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Abstract. Flame spread experiments upon a BROOF(t4) compliant flat roof mock-up
located below a vertical barrier were carried out for variations in gap height, inclina-
tion, subjacent insulation material, and the barrier type (stainless-steel board or pho-

tovoltaic (PV) module). A binary flame spread scenario was identified, where re-
radiation from the flame facilitated self-sustained flame spread if the gap height to
the horizontal panel was below 10 cm for the stainless-steel board and 11 cm for PV

modules. These were defined as the critical gap heights. Inclination of the PV mod-
ules increased the critical gap height and caused a 25% faster flame spread rate
(FSR) than the FSR below horizontal modules with the same gap height at the loca-

tion of ignition. The faster FSR for inclined modules caused a 40% reduction of the
maximum temperature measured at a depth of 70 mm in the insulation materials
(242�C). Based on temperatures measured in the insulation materials, the 60 mm
polyisocyanurate (PIR) insulation performed slightly better than the 50 mm mineral

wool insulation. However, it is expected that the mineral wool would outperform the
PIR insulation if tested with the same thickness, as it insulates significantly better at
high temperatures. Finally, no sustained flame spread was observed on the back side

polymer sheet of the PV modules, but one of the three PV module brands produced
burning droplets. Based on the experiments, it can be concluded that the current
standards are inadequate as the introduction of a PV system on a compliant roof

construction enables flame spread.
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1. Introduction

During the initial two decades of the current millennium, there has been an expo-
nential growth in the global energy capacity produced by photovoltaic (PV) instal-
lations, from a capacity of 0.54 GW in 2000 to 760 GW at the end of 2020 [1].
PV systems are available in all sizes, from the single PV cell on the side of a
power bank, through domestic and commercial installations on building property,
to terrestrial installations of almost 1 GW, such as the Longyangxia Dam Solar
Park in China [2]. The increased amount of PV systems is linked to a continuous
cost reduction of the PV modules [3, 4], and thus, energy cost, which also makes
it attractive for commercial and domestic property owners to utilise their other-
wise unused roof constructions for building attached PV installations (BAPV).

However, PV installations cause an increased probability of ignition [5–10], and
the physical presence of the PV modules modify the fire dynamics of the existing
roof construction [11–14]. The potential risk is exemplified by the recent legal dis-
pute between Walmart and Tesla, where Walmart requested Tesla to remove
BAPVs from 244 of their warehouses, because of the seven fires that occurred
between 2012 and 2019 [15, 16].

Generally, statistical data for PV-related fires is sparse and there is no knowl-
edge about any recent data from any fire brigades, but a recent analysis estimated
that the annual fire incident frequency is 28.9 fires per GW capacity [17]. In Italy,
around 460 PV related fires occurred annually between 2011 and 2015 according
to Bonomo et al. [18], whereas a German survey from 2013 identified a total of
430 PV related fires [5]. No comprehensive data exist for the US [19], but accord-
ing to the PV Magazine, the number of PV-related fires in Arizona alone has
gradually increased from 25 in 2015 to 56 in 2018 [20]. Mohd Nizam Ong et al.
wrote an overview of the best practice for the design and installation phases of
roof top installed PV systems. They found that fire safety was often included in
the installation guidelines covering the electrotechnical part of the technology,
whereas fire safety related to the interaction with the hosting building was rarely
mentioned in the design [21]. With an expected service life of 25 to 40 years for
PV systems [22], it is deemed that understanding of the long term fire-related risk
of PV systems is essential to ensure sustainable growth of the technology.

The presence of PV arrays on a roof establishes a gap between the backside of
the PV module and the top of the roof construction that can be considered a
semi-enclosure, which introduces a significant change of the fire dynamics in the
case of a fire. To prevent flame spread along flat roof constructions without a
BAPV system, the roofing membrane or roofing system should be compliant with
standards, such as the North American UL 790 [23] or European EN 13501-5
[24]. The PV modules are designed to be compliant with UL 61730 [25] (previ-
ously UL 1703 [26]) or IEC 61730 [27, 28], which are almost similar and mainly
focused on the electrical system and thus, reduction of ignition probability. UL
61730 does, but IEC 61730 does not, acknowledge that the PV module, as a phys-
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ical object, modifies the fire dynamics, which is why a series of standard tests
based on UL 790 [23] have been introduced. However, the standards are pass/fail
tests where the specifications to the test setup are vague and thus permit interpre-
tations. As a result, the outcomes of the tests are not necessarily independent of
the test facility and the test personnel.

The European Committee of Electrotechnical Standardization, CENELEC, has
published the test report CLC/TR 50670 ‘External fire exposure to roofs in combi-
nation with photovoltaic (PV) arrays — Test method(s)’ [29]. In this test method,
a gas burner designed as a substitute to the wood wool basket from test method 1
in CEN/TS 1187 [30] by Currenta GmbH und Co. OHG [31] is installed in between
the tested PV module and a non-combustible surface. The PV module should be
inclined 30� with the lowest edge elevated 15 cm above the subjacent surface. The
suggested method is deemed to be a test of the PV module when exposed to a
flame, rather than the combination of a roof and a PV module. As such, it can be
concluded that no test method considers the system behaviour between compo-
nents, as the current methods are tests of individual components.

However, Cancelliere et al. [32] fitted a modified version of the CLC/TR 50670
test set-up in combination with 0.375 m2 roofing membrane within the single
burning item extraction hood in an attempt to classify the PV modules as a con-
struction product (EN 13813 [33]). Since their modified tests were a combination
of two products interacting with each other, the test method is not deemed to test
a single construction product, but rather the test of a system in a specific pre-de-
fined geometry which does not represent a likely geometry. As such, the tested
method aligns with UL 61730 and is deemed to be a pass/fail-test.

Overall, research associated with the reduction of fires related to BAPV systems
can be separated into two sub-fields, namely (i) a reduction of the ignition proba-
bility related to electrotechnical engineering [34–38], and (ii) a mitigation of the
consequences in case of ignition, which is often related to fire safety engineering.
From a fire safety engineering perspective, the current research can be categorised
into additional subfields, from examination of individual components, through
analysis of specific fire dynamic scenarios, to large scale experiments.

In terms of large scale experiments, Backstrom et al. summarised the result
from experiments conducted with modified versions of the US standard test
method for roofing materials UL 790 [39], whereas Kristensen and Jomaas con-
ducted a series of large-scale experiments to understand flame spread on flat roof
constructions with BAPV systems [40]. Common for all of these experiments was
the fact that they can be considered as pass/fail-experiments, where it is tested
whether a given experimental set-up results in sustained flame spread. As such,
large scale experiments are ideal if the objective is to understand the behaviour of
a specific set-up reused on multiple similar roof constructions, but the conse-
quence of parametric nuances are not understood, although it can have significant
impact on the consequences.

Examination of individual variables such as material parameters or geometry is
the direct opposite of large-scale experiments. The advantage of using a smaller
scale is an increased understanding of individual parameters in a highly complex
fire dynamic system, as several complex factors are simplified. But the focus on
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one parameter does not enable comparison across various parameters, whereupon
a one parameter study does not identify how essential the studied parameter is in
the complex system. As an example, the one-directional flame spread study in a
horizontal semi-enclosure by Kristensen et al. examined the influence of gap
height, but substituted the complex thermal properties of the roofing membrane
with the well-known simple behaviour of polymethyl methacrylate (PMMA) [14].
Despite the fact that both materials are polymers, the presence of flame retardants
in the roofing membrane is expected to render the outcome significantly different.
Cancelliere and Licilotti tested the reaction to fire of four types of PV modules,
whereupon they concluded that the highest rated type of module could reduce the
spread of fire [41]. Their examinations in the cone calorimeter revealed that the
critical heat flux of the PV module back sheet was 26 kW/m2 [42]. Despinasse and
Krueger developed a novel test procedure, wherein they applied a gas burner to
either the front or back side of PV modules and defined burn-through within
15 min as a failure criteria [43]. In general, those studies are an examination of
relevant test methods, with the aim of categorise a PV module as compliant or
non-compliant based on the reaction to different test regimes. Other research
teams have focused on how the PV module caused deflection of the flames from a
fire in between the BAPV module and the hosting roof construction, causing an
increased heat flux towards the subjacent surface, which they conclude can
enhance the probability of flame spread [11–14]. However, those experiments are
either performed as steady state or as strictly geometric studies with the simplest
possible material properties, whereupon it is anticipated, but can be questioned, if
the results can be extended to more complex scenarios.

