems. The objectives of this study are to determine the potential 
amount of fuel that is presented by a green roof, the heat release rate produced by green roof materials 
in case of fire, and to compare this to a conventional type of roof. 

2. Background 

2.1. Fuel Load 

The protection of a building from fire by a safety design involves the development of fire 
scenarios that may occur in the building. Necessary information includes the characterization of the 
building in terms of the quantity of combustible materials (fuel) that presents a certain fire load [18]. 
The fire load in buildings is usually expressed as the amount of energy per area (fire load density, 
MJ/m2), which can be calculated by knowing the mass of fuel per area (fuel load) (kg/m2) and the 
energy content of this fuel (MJ/kg). The amount of fire load is necessary in the prediction of 
temperatures during a fire inside a compartment. It is also one of the parameters that influences HRR, 
which is the main characteristic of fire severity in buildings [19]. In vegetation fires, or wildfires, the 
prediction of fire behavior differs from that of the building, concerning not only the intensity of fire 
but also its rate of spread, which depends on multiple factors. The fuel load presented by various 
plant materials is one such factor. 

When estimating fuel load, it is important to consider its availability. For example, the moisture 
of a plant material reduces the availability of fuel. Its increased content in live plants makes them act 
as a heat sink, rather than a source of fuel [20]. Dead plant material with a low moisture content burns 
more easily. The difficulty in estimating the amount of available fuel presented by vegetation in 
wildlands is that it always changes due to the transition of plant parts from live to dead, provoked 
by a seasonal fluctuation in moisture. 
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Another indicator of the fuel availability is the direct disposition to flames (fuel density, fuelbed 
porosity) and fuel thickness (fuel surface-to-volume ratio) [19]. For example, grass, leaves and small 
shrubs are fine fuels, which are considered highly susceptible to fire. Their high surface-area-to-
volume ratio and the small size of their particles allow them to dry out during hot periods, increasing 
the risk of being ignited and contributing to fire [21]. Such material burns quickly and can be expected 
to be consumed completely in fire. Moreover, since it does not require much heat input to lose 
moisture, in the case of an existing fire, live herbaceous plant material cannot always effectively resist 
the flame spread. Plants with particles of lower surface-area-to-volume ratio (particle diameter over 
0.25 in) require more time to be completely burned, releasing energy more slowly. The moisture 
presented in such fuels requires a lot of energy input to be driven out. Another example of fuel 
availability is organic material in soil, which, for green roof growing media, is usually in the form of 
peat and compost, which are mixed with mineral components and packed. In soil, the access to air is 
limited, and thus the combustion occurs mostly at the surface layer, whereas incomplete combustion 
occurs underneath, which means that not all fuel will be consumed. Both large plants and organic 
soil are considered thick fuels [22].  

2.2. Vegetation 

A large amount of data on vegetative fuel load exists in the literature. This can be found in the 
default data for different types of wildlands as input parameters for wildfire modeling. Several sets 
of fuel models have been elaborated in the USA [23–25] and Canada [26] that describe fuelbed 
parameters, such as the amount of dead (fine, medium, large) and live fuel load per area, type of 
vegetation, fuel depth (height) and energy content. Fuel data are also available for Australian and 
some European and African wildlands to be used in the models [27–31]. 

Fuel load can also be presented as the amount of biomass (organic part of a plant, typically dry 
weight is taken). In wildfires, plant biomass is not always regarded as a total fuel, because of a 
reduction in fuel availability. However, each green roof is unique, which means their fuelbed 
parameters are different in each case. Assumptions of the most hazardous case can show the potential 
contribution of different types of green roofs to fire, and therefore the data on the biomass can be 
considered as a total fuel load. 

There are several categories of green roofs (Figure 1) that differ mostly by the type of vegetation 
and the thickness of the growing medium necessary to support the plants. Extensive green roofs with 
a shallow layer of substrate are planted with low-growing herbaceous plants, grasses, Sedums and 
mosses. A 10-cm thickness of growing medium with low organic matter (OM) content (2–5% by mass) 
is usually enough to support such plants. Semi-intensive roofs have a greater variety of plants, 
including small shrubs. Intensive green roofs are usually roof gardens with diverse vegetation, from 
simple grasses to shrubs and small trees. A growing medium rich in OM (up to 20%) and a larger 
thickness is required. Each of these categories of roofs thus stores a certain range of fuel load. It must 
be noted that succulents, typically used for simple extensive green roofs, do not carry fire easily, 
unlike other plants, because of their ability to store great amount of moisture. Their specific structure 
does not allow for the loss of water at a high rate. This helps them to survive even in severe drought 
periods. Their contribution to fire risk therefore can be neglected. Trees (installed on roof gardens) 
can also be excluded from fuel estimation due to the large diameter of their particles. Thus, only some 
fine fuels, herbaceous plants and shrubs with branches of small diameters should be considered. 
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Figure 1. Green roof categories: (a) extensive (with low grass); (b) semi-intensive (with tall grass and 
low shrubs); (c) intensive (with tall shrubs). 