In the light of both the single parameter and large-scale experiments having
their limitations, thus making it difficult to grasp the crucial parameters of the
highly complex fire dynamics system, the aim of the current experiments was to
examine how multiple parameters affect one-dimensional flame spread. The fire
dynamic system was defined as the interaction between the initial fire and the
semi-enclosure created by the PV module and the roof construction. By reusing
the design concept from the flame spread studies on PMMA below a horizontal
panel by Kristensen et al. [14], all parameters not related to the size of the roof
could be studied by examining the phenomena below a single module, rather than
below multiple panels on a large scale roof construction. As both genuine PV-re-
lated fire incidents and large-scale studies [40] conclude that ongoing fires are
restricted by the edge of the PV arrays, the transition from the initial ignition to a
fire is found to be more relevant. Also, the re-use of the experimental design con-
cept enables a stepwise increase of complexity, where one parameter can be added
and analysed, whereupon another parameter can be modified in a slightly more
complex system and so on. Thus, a full understanding of each parameter might
not be obtained, but it is possible to compare the significance of each parameter
against each other, which is deemed to be the ideal compromise between the single
parameter and large-scale experiments.

Roof inclination, wind load and the increased fire load caused by the PV infras-
tructure (i.e. cables, connectors, mounting system, combiner boxes and inverters)
are some of the variables that might influence the fire dynamic scenario. The wind
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load and roof inclination are deemed to be stochastic parameters that might be
difficult to modify. A wind load could be introduced from any side of the experi-
mental set-up and depending on the intended flame spread direction, some extent
of concurrent or opposed flame spread should be expected. Such scenario is inter-
esting within the initial phase of the fire, as the wind direction could influence
which nearby materials that are going to be ignited. For high wind velocities the
concentration of combustible pyrolysis gases might be diluted to an extent where
ignition is impossible. However, when the fire is established, it is assumed that the
deflection of the flames below the modules reassembles concurrent flame spread,
no matter the direction of the wind. It is also accepted that an inclination is an
essential part of all roof constructions to ensure drainage of water from the sur-
face. On flat roof constructions, a fall of minimum 1:40 (1:80 for the finished
roof) is the minimum accepted. Similar to the wind direction, the roof inclination
might affect the initial flame spread, but post ignition it is deemed that the influ-
ence is neglectable compared to the consequences of the deflected flame. It is
recognised that cables, connectors, and mounting system represents an increased
fire load to the roof. However, these components are relatively localised and does
not cover the whole roof. That does not correspond well with the consequences of
large PV-related fires reported by the insurance company Allianz [44], as well as
the outcome of the large-scale experiments by Kristensen and Jomaas [40].

Based on the above, the current study focuses on the importance of the follow-
ing four parameters: (i) The type of panel acting as a vertical barrier above the
initial fire; (ii) The gap height between the roof surface and the vertical barrier;
(iii) The inclination of the vertical barrier; (iv) The material subjacent to the roof-
ing membrane. It is assumed that one roofing membrane is representative for all
roofing membranes used on the European marked, as they have passed the same
test regime to comply with a given classification (herein the European EN 13501-
5, ‘Fire classification of construction products and building elements—Part 5: Classi-
fication using data from external fire exposure to roofs tests’, [24], BROOF(t4)).

The first three parameters are all related to the property or geometry of the
panel above the roof construction. As current research seems divided into two
schools distinguished by considering PV modules as a fire load [41–43] or not [11,
12, 14], it is essential to understand whether the polymer back sheet affect the
flame spread scenario. The importance of the gap height and inclination were
indicated in the steady-state experiments by Ju et al. and Tang et al. [12, 13],
whereas the one-dimensional studies in horizontal gaps by Kristensen et al. [14]
verified that the gap height had a significant effect on the flame spread scenario.
Finally, the materials below the roofing membrane are of interest for three rea-
sons. (i) The thermal properties of insulation materials vary as a function of pro-
duct and temperature. Although the roofing membrane is assumed to thermally
thin, heat transfer between the lower surface of the roofing membrane and the
upper surface of the subjacent material might affect the heating of the roofing
membrane. (ii) Many BAPV systems are retro-fitted on existing buildings where
the roof might be unfit for a large DC system due to the existing insulation mate-
rial. The worst-case scenario is a roof insulated only with expanded polystyrene.
Such a construction will require a mitigation layer to prevent severe consequences.
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(iii) To isolate the behaviour of the roofing membrane from the subjacent material
and enable a direct comparison with the one-dimensional flame spread studies on
PMMA in horizontal semi-enclosures by Kristensen et al. [14], a part of the exper-
iments were conducted on calcium silicate board. As such, the influence of flame
retardants in the PVC-based membrane can be observed without the influence
from commercial insulation products.

2. Re-Radiation in Semi-Enclosures with PV Modules

Two of the four parameters are related to the geometry of the array of the PV
modules, rather than the material properties of the components in the semi-enclo-
sure. The introduction of a vertical barrier (here: a PV module) above a heat
source results in an additional heat flux towards the surface below the barrier. In
fact, it has been shown that introducing a PV module enabled flame spread upon
a commercially available roofing membrane that did not have flame spread with-
out the PV module [40]. This can be explained by the fact that the added heat flux
resulted in a combined heat flux, q00f , that exceeded the critical heat flux for the

membrane [11]. By using a similar experimental set-up (Figure 1), Ju et al. [12]
and Tang et al. [13] verified the presence of an additional heat flux when a flame
is deflected below a vertical barrier. In addition to the verification, they suggested
expressions to predict the flame extension [12] or heat flux towards the subjacent
surface [13] (see Equation 1) as a function of inclination ðhÞ; gap height ðHÞ, and
distance to the heat source ð�rÞ [13].

_q00f H � r tan hð Þð Þ2

_Q 1� sin hð Þð Þ
¼ a

r
H � r tan hð Þ

� �b

ð1Þ

where: a ¼ 0:074; b ¼ �1:232
Two of the experimental campaigns were directly linked to PV systems on flat

roofs [11, 12], whereas Tang et al. used the setup to examine re-radiation from

Figure 1. General schematic of the experimental set-up used to
examine the re-radiation from a deflected flame below an adjacent
surface by Kristensen et al. [11], Ju et al. [12] and Tang et al. [13].
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flames deflected below an inclined ceiling towards a floor. However, the gap
height in the experiments by Tang et al. was no larger than 0.4 m, so they were
more similar in dimension to a PV-roof system than the distance between a ceiling
and a roof.

All of these experiments reported a significant heat flux increase caused by the
introduction of a vertical barrier represented by a PV module [11, 12] or a non-
combustible surface [13]. When the panel was inclined, the buoyancy driven mass
flow caused the highest amount of fuel upstream, leading to a longer flame exten-
sion, and thus, heat flux towards the subjacent surface. The results from Kris-
tensen et al. and Ju et al. align very well, especially when compared via the non-
dimensional parameters defined by the left and right side of Equation 1, as shown
in Figure 2. However, none of the two datasets correspond well with the model by
Tang, as the right-hand side of Equation 1 assumes significantly larger values than
the left-hand side, which is elaborated in the following section.

The significantly smaller values on the x-axis for the plots based on data by Ju
et al. are caused by a lower ratio between the gap distance ðHÞ and the distance
between the heat source and the nearest heat flux gauge (r). By comparing the
left-hand side of the model by Tang et al. (Equation 1) with the data by Kris-
tensen and Ju, it is noticed that the experimental data are significantly lower than
the model predictions (Figure 2). It is not possible to make any exact comparison
between similar measurements by Tang and Kristensen or Ju, but for

H ¼ 0:194m; h ¼ 10�; r ¼ 0:2m, the heat flux is estimated to _q00f � 5:3 kW =m2 for

_Q ¼ 7 kW in the experiments by Ju et al. [12], whereas the heat flux is measured to

_q00f � 10 kW =m2 for _Q ¼ 6:73 kW ; H ¼ 0:25m; h ¼ 0� at the same distance to the

10 0
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4
Data from Ju et al.
Data from Kristensen et al.
Model by Tang et al.

Figure 2. Comparison between model by Tang et al. (1) [13] and
treated data from Ju et al. (Figure 10a–i in [12]) and Kristensen et al.
[11]. Like the original plot, the model by Tang et al. is not plotted
below a value of r= H � r tan hð Þð Þ ¼ 0:4.

Experimental Study of the Fire Dynamics 2023



heat source in the experiments by Tang et al. [13]. This does not correspond with
the overall trend in the three papers, where the upstream heat flux, at a similar
distance, should increase as a function of a gap height reduction as well as an
inclination increase from 0� to 10�. Additionally, the reduction of the heat release
rate (HRR) should also lead to a reduced heat flux, whereupon all three parame-
ters (h;H ; r) in the experiment by Tang et al. should result in a heat flux smaller
than the one measured by Ju et al.