To have an idea of the amount of fuel load presented by each of the categories of green roofs, 
existing data on the biomass of species grown on roofs can be used. Moreover, each category can be 
associated with a certain wildland (or fuel model). Existing data on the fuel parameters (biomass) of 
vegetation can be sorted into three categories: extensive greening (low grass, that is, up to 0.5 m 
height); semi-intensive (includes tall ornamental grasses of 0.5–1.5 m height, and small shrubs of less 
than 1 m); intensive (includes tall shrubs of more than 1 m height). For shrublands, data are 
sometimes given at a certain percentage of cover (between 10% and 99% in the literature), which is 
acceptable, since intensive green roofs contain only inclusions of tall vegetation, not being covered 
completely. Thus, the percentage of vegetation cover may not be considered. Wildland types or fuel 
models can be ascribed to each category.  

Tables 1–3 present the data on fuel load for vegetation of each roof category. Fuel types were 
collected from sources of the models and measured values of specific wildlands vegetation from other 
studies on fire behavior in wildlands and on the aboveground biomass accumulation. Models include 
fine dead fuel, which is presented by particle diameters of less than one inch (2.5 cm), also called 1- 
and 10-h fuels. They also include live herbaceous material. Other fuels, such as dead fuels with more 
than one-inch diameters, and live woody fuels, are not considered. 

Table 1. Fuels chosen for extensive green roofs. 

Fuel 
Total Fuel Load  

kg/m2 Reference 

1 (short grass) 0.18 [32] 
A (Western annual grass) 
L (Western perennial grass) 

0.13 
0.19 [24] 

GR-1 
GR-2 (sparse or grazed grass) 

0.10 
0.27 

[25] 

O-1a, O-1b (grass) 0.30 [26] 
Understory of native grasses 0.39 [31] 
Grasslands 0.40 [30] 
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Table 2. Fuels chosen for semi-intensive green roofs. 

Fuel 
Total Fuel 

Load  
kg/m2 

Reference 

3 (tall grass) 
5 (short shrub cover) 

0.74 
0.86 

[32] 

N (grass prairie) 
T (sparse shrubs and grass) 

0.75 
0.50 

[24] 

GR 3-4 (grass) 
GS 1-4 (grass shrub) 
SH 1-3, 6 (brush) 

0.49 to 0.53 
0.17 to 1.41 
0.16 to 1.11 

[25] 

Ornamental grass (sideoats grama, green needlegrass, Indian 
grass) 

0.37 to 0.75 [33] 

Tall grass species 0.80 (average) [34] 
Moorland (low young shrubs) 0.24 to 1.53 [29] 
Button grass moorland 1.10 to 1.60 [27] 

Table 3. Fuels chosen for intensive green roofs. 

Fuel 
Total Fuel Load  

kg/m2 Reference 

7 (Brush) 0.83 [32] 
D (Southern rough) 0.81 [24] 
SH-5 (Chaparral) 
SH-7 (Brush) 

1.41 
2.17 

[25] 

Shrub-steppe 0.95 [35] 
Shrubland 0.78 to 1.51 [28] 
Moorland (High density, 1 m height) 2.00 [36] 
Mediterranean shrubs 1.1 to 2.4 [37] 
Heathland 1.4 to 2.47 [27] 
Shrubs (heath, gorse, broom) 1.90 to 2.63 [38] 

In the studies on plant biomass, descriptions of a type of vegetation and its height are usually 
given. No division by the diameter size or live and dead material of plants could be found. However, 
from the description in the studies used, it is clear that the vegetation does not present thick fuel. For 
the most hazardous case, it can be assumed that the live woody material of these plants can also 
present the fuel load. Thus, the total biomass was included. Data on the biomass of separate species 
of tall ornamental grasses such as switchgrass (Panicum virgatum), big bluestem (Andropogon gerardii), 
little bluestem (Schizachyrium scoparium), mammoth wildrye (Leymus racemosus) and Western 
wheatgrass (Pascopyrum smithii), which are used on green roofs [39–41], can be found in other studies. 
These values, however, may not be realistic for green roofs, as the studied areas present tall and dense 
stands, and therefore do not represent the accumulation of fuel load on a roof. For example, for 
mammoth wildrye, switchgrass and big bluestem, the range of maximum values found is 1.58–1.7 
kg/m2, with a mean value of 1.64 kg/m2 [33,42]. For little bluestem and Western wheatgrass it is 1.2–
1.25 kg/m2 [43]. 

2.3. Growing Medium 

The growing medium for a green roof usually contains some amount of OM in different forms, 
such as peat, compost and sawdust. The proportion of organics in the soil mix varies between 2–3 
and 20–25% by mass. The thickness of a substrate layer varies depending on the type of vegetation it 
supports. The minimum thickness is usually not less than 5 cm. Typically, for extensive greening, 10 
cm is taken; for intensive green roofs, a greater depth is needed. Because soil is a thick fuel, only its 
available part (organic matter in the combustion depth) can be considered in fuel loading. During 
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wildfires, heat does not usually penetrate deep into the soil, because soil in the dry state is a poor 
heat conductor, and the in moist state, a lot of energy needs to be applied to evaporate the water first. 
Measured temperatures in natural fires rarely exceed 100 °C at a depth of 5 cm. For example, 
temperatures were recorded in the range of 49 and 66 °C at a depth of 5 cm; at a depth of 2.5 cm, 
temperatures varied between 57 and 174 °C for dry soil in chaparral fires [44]. Higher temperatures 
are given by Beadle [45] and Busse et al. [46] for a 2.5 cm depth, 250 and 370 °C, respectively. Because 
of the absence of record temperatures reached in green roof soils in fires, which also differ from 
natural soils, it can be assumed that a layer of 2.5 cm in depth can contribute to fire. Growing media 
fuel parameters can be determined experimentally. 

In addition to the vegetation and substrate, the assembly of a green roof contains other 
combustible materials, such as drainage panels (recycled polyethylene), a filter cloth (geotextile) and 
a root barrier (high-density polyethylene). As they are covered by a layer of soil, usually not less than 
5 cm thickness, it can be assumed that they cannot present a fire load, as their availability for 
combustion is limited.  

3. Materials and Methods 

3.1. Flammability Characteristics 

In fire engineering, the combustion performance of materials is usually investigated using the 
cone calorimeter apparatus. It is a standard method of measuring the flammability properties of a 
material, such as HRR, time to ignition, mass loss rate, smoke and toxic gas production [47]. In the 
experiment, a small sample is exposed to a uniform radiant heat flux of a constant intensity (up to 
100 kW/m2) and, with a spark igniter, the surface of the sample is ignited. 

To evaluate the hazard that a green roof substrate represents in terms of its fire response, its 
performance was experimentally investigated with this method. For a better understanding of the 
scale of the risk, the obtained results were compared to existing data on waterproofing membranes 
tested in the same conditions. The following properties of the green roof substrate were measured: 
total heat released, HRR and time to ignition. 

Few studies have been conducted on the fire properties of typical roof-covering materials using 
a cone calorimeter. In conventional types of roof coverings, the top layer is a waterproof membrane, 
which is made of combustible materials. One of the most common waterproof membranes used 
under green roof systems is polymer-modified bitumen (PMB). Data on its flammability parameters, 
such as HRR, average and peak HRR (pHRR), time to ignition, as well as the effect of ageing and fire 
retardant additives on these parameters, are available in the literature [48,49]. 

3.2. Testing Procedure 

The growing media were tested using a cone calorimeter fabricated by the Fire Testing 
Technology company (UK). Experiments were performed to determine HRR, as one of the most 
significant indicators of the fire hazard of materials [50]. Ignitability, pHRR and average HRR 
parameters were also measured. Tests were carried out in accordance with ISO 5660-1 “Reaction-to-
fire tests—Heat release, smoke production and mass loss rate” [51]. In the absence of guidance on 
choosing a heating load specifically for green roof substrates and a lack of information on real fires 
on such roofs, a mean radiating heat flux of 50 kW/m2 was used in the experiments. Such an irradiance 
level can represent small-scale fires [52]. The duration of each test was 15 min or until no heat was 
released. For each substrate in wet and dry conditions, the test was repeated three to five times or 
more to obtain reliable data. 