However, the different heat fluxes may be explained by the dimensions of the
gas burners, which affected two relevant parameters: (i) The view factor towards
the heat flux gauge, and (ii) The Froude number. A circular burner with an inter-
nal diameter of 10 mm was used by Ju et al., whereas Tang et al. used a squared
burner with a side length of 120 mm. Thus, the view factor from the vertical part
of the flame was higher in the experiments by Tang, which caused a higher radia-
tive heat transfer towards the point of the heat flux gauge. Looking at the Froude
numbers [45], the buoyancy driven turbulent diffusion flame in the experiments by

Tang et al. (Fr ¼ 3:54� 10�10) will result in a lower convective heat transfer com-
pared to the laminar diffusion flow in the experiments by Ju et al.

(Fr ¼ 1:55� 10�4), which will cause a higher heat transfer rate.
Although there is a limited coherence between the two data sets and Equa-

tion 1, with the suggested scaling factor, a, and exponent, b, the theory behind the
model seems relevant and a with more experimental data, combined with taking
the burner dimensions and flow characteristics into account, an increased under-
standing of the geometric issue could probably be obtained. Of course, it has been
of great interest to develop a unified theory incorporating the geometric variables
as well as some of the material parameters.

But with the current exponential growth of global PV capacity and with the
limited level of understanding, it is necessary to find a balance between need to
know and nice to know. It is a practical problem, which needs to be solved with a
practical approach and thus, an experimental campaign where it is accepted that
known theory can be applied to explain the results, whereas theory cannot neces-
sarily be used to predict the exact outcome of a specific set-up.

As such, the aim of the current experiential study is not to develop new or elab-
orate on existing theory. It is a fundamental study where the significance of the
four selected parameters presented in the introduction are examined.

3. Experimental Setup

An experimental set-up was designed so that the four relevant parameters (panel
type, gap height, panel inclination, and material subjacent to the roofing mem-
brane) could be adjusted. The set-up consisted of a roof a mock-up frame (see
Figure 3a), and a simple frame on which the stainless-steel board or PV module
could be installed at various heights and inclinations (see Figure 3b).

To prevent significant preheating of the insulation materials from the source of
ignition, the mock-up frame was partitioned into three sections with lengths of
respectively 265 mm, 700 mm and 265 mm (Figure 3a). The roof mock-up itself
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was installed as a box in the centre, which could host the three different roof con-
structions (RCs) presented in Table 1. All walls of the box as well as the top sur-
face of the two flanges were made of 22 mm thick calcium silicate board [46].

All the RCs had an upper layer of the roofing membrane (L1), with the dimen-
sions of 118 cm by 37 cm. The subsequent layers L2–L5 (see Table 1) were fitted
inside the centre-box and were limited to 70 cm by 30 cm, and had a total depth
of 15 cm. It was assumed that no conductive heat was transferred from the source
of ignition to the roof construction mock-up. Thus, all energy gained by the insu-
lation was gained from the burning roofing membrane. To enable an easy adjust-
ment of the gap distance, two lab-jacks were installed below the mock-up.

An experimental matrix (Table 2) was designed to obtain a gradual increase of
material complexity. As such, the initial nine experiments (#1–#9) were designed
to examine the existence of a critical gap height for the given set-up below a stain-

 
a) Sketch of the mock-up used in the experiments. The roof construction mock-up is 

highlighted within the red square, where the thickness of the layers, L1 to L5, are in 

accordance with the roof construction types RC-B and RC-C as defined in Table 1. A 

total of 20 thermocouples (TCs) are marked with red dots. Four arrays of TCs (depth; 10 

mm, 30 mm, 50 mm) were located at 50 mm, 200 mm, 350 mm, and 500 mm, and three 

TC sets (depths of 20 mm and 40 mm) were located at 125 mm, 275 mm, and 425 mm 

from the right side of the roof. Two additional TCs were installed in the EPS, at a depth 

of 70 mm below the two TC arrays located at 200 mm and 350 mm. 
 

 

b) Side view of the experimental set-up with a horizsontal PV module installed with a 

gap height of 8 cm.  

Figure 3. Visual overview of the experimental set-up.
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less-steel plate. In the next nine experiments (#10–#18), the subjacent calcium sili-
cate board was replaced with mineral wool to understand the influence of the con-
ductive heat transfer. Afterwards, in experiments #19–#31, the stainless-steel
board was replaced with PV modules to determine its influence on the flame
spread rate (FSR) and the heat transfer through the subjacent insulation materi-
als. The final examined parameter was the inclination of the modules, to examine
the importance of the findings by Tang et al., who reported that a gradual
increase of the inclination (up to 20�) cause an enhanced heat flux towards the
upstream (see Figure 1) subjacent surface.

The gap distances, all between 8 cm and 12 cm, were measured between the
upper surface of the roofing membrane and the lower side of the stainless-steel
board (#1–#18). For the experiments conducted with PV modules, the distances
were measured to the back of the module and not to the back of the frame. For
the experiments with an inclined PV module (#32–#42), the gap distances were
measured at the centre location of the ignition source.

3.1. Materials and Experimental Roof Mock-Up

A PVC-based roofing membrane, classified as BROOF(t4) in accordance with EN
13501-5 (ENV 1187) when tested upon mineral wool or PIR insulation [24, 47,
48], was used for all the experiments. To mimic a larger roof construction and
thus prevent shrinkage of the heated roofing membrane, the membrane was
mechanically fastened on all four sides by 25 mm wide, thin, metal sheets and
bolts connected to the aluminium profile system. The width of the upper layer of
the membrane, L1, was 37 cm, whereas the width of all subjacent layers was lim-
ited by the 30 cm width of the mock-up box.

In general, two types of materials were used below the roofing membrane: (i) a
22 mm thick calcium silicate board (RC-A), and (ii) a mock-up roof construction
(which had two variants, RC-B & RC-C). Due to the assumption of an original

Table 1
Material Overview of Layers in the Roof Construction (RC) Mock-Up.
From top to bottom, where L1 is the upper layer of roofing
membrane. The location of the individual layers are visualised in
Figure 3a. Note that the calcium silicate board (CSB) in RC-A was
installed on top of the mock-up, whereupon the depth of the
subjacent layer of air was equivalent to the combined depth of L2, L3
and L4

RC-A RC-B RC-C 
L1: PVC-based Roofing membrane - 1.5 mm 

L2: CSB - 22 mm MW - 50 mm PIR/Alu - 60 mm 

L3: 
Air - 131.5 mm 

PVC-based Roofing membrane - 1.5 

mm 

L4: EPS – 80 mm EPS – 70 mm 

L5: Calcium Silicate Board (CSB) - 44 mm 
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worst-case scenario roof construction insulated with expanded polystyrene (EPS),
none of the mock-up roof constructions resembled a classic roof construction
build-up. To mitigate the consequences in case of fire, it was tested if an addi-
tional layer of insulation, installed on top of the original roof, could prevent verti-
cal flame spread, and thus ignition of the EPS insulation. The two layers tested as
vertical mitigation solutions were: (A) 50 mm mineral wool [49], and (B) 60 mm
polyisocyanurate (PIR) insulation protected by a layer of alufoil on both horizon-
tal surfaces [50]. The thermal properties of the subjacent materials can be found in
Table 3.

3.2. Panels

Two types of panels were used in the experiments: (i) A 3 mm thick stainless-steel
board, and (ii) PV modules (three different types). In the flame spread studies with
PMMA [14], the stainless-steel board was used as a substitute for the PV modules,

Table 2
Experimental Matrix with an Overview of the Panel Type, Roof Build-
Up, Gap Height, and Inclination Used. SS stainless-steel board. PV1-
PV3: PV module (Type defined in Table 4). Detailed description of the
roof construction is found in Table 1 and Figure 3a. The gap height
was defined at the location of ignition source and the inclination was
defined from the horizontal surface of the roof mock-up

Experiment Panel type 
Roof  

construction 

Gap 
height, Inclination, 

#1, #2: 

SS 

RC-A 

8 cm 

0° 

#3, #4, #5: 10 cm 

#5, #6: 12 cm 

#7, #8, #9: 11 cm 

#10 #11: 

RC-B 

8 cm 

#12, #13: 10 cm 

#14, #15: 12 cm 

#17, #18: 11 cm 

#19: 

PV1 

12 cm 

#20, #21: 
11 cm #22, #23: RC-C 

#24, #25: RC-B 10 cm 

#26, #27: RC-C 

#28, #29: RC-B 

8 cm 

#30, #31: RC-C 

#32, #33: RC-B 

10° #34, #35: RC-C 

#36: 
PV2 

RC-B 

#37: 13° 

#38: 15° 

#39: 

°013VP
#40: 10 cm 

#41: 11 cm 

#42: 12 cm 
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thus making it possible to increase the number of experiments. In this experimen-
tal campaign, the same stainless-steel board was used as a bridge, to understand
the influence of the PV module and a non-combustible surface. Based on the find-
ings in earlier re-radiation studies [11, 12, 40], it was not expected that the use of
a stainless-steel board instead of a PV module would have a significant influence
on the FSR. Those conclusions align well with the back sheet only representing
2.8% to 3.5% of the module weight, whereas the encapsulate represents 6.3% to
8% [55]. The two highly thermally stable fluoropolymers Tedlar� and Kynar�
are among the most used products for back sheets [55, 56] and with a heat of
combustion between 4.1 kJ/g and 5.4 kJ/g [57], a very limited additional heat flux
was expected. In contrast, the heat of combustion of the commonly used encapsu-
late ethyl vinyl acetate (EVA) [55] is 41.6 kJ/g [58] and despite previous research
indicating that the contribution is limited, it does, theoretically, increase the fire
load on the roof.

As such, it is decided to examine the potential influence of the PV module back
sheet. To avoid the possible increased heat flux caused by combustion of the PV
module, a stainless-steel board (1.7 m by 1.0 m) was used in the initial 16 experi-
ments. As the same panel were used to study flame spread on PMMA in horizon-
tal semi-enclosures [14], the reuse enabled understanding of the difference between
flame spread on PMMA and a PVC-based roofing membrane with flame retar-
dants.

A total of 23 pre-used, or faulty, though non-damaged, PV modules were
obtained for use in the experiments. Because limited information was available
regarding the construction of the three PV modules (Table 4), the experimental
matrix was designed so each type of module was used for autonomous sub-studies
within the overall experimental campaign. However, comparison of the PV mod-
ules was possible across the sub-studies, as experiments 32, 33, 36 and 39 share
both geometry and type of roof construction (Table 2).

Table 3
Thermal Properties of Mineral Wool (MW), Polyisocyanurate (PIR)
Insulation, Expanded Polystyrene (EPS) and Calcium-Silicate Board
(CSB) at Room Temperature

Conductivity Density Specific heat

k [mW/(m K)] q [kg/m3] cp [J/(kg K)]

MW: 36 [49] 118 [49] 850 “
PIR: 22 [50] 35 “ 1400 “
EPS: 38–39 [51] 15 [51] 1210 [52]

CSB: 60 [53] 250 [53] 748 [54]

“ from correspondence and internal documents provided by the manufacturer
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3.3. Source of Ignition

The use of a wood crib was preferred as ignition source over an electric DC arc
for two reasons: (i) To ensure a reproducible and well-tested source of ignition
[59], and (ii) To prevent the risk related to high voltage direct current.

The four-layer wood cribs, with five pine sticks (81 mm by 9 mm by 9 mm) in
each layer, was elevated by a single stick along two edges parallel to the direction
of flame spread. Ceramic paper (80 mm by 50 mm by 2 mm) was soaked in 10 g
of methanol and placed below the wood crib, whereupon it was ignited. Using the
cone calorimeter without external heat from the cone heater, the peak mass loss
and heat release rate of the wood crib were measured to respectively 0.36 g/s and
5.4 kW [60], which was slightly lower than the calculated mass loss rate of 0.47 g/
s for the four upper layers (using the method introduced by McAllister [61]).

In each experiment, the wood crib was built at the centreline with the left side
of the crib located 8 cm from the left edge of the roofing membrane. Thus, it was
assumed that no conductive heat transfer from the wood crib towards the roof
mock-up took place as the distance between the right side of the wood crib and
the left side of the roof mock-up was 10 cm (see Figure 3).

With re-radiation from the initial fire plume being the focal point of the flame
spread scenario, it was assumed that the domain of the ignition source, being the
area gaining heat from the wood crib, can be determined by the length of the
deflected flame. Flame spread outside the domain was defined as self-sustained
flame spread upon the roofing membrane.

Based on the empirical formulas by Hasemi et al. [62, 63], which require the
assumption of a turbulent diffusion flame, a deflected flame length of 24 cm was
calculated for a 5.4 kW fire at gap heights between 8 cm and 12 cm. As such, lim-
ited radiative heat transfer from the ignition source was expected towards the first
10 cm of the roof mock-up during the ignition phase of the experiments (see Fig-
ure 3). The expectation was verified in the experiment as the initial section of the
mitigation layer, and to some extent the subjacent EPS insulation, was affected by
the deflected flame.

Table 4
Brand, Physical Dimensions and Known Fire Related Certification of
the PV Modules

PV# Brand

Length

[cm]

Width

[cm]

Frame depth

[cm] Certification

PV1: SUNTECH 195 99 4 Application Class A

PV2: GCL Solar 164.5 99 2.8 NA

PV3: AUO 156 104.6 3.9 TEC/EN 61215, IEC/EN 61730, Fire

class C
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3.4. Measurements

Because of the heat transfer from the burning wood crib towards the initial part
of the roof mock-up, no instrumentation was installed within the first 20 cm from
the left edge. In the following 50 cm, 20 shielded thermocouples (14-gauge type-k)
were installed from the side of the insulation at a depth of 15 cm (see Figure 3).

Propagation of the flame front and burn-out edge was recorded with a cam-
corder (Panasonic HC-V770 HD, 25 fps). Subsequently, the locations of the flame
front and burn-out edge were found in MATLAB by analysing a binary conver-
sion of a single pixel-line as a function of time from ignition.

The radiative heat flux was measured by a Schmidt-Boelter heat flux gauge
(Hukseflux SBG01-020) installed in the centre of the right flange, at a distance of
9 cm from the right edge of the roof mock-up. To protect the heat flux gauge a
ø60 mm hole was cut in the roofing membrane and a ø50 mm quartz disc, ele-
vated by 1 mm, was installed above the sensor. As such, the heat flux gauge was
protected from melting membrane, flame impingement and condensation of the
hot pyrolysis gases upon the water-cooled sensor.

a) Experiment conducted with a stainless-steel board (Experiment #14).

b) Experiment conducted with a PV module (Experiment #19). 

Figure 4. Top view of flame spread along a 118 cm long and 37 cm
wide roofing membrane for a 12 cm gap between a horizontal roof
construction mock-up and a horizontal panel. The shaded area
highlighted with a dotted white line marks the location and size of
the ignition source.
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4. Results

Overall, the experiments had two main outcomes. Either no flame spread was
observed outside the domain of the wood crib (see Figure 4), or self-sustained
ignition of the roofing membrane occurred, whereupon the fire propagated along
a significant length of the roof surface (see Figure 5). In general, the outcome of
the experiments was linked to the gap height, verifying the existence of a critical
gap height as defined in the flame spread studies in horizontal semi-enclosures on
PMMA [14]. It can be seen from Figure 5 that the experimental outcomes for ‘no
spread’ were almost identical when using the stainless-steel board (a) and a PV
module (b). It is worth to note that both areas are asymmetrical and shifted

a)  Time of ignition 

b)  300 s after ignition 

c)  450 s after ignition 

d)  600 s after ignition 

e)  750 s after ignition

f)  900 s after ignition

g)  1200 s after ignition

h)  1500 s after ignition

Figure 5. Side view of flame spread along a 118 cm long and 37 cm
wide roofing membrane in a 10 cm gap between a horizontal PV
module and a horizontal roof construction mock-up (Experiment
#25).
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towards the right, thus indicating a convective heat loss caused by an edge effect.
A similar effect is expected at the right side of the experimental setup. For the
experiments with a gap height above the critical distance, the maximum flame
spread length (FSL) was around 15 cm.

For the experiments conducted with PV modules (Experiments #19–#42), the
PV cells delaminated from the PV module when the backside was heated. As all
tested PV modules were poly- or monocrystalline silicon modules, the PV cells
were not visibly affected by the heat exposure. In all of the experiments, except
#26, the glass panel of the PV modules remained intact and there were no indica-
tions of self-sustained flame spread along the back sheet, as only the area of the
location with direct flame impingement burned away (see Figure 6a). As the
dimensions of the burned away PV back sheets material were similar to the areas
of the roofing membrane (see Figure 6), the similarity imply that substantial heat-
ing over a longer duration of time is necessary to degrade the back sheet ther-
mally.