3.3. Materials and Sample Preparation 

Two commercial growing media mixes that are used in Quebec for extensive green roofs were 
taken for the study (Substrate 1 and 2), shown in Figure 2a,b. The OM content of both materials was 
20 ± 3% by mass. The two substrates were different in the composition of their components. The 
inorganic part of the first mix was in the form of a lightweight aggregate (slag) and a small amount 
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of sand; the second mix contained expanded shale and perlite. Organic products were the composting 
material and peat moss in different proportions for each substrate.  

To evaluate the effect of presence of moisture in the substrate on its fire behavior, samples were 
tested in both dry and moist conditions. In natural conditions, the moisture content (MC) of soil can 
vary greatly depending on multiple parameters such as season, time of day, weather and irrigation. 
It also depends on soil composition, soil particle characteristics and the ability of its components to 
absorb certain amounts of water. Because of this, analyzing the effect of a whole range of MC will be 
representative only of the substrates tested. This study focuses on general comparison of the fire 
hazard in the most severe case (dry state) and real conditions (with a certain level of MC). Therefore, 
only one moisture condition (30% of MC), which was chosen arbitrarily, was considered for the 
analysis. To eliminate water from the substrates, samples were placed in an oven at 105 °C for 24 h. 
Moist samples were prepared by adding water to an oven-dried soil, and then sealing them in plastic 
bags for 1 week. The dry weight of a substrate was the same for dry and moist samples, and was 
equal to 80 ± 5 g. 

The standard specimen holder of the cone calorimeter was used for the test, consisting of a metal 
sample pan of 100 × 100 mm and a metal edge frame of 50 mm in height. When installing it into in 
the holder, the substrate was manually compacted, and the surface was flattened. Figure 2c shows a 
sample of a dry substrate in a specimen holder. 

 

 

 

(a) (b) (c) 

Figure 2. Samples: (a) Substrate 1; (b) Substrate 2; (c) sample in a holder. 

4. Results and Discussion 

4.1. Fire Load Density of Green Roofs  

The total fire load density of vegetated roofs includes vegetation fuel and the top of the growing 
media. Fire loads of the two types of growing media in the dry state were determined in the cone 
calorimeter. The obtained values of total heat released were calculated for a 2.5 cm thickness of each 
sample (with 15% of OM) and were equal to 36.9 and 14.1 MJ/m2 for Substrate 1 and Substrate 2, 
respectively. It is assumed that fire loads of substrates with smaller amounts of OM can be obtained 
from these values by calculation per percent of OM. 

The fire load densities of vegetation were calculated by multiplying fuel loads by their energy 
(heat) content. Studies on the heat content of vegetation showed that it depends largely on plant 
species. For example, for tall grasses, the reported range of values is 16.8 to 19.1 MJ/kg [53,54]. The 
averaged value of 17.3 MJ/kg was found by Kidnie [34] for different tall grasses. From the 
experimental research on several Mediterranean shrub species (tested twigs and leaves), the heating 
value was between 19.9 and 22.9 MJ/kg [55]. However, in fire prediction systems, usually one value 
is used for all fuel models, such as 18.6 MJ/kg in the U.S. [25] and 18 MJ/kg in Canadian Forest Fire 
Behavior Prediction (FBP) System [56]. 

Table 4 presents fire load densities for three types of vegetation cover in each of the green roof 
categories, and for the growing media. The energy content for vegetation was assumed to be 18.6 
MJ/kg. The obtained values for the vegetation are given in the ranges, while, for the growing media, 
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the higher result of Substrate 1 was taken, which presents a higher risk. Extensive and semi-intensive 
green roofs included substrates with 5% OM, intensive roofs included substrates with 15% OM. 

Table 4. Fire load density of green roof and its components. 

Component Fire Load Density MJ/m2 

Vegetation  
Extensive 1.9 to 7.4 

Semi Intensive 3.2 to 29.8 
Intensive 15.1 to 48.9 

Growing medium (Substrate 1, 2.5-cm combustion zone)  
5% OM 12.3 

15% OM  36.9 
Green roof category  

Extensive  14.2 to 19.7 
Semi-Intensive 15.5 to 42.1 

Intensive  52.0 to 85.8 

When comparing these data with a conventional roof covering made of a modified bitumen 
membrane, which is composed of 90.4 MJ/m2 [48], it can be seen that the green roof with extensive 
greening presents about 22% of the additional fire load, semi-intensive presents up to 47% and 
intensive greening up to 95%. 