In the four experiments conducted with PV3 (#39–#42), flaming droplets were
observed from the lower end of the inclined module to a sheet of mineral wool
protecting the floor. Due to continuous dripping, self-sustained burning continued
for more than a minute. The dripping was observed at the edge of the area where
the PV back sheet was burned away and did not occur at the end of the PV mod-

 
a) Backside of tested PV module. The dotted line illustrates the location and dimensions of the 

subjacent roofing membrane (37 cm times 118 cm). All plastics in the area directly above the roof 

mock-up have burned away and the light areas within the dotted square were transparent glass. 

Just outside the dotted square, the plastic had charred, whereas the rest of the PV module is sooted. 

 
b) Top view of roof mock-up, where eight to nine PV cells delaminated from the backside of the PV 

module. The shaded area highlighted with a dotted white line marks the location and area of the 

wood crib used as ignition source.   

Figure 6. Backside of PV module (a) and top view of mock-up (b) for
a gap height of 8 cm (Experiment 31). Flame spread occurred from
left to right.
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ule. Based on that observation, some PV modules might be considered a fuel load
as well as an ignition source as the drops might ignite other components. The
design of the experimental set-up (see Figure 3a) was the only reason that the
drops were able to drip onto the mineral wool, as the subjacent area normally
would be part of the hosting roof construction were roofing membrane would be
ignited no matter the burning droplets. For horizontal roofs it was deemed that
the importance of the dripping was insignificant as it did not extend the area
affected by the initial fire, which are expected to extinguish at the end the PV
array [40]. However, it might be an important observation with respect to building
integrated PV (BIPV) systems installed at steep inclinations, where the dripping
can enhance the downward flame spread rate and thus ignite a larger area.

In all the experiments with PV modules, burned parts of the back sheet membrane
and PV cells fell from the glass panel and obstructed the camera view (see Fig-
ure 5d–h). In some cases (see Figure 6b), the PV cells might have reduced radiative
heat transfer from the flame towards the roof mock-up, reducing the time where
combustible pyrolysis gases were found in a high enough concentration to obtain
sustained burning. Finally, it was concluded that the quality of heat flux measure-
ments made them inadequate for further analysis as they were deemed unreliable for
two reasons. In some experiments did the flame front not reach the location of the
heat flux gauge, and if the flame front reached the location of the heat flux gauge,
the PV cells delaminated from the module and obstructed the view.

4.1. Analysis of Video Recordings

The videos from the experiments were used to extract relevant data, such as the
one-dimensional location of the flame front and burn out zone. The flame front
location was used to determine the maximum flame spread length (FSL) and
flame spread rate (FSR), whereas the burn out zone was used to determine the
width of the pyrolysis zone. It was defined that the flame front could only be
tracked in one direction, from left to right, whereas the burn out zone was defined
as the location(s) between a previously ignited part of the roofing membrane and
the pyrolysis zone.

The developed method, named single pixel line analysis, is a way to convert a
two-dimensional video of one-dimensional flame spread into a single plot. From
Figure 5 it can be seen that there is no significant difference between the flame
front locations along the vertical part of the flame at each interval. As such, a sin-
gle vertical pixel line (1 pixel 9 1280 pixels) represents the flame location as well
as the full two-dimensional image. That is evident when the 300 s intervals from
Figure 5(a, b, d, f–h) are plotted on top of each other in Figure 7a. By refining
the intervals from 300 s to 1 s, the flame location can be known during the full
experiment as seen in Figure 7b, where the two white lines mark the edges of the
roofing membrane, and the red line mark the right side of the wood crib. By con-
verting of the two-dimensional RGB image into a two-dimensional binary plot
through the use of MATLAB’s Color Thresholder, the flame front location,
marked with yellow in Figure 7c, can be tracked via an automatic algorithm ana-
lysing the binary matrix. A similar algorithm was developed to track the burn out
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Figure 7. Visual overview of relevant steps in the single pixel line
analysis process of experiment #25. Notice that time in represented
on the y-axis in subplots a, b, and c. (a) Image of single pixel line for
300 s intervals equivalent to Figure 5a, b, d, f–h. (b) Intervals
reduced to 1 s. Vertical white lines mark the ends of the roofing
membrane, and the red line mark the right side of the wood crib. (c)
Binary conversion of flame. Flame front and burn out zones
identified. Notice that the distance is reduced to the width of the
roofing membrane. (d) Plot of flame front and burn out location, as
well as width of pyrolysis zone, as a function of time. The grey
rectangle defines the location of the subjacent roof mock-up (see
Figure 3). Note two things: (i) The black line defining the pyrolysis
zone is covered by the red flame front line until the burn out zone
detach from the wood crib after 700 s. (ii) The axes are switched
compared to subplots a, b, and c.
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zone, but in some cases the debris from the PV modules (see Figure 5d–h)
obstructed the view, generating vertical black columns (see Figure 7b–c). Thus,
the current burn out zone algorithm required assistance to differentiate actual
burn out from an obstructed view. By generating a smooth curve fit for the two
data sets, as well as transforming pixels into mm, the flame front and burn out
zone could be plotted as a function of time (see Figure 7d), whereupon the width
of the pyrolysis zone could be calculated as a function of time.

Due to the material properties of the roofing membrane, the behaviour of the
flame front and burn out zone are significantly different. In all experiments with
sustained flame spread, the flame front moved from the left towards the right.
When the maximum flame spread length (FSL) was reached, being the full length,
or a part of the full length, the ignited area burned out and became part of the
burn out zone. As such, the flame front can only exist at one location as a func-
tion of time, whereas the burn out zone can exist at multiple locations, being at
the left and right side of the pyrolysis zone, as well as in between separated pyrol-
ysis zones at the end of the experiments.

The terms flame spread length (FSL) and flame spread rate (FSR) were defined
as respectively the maximum value of the flame front, and the gradient for a flame
front location of 600 mm.

4.2. Flame Spread Length (FSL)

For the experiments conducted below the stainless-steel board (Experiments #1–
#18), the critical gap height was identified to be around 11 cm, as no flame spread
occurred for a gap height of 12 cm, and consistent results were obtained when the
gap was 10 cm (see Figure 8a). The critical gap height interval reduced slightly
when the stainless-steel board was replaced with a PV module, as there was a sig-
nificant difference in the flame spread length (FSL) when the gap height was
reduced from 12 cm to 11 cm (see Figure 8a). As expected, the experiments with
the stainless-steel board with a gap height of 11 cm have some scatter, as they are
in the transition region for the critical height. Taking that into account, the
repeatability of the experiments was deemed acceptable.

The experiments conducted with a horizontal stainless-steel board (#1–#18) and
a PV module (#19–#31) yielded different FSL when the gap was below the critical
gap height. For the experiments with a stainless-steel board, the FSL gradually
increased as a function of a gap height reduction, whereas flame spread occurred
along the full length of the experimental setup in the experiments with PV mod-
ules (see Figure 8a). Due to the lack of self-sustained burning along the back
sheet of the PV modules (see Figure 6a), the increased spread is not expected to
be due to the additional heat flux from the ignited back sheet membrane. A more
likely explanation is that the increased FSL in the experiments with PV modules
was caused by a change of geometry that will be discussed in the following para-
graph.

The PV modules were supported by an aluminium frame with a depth of 4 cm
(PV1 in Table 4), whereas the stainless-steel board had no frame. When the PV
modules were installed horizontally, a smoke layer formed. As the burning of the
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PVC-based and flame retarded roofing membrane did not result in a clean com-
bustion process, the smoke layer was black (indicated by the soot residue in Fig-
ure 6a), which entailed a high emissivity, and thus additional radiative heat
transfer towards the subjacent roof mock-up. It was assumed that the enclosed
smoke layer acted as an additional heat flux towards the full length of the roofing
membrane, whereupon the different behaviour can be explained with Quintiere’s
expanded version of Williams’ fundamental equation for flame spread in Equa-
tion 2 [64, 65]. In line with Quintiere, the re-radiation from the roofing membrane
is presumed to be insignificant, whereupon the flame spread rate, vp, solely

depends on the overall gained heat flux, _q00f xð Þ, which Quintiere define as the radi-

ation and convection from the flame in a simple flame spread scenario on a thin
fuel. As such, the smoke layer formed below the PV module cause an additional
heat flux to the overall heat flux which in this scenario can be defined as

_q00f xð Þ ¼ _q00flame;rad xð Þ þ _q00flame;conv xð Þ þ _q00smoke;rad xð Þ. Despite the unlimited upper

boundary of the definite integral in Equation 2, the contributions from flame radi-
ation and convection are more distinct in the near proximity of the flame front,

whereas it is assumed that the contribution from the smoke layer, _q00smoke;rad xð Þ, is
constant along the full length of the PV module. As such, the frame, by acting as

a physical barrier, caused longer length with a significant heat flux, _q00f ðxÞ, towards
the subjacent roof construction compared to the experiments conducted with the
flat stainless-steel board [64].

qcpdvp T ig � T s
� �

¼
Z 1

xp

_q00f xð Þ � r T 4 xð Þ � T 4
1
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dx ð2Þ

Figure 8. Flame spread length as a function of gap height, panel
type (stainless-steel (SS) or PV module (PV1, PV2, PV3)), insulation
material (calcium silica board (CSB), mineral wool (MW), or PIR
insulation), and inclination of panel.
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At a gap height of 8 cm, a significant difference related to the subjacent insulation
material can be noticed in the experiments below a stainless-steel board. The
experiments conducted with a calcium silicate board propagated around 10 cm
longer than the experiments conducted with a layer of mineral wool (see Fig-
ure 8a). A similar trend was evident when the PV modules were inclined 10�, as
the FSL was significantly longer for the experiments conducted with PIR insula-
tion compared to similar experiments with mineral wool (see Figure 8b).

Based on the experiments conducted with inclined modules (Figure 8b), it was
concluded that the critical gap height determined for horizontal modules did not
represent the critical gap height for all inclinations, as the FSL for an inclination
of 10� and a gap height of 12 cm exceeded the defined domain of the wood crib,
xdom, significantly. This corresponds well with the concept of the model developed
by Tang et al. (see Equation 1), where it can be seen that the upstream heat flux,

_q00f , to a certain extent, will increase for positive inclinations, h, if the heat release

rate (HRR), _Q, gap height, H, and distance to the heat source, r, are kept con-
stant. As the HRR from the wood crib is assumed similar for all experiments, it
can be concluded that the critical gap height is above 12 cm for PV modules at an
inclination of 10�. The theory by Tang et al. [13] corresponds well with the visual
observations from the experiments, as seen from the frames displayed in Figure 9.
The photos show that the initial flame spread on the right side of the wood crib is
significantly larger than flame spread to the left (at 300 s after ignition) (see Fig-
ure 9b). In comparison to the flame spread rate below a horizontal module (see
Figure 5), the flame spread rate below an inclined PV module is significantly fas-
ter, as the FSL of around 80 cm is reached 570 s after ignition as opposed to
750 s below the horizontal PV module (Figure 5e).

However, none of the experiments with inclined modules reach the maximum
obtained FSL as seen in the experiments conducted with horizontal PV modules
(see Figure 8). For the given experimental set-up, an increased inclination, as well
as increased gap height, cause a reduction of the FSL, as seen in Figure 9, where
the flame front is stagnant between subfigures e and f. The results do not correlate
well with the binary scenario below the horizontal modules, where the FSL was
near the maximum length measured in the experiments with PV modules for a gap
height of 11 cm or lower. From Figure 9e it is seen that the fire has detached
from the source of ignition, but is unable to progress despite a wide pyrolysis
zone that is assumed to entail a high heat release rate, as it is almost extinguished
after 630 s (see Figure 9f). Based on Figure 8b, it can be concluded that it was a
general trend that is linked to the experimental set-up rather than to the gap
height and inclination.

Two additional observations related to the FSL of the inclined modules are: (i)
The FSL was similar (79 cm to 84 cm) for the experiments conducted with similar
roof construction and geometry, even with different PV modules (Experiments
#32, #33, #36, and #39), and (ii) The FSL was enhanced for reduced gap heights
at similar inclinations of 10�.

The similar FSL for four almost identical experiments indicates that the semi-
enclosure geometry is more important than the material parameters of the PV
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a)  Time of ignition 

b)  300 s after ignition 

c)  450 s after ignition 

d)  510 s after ignition 

e)  570 s after ignition

f)  630 s after ignition

g)  690 s after ignition

Figure 9. Side view of flame spread along a 118 cm long and 37 cm
wide roofing membrane in an 8 cm gap between a horizontal roof
construction mock-up and PV module with a 10� inclination (Experi-
ment #32).
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modules. Naturally, a full validation of this relatively bold postulate will require a
more extensive comparison across a significantly higher number of modules.

The relationship between the gap height and the FSL can be explained by the
limited sample width of the roofing membrane, which only allowed one-dimen-
sional flame spread, rather than two-dimensional flame spread, as would be the
case on a roof construction.

If it is assumed, that the flame front reassembles a 37 cm wide gas burner mov-
ing across the sample, with a constant HRR, the different FSL can be linked to
the similar gap height, at the location of the FSL, HFSL ¼ H þ tan hð ÞFSL, which
are all between 22.8 cm and 23.7 cm. As such, the expected heat flux at the maxi-
mum FSL will be within the same magnitude in accordance with Equation 1. The
assumption of a similar heat release rate could be validated through oxygen
calorimetry [60], but also fall well in line with the examination of sample width
importance by Jiang et al. [66], as they found that increased sample width caused
enhanced radiative heat transfer towards the pre-heating zone. As such, the fixed
width does not represent the infinite scenario.

Despite the limitations related to the sample width of the roofing membrane,
the comparisons of FSL are deemed very relevant. Although the restricted sample
width does not affect the ignition phase as the actual domain of the wood crib is
significantly smaller than the width of the roofing membrane (see Figure 4). Thus,
the definition of a critical gap height should not be based on the FSL, but solely
on whether a specific set-up caused flame spread outside the domain of the igni-
tion source. If that was the case, it should be assumed, that flame spread will
occur below the full PV array, as seen in the large scale experiments [40]. Based
on these findings, it can be concluded that the test set-up in the test method CLC/
TR 50670 [67] is not strict enough as self-sustained flame spread will occur for
gap heights below 15 cm and inclinations below 30�.

4.3. Flame Spread Rate (FSR)

When the fire propagated outside the domain of the ignition source, the flame
spread rate (FSR) remained almost constant as a function of time and location of
the flame front (see Figure 7d). For the experiments conducted with a horizontal
panel (#1–#31), the results for a gap height below 11 cm indicate a dependency of
both the panel and insulation type, as seen Figure 10a. Similarly as for the flame
spread length, it is assumed that the frame of the PV module might be the main
reason for the significant difference in the FSR obtained for the experiments con-
ducted with a stainless-steel board and a PV module, respectively.

The constant height of the smoke layer enclosed by the horizontal PV module
efficiently induced an additional reduction of the actual gap height, which caused
a restriction of the gap wherein the entrained air could enter the fire plume, and
the combustion products could leave the semi-enclosure. It is assumed that the
reduced gap could have caused one or two of the following physical phenomena,
which could both entail a reduction of the FSR: (i) The reduced gap enhanced the
velocity of the entrained air and, thus, increased the convective heat loss at the
flame front. (ii) The reduced gap height could limit the overall entrainment of air
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into the fire plume, causing a less efficient combustion process and, thus, a lower
heat release rate.

Focusing on the experiments with a gap height below 11 cm, the flame spread
rate for experiments conducted with the calcium silicate board (CSB) is conse-
quently higher than the experiments conducted with mineral wool.

That corresponds well with the thermal properties of these materials. Although
the roofing membrane is assumed to be a thermally thin fuel, the specific heat, cp
(Table 3), of the two materials will affect the FSR. The material with the lowest cp
will heat up faster and, thus, have a quicker establishment of a temperature equi-
librium between the roofing membrane and the upper layer of the subjacent mate-
rial. As such, the conductive heat transfer is reduced in the initial flame spread
phase. Subsequently, the flame spread phase turn into a burning phase, where it is
assumed that the temperature equilibrium exists no matter the subjacent material,
whereupon the specific heat becomes irrelevant, as the conductivity of the subja-
cent material defines the amount of energy necessary to maintain the temperature
equilibrium at the upper layer of the material.

It is assumed that the presence of the aluminium foil on the PIR insulation
affects the flame spread rate. However, due to the inconsequent FSR values in the
experiments, it cannot be concluded whether the aluminium foil leads to enhanced
or reduced FSR. If no air gap existed between the roofing membrane and the
upper surface of the PIR insulation, the layer of alufoil would have no effect on
the flame spread rate, whereupon a low FSR would be achieved. Contrary, an air
gap between the roofing membrane and the alufoil would cause a reflection of the
radiation towards the underside of the membrane. As a result, the roofing mem-
brane heats up faster, thus causing a higher FSR.