4.2. Combustibility 

4.2.1. Growing Media 

Figure 3 presents HRR curves obtained in the experiment for two commercial substrate mixes 
(Substrate 1 and 2) with 15% of OM in dry and moist conditions. It is seen that moist substrates release 
much less heat than in the dry state, reaching pHRRs of 33 and 24 kW/m2 and only after 8 min, which 
presents a very low risk. In dry substrates, pHRRs are reached in the first few seconds and are equal 
to 95 and 64 kW/m2, which is three times higher than those for the moist substrates. However, after 
only about a minute, these values decreased to 29 and 22 kW/m2 and, until the end of the test, did not 
exceed 40 and 30 kW/m2 for each substrate, respectively. In Figure 3, the curve for a typical roof 
covering, from a study by Bourbigot et al. [49], is shown for comparison. The material is a roof 
membrane made of PMB with fire retardants. Peak HRR is not much greater than that of dry 
substrates at the first peak. However, it does not decrease much, continuing to release heat for a much 
longer period, increasing to 162 kW/m2 at the second peak after 10 min. 
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Figure 3. Comparison of heat release rate (HRR) of green roof substrates at dry and moist state with 
typical roof covering: (a) Substrate 1 (0% moisture content (MC)); (b) Substrate 2 (0% MC); (c) 
Substrate 1 (30% MC); (d) Substrate 2 (30% MC); (e) polymer-modified bitumen (PMB) membrane 
with fire retardants (redrawn from Bourbigot et al. [49]). 

A comparison can also be made to a membrane of the same material but without fire retardants. 
The results from another study show that the pHRR of such a material reaches 498 kW/m2, staying at 
more than 100 kW/m2 at first 6 min [48]. The mean HRRs of dry Substrates 1 and 2 in the first 5 min 
are equal to 37 and 27 kW/m2, respectively. Compared to the membrane from the same study with 
the result of 260 kW/m2 in the same period, it is more than seven times lower. 

There is a small difference in the results of two types of dry substrates, which is explained by 
the difference in the organic products and their proportions (compost and peat), which burn 
differently. Compost is presented in Substrate 1 in much larger proportions than peat. This can also 
explain the flaming in moist substrates, which for Substrate 2 was not observed, as shown in Table 5. 
Moreover, the maximum duration of flames observed in soils was about 5 min, while, in the 
membrane, the flaming ceased after 13 min. 

Table 5. Times to ignition (seconds) and flameout for dry and moist substrates. 

Sample 
0% MC 30% MC 

Ignition Flameout Ignition Flameout 
s s s s 

Substrate 1 5 560 462 686 
Substrate 2 7 294 − 1 

1 no ignition and flameout observed. 

4.2.2. Vegetation 

Data on vegetation flammability characteristics tested in a cone calorimeter can be found in 
several studies [14,57,58]. The results show that HRR differs a lot depending on the species and 
moisture content of plants. Measured pHRRs of different northeastern USA plants were in the range 
of 30 and 397 kW/m2 [57]. In the research of Weise et al. [14], the pHRR of dried plant material was 
between 49 and 331 kW/m2, and for green material (with high MC) it was between 1 and 176 kW/m2. 
However, in both studies, HRRs of more than 50 kW/m2 were observed for no more than two 
consecutive minutes. The example of the HRR curve produced by vegetation is taken from the 
experimental study of Madrigal et al. [58] on European gorse (shrub), and is shown in Figure 4. Here, 
the curve is also compared to the results of the bitumen membranes. It can be assumed that vegetation 
from this research presents intensive greening (the fuel load specified in the study is between 1.6 and 
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3.1 kg/m2). Figure 4 shows HRRs separately for dead (leaves and twigs of small diameters with 25% 
MC) and live (green leaves with 75% MC) plant material. It is seen that curves of both components 
rapidly increase, reaching maximum values of 332 and 190 kW/m2 for dead and live parts, 
respectively, but after about 2 min they rapidly decrease to about 25 kW/m2 and continue to decrease 
after this. 

When comparing these results to the roof membranes, it can be seen that both membranes 
release heat at much higher levels and for a much longer period, suggesting a greater potential 
contribution to the severity of a fire. 