Figure 10. Flame spread rate as a function of gap height, panel type
(stainless-steel (SS) or PV module (PV1, PV2, PV3)), insulation
material (calcium silica board (CSB), mineral wool (MW), or PIR
insulation), and inclination of panel.
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For the experiments conducted with inclined PV modules (Figure 10b), the cor-
relation between gap height and FSR seems less evident as the FSR is more con-
stant across the experiments. Compared to the experiments conducted with
horizontal panels, the FSR is significantly higher, which could be consequence of
two physical phenomena related to the inclination of the modules; (i) As con-
cluded in the three re-radiation studies [11–13] the inclination cause an increased
heat flux towards the fuel in front of the flame front and thus, an increased flame
spread rate, (ii) the inclination of the modules permits the buoyancy driven flow
of combustion products to follow the back sheet of the PV modules, whereupon it
does not obstruct the air entrained into the plume. Thus, the increased convective
heat loss suggested to confine the FSR in the experiments with the horizontal
modules was eliminated.

For two repeated sets of experiments with inclined PV modules (#32–#33 and
#34–#35), similar results are obtained for when mineral wool is used as mitigation
layer, whereas a difference of 0.6 mm/s is noticed in the two experiments with PIR
insulation (Figure 10b). The variation indicate that the designed fire dynamic sys-
tem is highly sensitive, as small uncontrollable or unintended difference might
have a huge impact on the experimental outcome. In general, it should be noticed
that the difference in all repeated experiments conducted with PIR-insulation, is
significantly higher than for the repeated experiments with mineral wool or the
calcium silicate board. The difference is assumed to be caused by the fact that the
PIR insulation swell when heated, contrary to the other materials which keeps
their initial physical properties. As such, the PIR insulation might not swell in the
same manner for each experiment, whereupon the outcome of the experiments
varies.

In the experiments conducted with same geometry and roof construction but
with different PV modules (experiments #32, #33, #36, and #39) a significant FSR
variation was observed with values of respectively 2.63 mm/s and 2.73 mm/s for
PV1, 3.17 mm/s for PV2, and 2.30 mm/s for PV3 (Figure 10b). With the overall
repeatability of the FSR in the experiments with horizontal PV modules and Min-
eral wool, as well as experiment #32 and #33 with a inclined module and mineral
wool (Figure 10), it is assumed that difference was related to the PV module,
where the properties of the back sheet membrane or the dimensions of the PV
modules might have affected the FSR. No conclusion can be based on single
experiments, but the finding emphasises the importance of understanding how the
physical dimensions of PV modules might affect the consequences of an ignition
below a PV system.

4.4. Exposure

Whereas the initial experiments (#1–#9) were conducted with the non-combustible
calcium silicate board to enable a gradual increase of complexity from the flame
spread studies with PMMA in horizontal gaps [14], the remaining 34 experiments
were conducted with the roof construction types RC-B or RC-C (Table 1). A miti-
gation layer of either 60 mm PIR insulation or 50 mm mineral wool was installed
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on top of a layer of EPS insulation. The membrane directly above EPS represents
a worst-case roof construction from a fire safety point of view.

To make a link between the fire in the semi-enclosure and the temperatures
measured in the subjacent insulation materials, it was necessary to quantify the
magnitude of the heat transferred from the fire towards the surface of the roof.

An often-used parameter to quantify the energy released from a forest fire is the
fireline intensity [68, 69], I [kW/m], defined by Byram in 1959 [70]. Using the
nomenclature of Byram, Fireline intensity is defined as the product of the flame
spread rate, R, the density of the fuel per area, W [kg/m2], and the heat of com-
bustion, H [kJ/kg]. Similar to a forest fire, the instrumentation of the conducted
experiments was limited, which was why the fireline intensity (Equation 3) was
deemed as the best well-known parameter to quantify the amount of energy
released within the semi-enclosure and thus the magnitude of heat transferred to
the material below the roofing membrane [70].

I ¼ HWR ð3Þ

As the roofing membrane was assumed to have a homogeneous density and heat
of combustion, the fireline intensity was proportional to the FSR. As such, experi-
ments with similar FSRs, such as #22 and #40 (see Figure 11), yielded similar fire-
line intensities and thus an assumption of equal magnitudes of heat transferred
towards the subjacent insulation material. That assumption did not correlate with
the outcome of the experimental campaign where the flame spread behaviour in
the experiments with horizontal panels were significantly different than the experi-
ments below inclined modules. Comparing two experiments with similar FSRs, the
duration and width of the pyrolysis zone below the horizontal PV module in
experiment #22 (Figure 11a) is significantly larger than the equivalent values when
the PV module was inclined in experiment #40 (Figure 11b).

By replacing the FSR with the area of the pyrolysis zone as a function of time,
Apyro(t) [m2/s], it was considered to implement the importance of the one-dimen-
sional pyrolysis zone length, lpyro(t) [m], as the area was assumed to be rectangular
with a width, w [m], similar to the width of the roofing membrane: Apyro(t) =
wlpyro(t). With the change of geometric the parameter in Equation 3, the unit of
the fireline intensity, I, was changed to energy per second, [J/s], and thus renamed
intensity. As the length of the pyrolysis zone varied as a function of time, cross-
experimental comparison could only be enabled by summing the intensity at simi-
lar time internals for each experiment. The most exact cross-experimental compar-
ison would be achieved by summing the intensity for each second as seen in
Equation 4, which will yield the combined fire load, qf [J].

qf ¼
Z tend

tstart

HWApyro tð Þ
� �

dt ð4Þ

A gross experimental comparison of the fire load assumed a constant heat of com-
bustion and thus a similar combustion efficiency. That was most likely not the
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case due to the restricted air entrainment in the experiments with low gap heights,
whereupon it is deemed that the value of the actual fire load was not well-repre-
sented by qf.

When assuming a constant heat of combustion, the calculated fire load was pro-
portional with the Exposure, E, defined as the integral of the pyrolysis zone length
during the duration of experiment as seen in Equation 5. As such, it was decided
to use the term Exposure [m s] for cross experimental comparison quantification
of the heat transfer magnitude.

qf ¼ HWw
Z tend

tstart

lpyro tð Þ
� �

dt ¼ HWwE ð5Þ

Overall, there is a correlation between the FSR (Figure 10) and Exposure (Fig-
ure 12), where a slower FSR cause a higher Exposure. For the experiments with a
horizontal gap height of 11 cm or below, as well as most of the experiments con-
ducted with inclined modules, the limited FSL affects the Exposure value. It is rel-
evant to note that the experiments with a horizontal PV module caused a
significantly higher exposure compared to the similar experiments conducted
below the stainless-steel board (see Figure 12a). Again, that might be linked to the
frame of the PV modules restricting the natural flow of the combustion products
to form a smoke layer.

The influence of the restricted smoke layer below the horizontal modules was
confirmed when the PV modules were inclined, as the Exposure dropped signifi-
cantly (Figure 12b), although it is necessary to take the slightly limited FSL values

Figure 11. Comparison of the flame front and burn out location, as
well as width of pyrolysis zone, as a function of time for experiments
#22 and #40. The grey rectangle defines the location of the
subjacent roof mock-up (see Figure 3).
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into account for those experiments (Figure 12b). However, the reduction of the
exposure tends to be more than 50%, whereas the average reduction of FSL was
around 20% for gap heights of 11 cm and below (Figure 12b). Naturally, the
12 cm gap height with an inclined module caused a higher Exposure than the hor-
izontal module, as the FSL exceeded the domain of the ignition source due to the
increased re-radiation. A final, and more essential reason for the reduced Expo-
sure, was the higher flame spread rate (FSR). The higher FSR indicated a faster
heating of the roofing membrane ahead of the flame front, which was linked to a
higher HRR and thus higher mass loss rate. As the thickness of the fuel was lim-
ited to the 1.5 mm thickness of the roofing membrane, a higher mass loss rate
resulted in a shorter duration of the fire and, consequently, a smaller Exposure.

From a practical point of view, the Exposure is relevant as the roof construc-
tion below the PV array is a part of the building envelope and thus the only bar-
rier that prevents the fire from entering the property and transform the roof fire
into a building fire which might result in more severe consequences. As such, the
term Exposure was developed as neither the FSL nor the FSR incorporated the
duration of the fire, whereupon they were not suited as a parameter for compar-
ison of temperatures within the subjacent insulation materials which is a product
of a time-dependent, transient, scenario.

4.5. Temperature

For the experiments conducted with horizontal modules, there was a reasonable
correlation between the Exposure and the temperature in the insulation materials
below the roofing membrane, where a larger Exposure caused higher temperatures

Figure 12. Exposure as a function of gap height, panel type
(stainless-steel (SS) or PV module (PV1, PV2, PV3)), insulation
material (calcium silica board (CSB), mineral wool (MW), or PIR
insulation), and inclination of panel. Note that the y-axes have
different scales.
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(see Figure 13). For lower Exposure values, such as for the experiments conducted
with mineral wool below the stainless-steel board (#10–#18), it should be noted
that the maximum temperatures measured in each layer was dependent of the FSL
(see Figure 13). As the shortest horizontal distance between the right side of the
wood crib and the nearest column of thermocouples (TCs) was 30 cm, the dura-
tion of the vertical heat transfer towards those TCs was short, compared to the
experiments where the flame front travelled further. Consequently, the measured
maximum temperatures were lower.

For the experiments conducted with the horizontal PV modules (#10–#31),
there was a significant temperature difference measured at depths of 10 mm and
20 mm (Figure 13a–b), as the experiments conducted with mineral wool conse-
quently caused higher values. It is assumed that the upper layer of the alufoil at
the top of the PIR insulation caused a significant reduction of radiative heat
transfer from the fire plume due to the low absorbance of the alufoil [52]. These
observations correspond well with a series of large scale experiments [40], where it
was concluded that a layer of alufoil caused significantly lower temperatures
within the subjacent mineral wool.

Purely based on the 0.014 Wm�1K�1 conductivity difference between the mineral
wool and PIR insulation (Table 3), the temperature difference should increase

Figure 13. Maximum temperature below horizontal panels as a
function of Exposure [m s], depth [mm], panel type (stainless-steel
(SS) or PV module (PV1)), and insulation material (mineral wool
(MW) or PIR).
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with an enhanced depth. However, the trend seems to be different through a
depth of 5 cm (see Figure 13c–e), which might be related to the conductivity being
temperature dependent, and the physical changes of the PIR insulation. Although
the conductivities at high temperatures is not tested for construction products, it
is known that mineral wool products used in industry have a conductivity of

around 0.12 Wm�1K�1 when heated to 500 �C [71]. On the other hand, the beha-
viour of the PIR insulation was complex. The conductivity at high temperatures is
unknown, but the thickness increased when the material was heated, and mass
loss was observed due to thermal degradation. Based on those findings, the rele-
vance of the conductivities, reported in the product data sheets (Table 3), can be
questioned in case of fire as they are not representative for high temperature
cases.

The influence of the insulation thickness was evident when looking at the maxi-
mum temperatures recorded in the EPS insulation at a depth of 70 mm (Fig-
ure 13f). With the mineral wool having a thickness of 50 mm, the upper surface of
the subjacent EPS was exposed to temperatures of minimum 250 �C (Figure 13e),
which exceeded the melting temperature of EPS (100 �C) [72]. Thus, the subjacent
EPS melted or evaporated, leaving a heated airgap, which expanded due to the
supplied heat. As the thickness of the PIR insulation was 10 mm larger, the tem-
perature was reduced significantly before reaching the EPS insulation, which
caused a lower temperature measured at 70 mm.

Combined with the previous findings, it can be concluded that the significant
temperature differences measured at a depth of 70 mm below the mitigation layers
of mineral wool and the PIR insulation were most likely related to the thickness
of the insulation material, rather than the thermal properties of the insulation
products at ambient temperature.

For the experiments with inclined modules, the temperature findings were less
consistent (Figure 14). First of all, the faster flame spread rate (see Figure 10b)
and lower Exposure (see Figure 12b) caused a shorter period of time, where the
upper surface of the roof mock-up gained heat from the fire. Although the upper
surface probably reached the same temperatures as in the experiments with the
horizontal panels, the shorter duration caused a significantly lower temperature at
the depths of 10 mm and 20 mm (Figure 14a and b). At the same time, only few
of the experiments caused a FSL above 80 cm (see Figure 8) whereupon no fire
occurred just above the nine thermocouples furthest to the right of the roof mock-
up (see Figure 3a). In general, the temperature was reduced as function of depth
within the area of the installed thermocouples.

In summary, the maximum temperatures measured within the PIR insulation,
mineral wool, and the subjacent layer of EPS insulation revealed that the high
temperatures caused by the fire rendered the conductivity from the datasheets
redundant. Compared to the mineral wool, the layer of aluminium foil on top of
the PIR insulation caused significantly lower temperatures within a depth of
10 mm and 20 mm. However, the magnitudes of the maximum temperatures were
similar through a depth of 50 mm, whereupon the higher thickness of the PIR
insulation resulted in significantly lower temperatures within the EPS insulation.
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As such, it is assumed that a mitigation layer of 60 mm mineral wool would have
protected the EPS insulation better than the PIR insulation. If flame spread on
the roof is rendered unavoidable for commercial roof constructions with PV mod-
ules, it suggested to design a test method for insulation products exposed high
temperatures as the conductivity from the product datasheets are insufficient when
the physical characteristics of the insulation changes as a consequence of the high
temperatures.

5. Conclusion

One-dimensional flame spread within a semi-enclosure in between a roof mock-up
and a vertical barrier was studied and analysed based on 42 experiments with a
focus on four parameters. Three of the four parameters were related to the verti-
cal barrier: (i) the type of barrier being a stainless-steel board or a PV module, (ii)
The inclination of the barrier from horizontal to 15�, and (iii) the gap height
between the barrier and the roof mock-up. The final parameter was the influence
of the material below the roofing membrane (BROOF(t4)). The material below was
either a calcium silicate board, or an insulation product acting as a mitigation

Figure 14. Maximum temperature below inclined PV modules as a
function of Exposure [m s], depth [mm], panel type (stainless-steel
(SS) or PV module (PV1, PV2, PV3), insulation material (mineral wool
(MW), or PIR insulation).
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layer on top of a worst-case scenario roof construction insulated with EPS insula-
tion. Two insulation products were used, namely 50 mm mineral wool or 60 mm
PIR insulation. The lowest temperatures in the EPS insulation were measured in
the experiments conducted with PIR insulation, but based on the temperature
development through the two insulation products, the overall performances of the
mineral wool were deemed better. If compared at the same thickness, it is expec-
ted that the lowest temperatures will be measured below the mineral wool.

A binary flame spread scenario was observed for the given experimental set-up
with horizontal panels. No flame spread was observed if the gap height was
12 cm, whereas sustainable flame spread occurred if the gap height was below a
critical gap, determined to be 10 cm for the stainless-steel board, and 11 cm for
the PV modules. For PV modules inclined between 10� and 15�, it was concluded
that the critical gaps height are above 12 cm, as the inclination increased the heat
flux below the most elevated part of the modules, which were in accordance with
previous steady state experiments [11–13].

For experiments conducted with horizontal panels, it was found that the geome-
try alone caused a significant difference in the flame spread behaviour, as the alu-
minium frame of the PV module blocked the flow of buoyant combustion gases
whereupon a layer of hot smoke was formed. The hot smoke layer had multiple
effects on the flame spread scenario: (i) It increased the flame spread length, as the
enclosed smoke enhanced the pre-heating ahead of the flame front. (ii) It reduced
the flame spread rate, as the smoke layer reduced effective gap height and thus,
increased the velocity of the ambient air entrained into the fire plume.

The effect of the trapped smoke layer was eliminated when the PV modules
were inclined, as it allowed an upwards buoyancy driven flow of the combustion
products upstream the PV modules. The deflection of the modules caused an
increased heat flux upstream which resulted in a significantly faster flame spread
rate compared to the experiments conducted with horizontal modules.

In all experiments conducted with PV modules, it was noticed that the polymer
based back sheet membrane were only burned away at the location with direct
flame impingement, whereas the remaining part of the back sheet were sooty, but
intact. With no self-sustained flame spread on the PV module it can be discussed
if the PV module itself should be considered as a fire load or rather as a facilita-
tor of flame spread.

Dripping was observed in the experiments with one of the three tested types of
PV modules. The importance of the dripping was deemed insignificant for flat
roofs, but it is acknowledged that it might be relevant for constructions with dif-
ference geometries.

For the roofing membrane, it can be concluded that compliance with the stan-
dards does not prevent flame spread upon the mock-up, which indicate a potential
breach of a fundamental fire safety strategy, namely the one requiring no flame
spread along the façade of a building. As such, it can be concluded that the intro-
duction of a building applied PV system might result in more severe consequences
in case of an initial fire on the roof. Based on that, it is suggested to develop a
new test method that takes the re-radiation from the deflected flame into account.
Until then, stakeholders, including property owners, as well as the fire and rescue
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service, should re-consider their response in case of ignition as flame spread on the
building envelope is very likely.

It should be emphasized that the critical gap heights determined for the experi-
mental set-ups cannot be implemented directly into industry, as they are not uni-
versal, and the limited width of the roof mock-up does not represent an infinite
flat roof. However, the findings are very relevant to all stakeholders dealing with
BAPV installations, as the analysis of the examined parameters highlights key
mechanisms of the flame spread and thus, potential methods to reduce the conse-
quences of a PV related fire.
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