Some data can be found in the literature on plant flammability obtained in large and 
intermediate scale tests, which can be more realistic. For example, the pHRR of a small rockrose shrub 
(with up 3–20% MC in its leaves) was 228 kW [59]. With a rapid decrease after the peak, the flameout 
appeared in less than a minute, leaving the sample to be only partly consumed. Overholt et al. [60] 
studied the fire behavior of tall grass (little bluestem) with a 7% MC, which can be associated with 
semi-intensive greening. The experiments on the whole plant showed a range of pHRRs from 35 to 
75 kW for a single plant. In one minute, on average, the plants were completely burned. For a multiple 
plant setups with different stand densities, pHRR varied between 45 and 160 kW. In all cases, pHRRs 
were reached in the first minute, after which they rapidly fell to values between 0 and 50 kW. The 
research data on the fire behavior of coniferous trees, known as highly flammable fuels, are also 
available. A large-scale experimental testing of Christmas trees (Douglas Fir and Noble Pine) was 
conducted by Damant and Nurbakhsh [61]. It was shown that the pHRR of a whole dried Christmas 
tree (very dense Douglas Fir) of around 2-m tall can reach 1667 kW, an extremely elevated value. For 
a cut and partly dried tree, pHRR reached 831 kW. However, it is not expected that a cut Christmas 
tree would be installed on a green roof. Thus, these results cannot be used for a comparison with the 
present study. For a freshly cut tree, the measured pHRR was only 11 kW, exhibiting a negligible 
amount of total heat released. As for other types of vegetation presented in Figure 4, the available 
tree fuel was rapidly consumed by fire, followed by a quick flameout. The experimental study of 
Jervis and Rein [13] on pine needles showed pHRRs of 252 kW/m2 and 472 kW/m2 for live and dead 
material, respectively. However, the flaming period lasted only 34 s for live and 18 s for dead 
material. Nevertheless, high HRR of plants, even with a short duration of flaming, can present a risk 
of fire propagation in the presence of combustible materials nearby. 

 
Figure 4. Comparison of HRR of vegetation parts of gorse shrub and typical roof coverings: (a) dead 
parts with dried leaves and twigs (redrawn from Madrigal et al. [58]); (b) green leaves (redrawn from 
Madrigal et al. [58]); (c) PMB membrane with fire retardants (redrawn from Bourbigot et al. [49]); (d) 
PMB membrane without fire retardants (redrawn from Thureson and Nilsson [48]). 

It is difficult to match the vegetation components of green roofs against typical roof coverings 
because of the different spatial arrangement of these materials. However, they still allow us to 
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partially understand the fire hazard that such roofs present on the building in case of fire. It is shown 
that neither growing media with high OM content nor plants present a higher risk than a roof 
membrane made of polymer-modified bitumen with or without fire retardants. This means that green 
roofs can be more advantageous in terms of fire safety in this case. However, compared to other more 
fire-resistant or non-combustible roof coverings, like PVC or ballasted roofs, such advantages would 
not be expected. 

It has to be noted that vegetation performance in terms of heat release does not fully represent 
the potential fire hazard, because other characteristics like ignitability, rate of flame spread, 
sustainability and characteristics of flames produced are important to consider as well [62]. 

5. Conclusions 

The present work characterized green roof flammability characteristics. From the conducted 
tests on growing media and the available literature data on vegetation and roof membranes, several 
conclusions can be made. 

Green roofs do not add a substantial amount of fire load, even with intensive greening. It is 
estimated that such roofs present almost the same fuel load as roofs covered by a PMB membrane 
with no fire retardants, adding up to 95% of the available fuel. Extensive green roofs present a very 
small amount of fuel, which, in case of fire, will not contribute a lot. 

In terms of fire performance, such roofs are comparable to conventional bitumen roofs. The 
results also show that dry substrates produce a smaller amount of heat during combustion than a 
bitumen membrane. Experiments on the growing media for intensive greening (15% OM) show a 
great influence of moisture content. In the dry state (most hazardous case), the growing media is 
much more ignitable than in the moist (natural) state. However, flames do not last more than 10 min. 
The limitation of the experimental study was the consideration of only one moisture condition. 
Testing substrates with a range of possible MC would help us to better assess the effect of moisture. 
The vegetation components of a green roof can produce heat at a very high rate, but for a shorter 
period than bitumen membranes. The peak HRR of dead vegetation material greatly exceeds the 
value produced by a membrane with fire retardants, and is comparable with the value of a standard 
bitumen membrane.  

The fire risk of the vegetation on rooftops must be assessed, including different flammability 
parameters, which is a challenging task, due to the complexity of plants’ structures and the 
dependence of their parameters on surrounding conditions. Future research on flammability 
properties and the fuel parameters of vegetation planted on green roofs can give a more realistic 
understanding of the fire risks of such roofs.  
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