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Preface

Fire safety engineering denotes, in general terms, the well-known practice of designing 
and installing systems, building components and/or structures that are able to prevent 
and reduce the risk of fire, minimizing the hazard for people and property. As such, 
it involves applying scientific and engineering principles in different fields in the form 
of safety policy measures, technologies, and innovative strategies.

From a practical point of view, however, fire safety engineering tasks are much more 
articulated and differentiated. It is, in fact, a multidisciplinary field that applies – case 
by case – scientific and engineering principles. In the same way as specific measures 
and applications, there are thus many policies and bureaucratic aspects to account for, 
such as experimental protocols for fire performance assessment, standards, etc.

In such a wide discussion, among others, it can be recognized that all these technical 
aspects and phenomena mostly depend on two key features, namely the propagation 
of fire (and all the multiple related tasks) and the fire response of building and con-
struction materials, which are responsible for many different resisting and damage 
mechanisms to address.

While there is a deep international technical knowledge on many of the constituent 
issues of fire safety engineering, there are still open questions to explore and assess, 
and the scientific research provides significant advancements in different ways. In 
this sense, the choice of a given construction material is not a simple mechanical 
assumption for satisfying appropriate structural safety levels in cold conditions but is 
necessarily correlated to the possible effects of fire and their reaction in the presence 
of such an extreme design action. Mitigating fire-related risk and fire-induced effects 
can take advantage of retardant building materials and components. Several of them 
are already in use, while various research studies focus on elaborating and developing 
new mitigation solutions. In parallel, technological innovation is of utmost impor-
tance in a list of fundamental activities for emergency management. At the same 
time, however, technological components in buildings may also represent a possible 
source of additional risk against fire and thus should be appropriately addressed and 
verified, both with experimental and virtual methods.

This book project collects five different research contributions that clearly explain the 
relevance and variety of fire safety engineering issues.

Safety measures are mandatory for fire protection, but they all have a cost. In the same 
way as other fields, specific considerations can thus help safety policymakers find 
optimal solutions. The study reported in Chapter 1 presents a (social) cost-benefit 
analysis (SCBA) in the fire safety domain. More in detail, the cost-benefit analysis is 
developed for a case-study configuration, representing an automatic alarm transmis-
sion for a public alarm system (OMS). The chapter concludes with a consideration of 
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some specific themes in relation to SCBA, such as the so-called value of a statistical life 
(VOSL) regarding fire, presenting some relevant outcomes for future elaborations.

Chapter 2, as a perspective chapter, opens the discussion to the use of mobile radio 
emergency communications for large-scale wildfire fighting. A case-study example 
for Portugal is presented. Effective communication is, in fact, notoriously crucial 
for emergency response operations. New technologies can support and optimize the 
activities of fire safety policymakers and especially emergency units, such as firefight-
ers. The discussed case-study example of the Portugal experience gives evidence of 
the key role of push-to-talk terrestrial systems in ensuring the safety and effective-
ness of firefighting teams operating in remote and challenging terrains. The analysis 
demonstrates the limitations of current public and private communication networks, 
particularly in low-density population areas where they are most needed during 
emergencies. As such, the need for specialized land-mobile radio systems that can 
operate in low-frequency bands (e.g., 400 MHz) becomes paramount.

Following the first two chapters, the last contributions of this book are more oriented 
and focused on building performance in fire in relation to components and materials.

Chapter 3 is dedicated to an in-depth analysis of ventilated facades and their role for 
fire safety purposes in buildings. In particular, attention is given to open-state cavity 
barriers, which typically have a key role in fire conditions. They allow airflow through 
under normal circumstances and react to compartmentalize the cavity in order to 
retard the spread of fire in case of need. Besides, there are several open questions to 
address, which are pointed out in Chapter 3, especially regarding the suitability of 
existing test methods to experimentally assess the fire performance of these open-state 
cavity barriers for ventilated facades. The authors present a sound review of existing 
methods and protocols and open the discussion to elaborating and proposing new 
testing approaches and methodologies.

In Chapter 4, the authors present an experimental study that is carried out to assess 
the potential of geopolymer materials for buildings. The proposed investigation has 
a double goal: (i) the use of inorganic polymers from construction and demolition 
waste is verified in terms of thermal and mechanical properties, and at the same time, 
(ii) their potential for fire safety engineering purposes is experimentally addressed. 
Test results in fire conditions show that the newly developed material represents not 
only a sustainable solution for buildings but can also preserve its integrity and original 
mechanical properties for a rational time interval during fire exposure, making it 
quite an interesting solution to explore further in the construction sector.

Chapter 5 presents a numerical investigation of the fire performance assessment 
of building-integrated photovoltaic (BIPV) components for buildings. As shown, 
modern technologies are increasingly used in construction for many positive aspects, 
including energy and sustainability concerns. On the other side, BIPVs, in their literal 
form, represent a multidisciplinary component in building design. They are expected 
to provide minimum structural safety levels like other primary or secondary building 
components, and careful attention is required, especially under extreme design 
actions, such as fire. The numerical study reported in Chapter 5, in particular, focuses 
on the possibility and potential of numerical methods to capture the thermal shock 
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occurrence of BIPV systems under fire and takes advantage of a literature full-scale 
experiment to validate modelling assumptions. Future studies and investigations will 
certainly benefit from these preliminary numerical insights.

All readers are invited to benefit from this international experience and discussion on 
fire safety engineering. In doing so, a special thanks goes to the contributing authors 
and the reviewers.

Chiara Bedon
Department of Engineering and Architecture,

University of Trieste,
Trieste, Italy

Flavio Stochino
Department of Civil, Environmental Engineering and Architecture,

University of Cagliari,
Cagliari, Italy

Andrea Lucherini
ZAG Fire Laboratory,

Logatec, Slovenia
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Chapter 1

Policy Decisions in Fire Safety: 
Application of Cost-benefit 
Analysis
Ron A.C. de Wit and Ira Helsloot

Abstract

All safety measures have costs and benefits associated to them. A social cost-ben-
efit analysis (SCBA) therefore ideally is a part of fire safety policy decision-making. 
This chapter introduces the concept of SCBA and its constituting elements. A CBA 
case study on automatic fire alarm systems is presented to show how an SCBA can 
be computed. In this case study, the safety benefits of these systems do not outweigh 
the costs. The SCBA was basis for a policy decision to limit the number of objects for 
which an automatic fire alarm system is obligatory. Part of the input for any SCBA is 
insight into the value that the public attributes to aspects such as the presence of the 
fire service or the value of lives saved by fire safety measures. For the aspect of ‘lives 
saved’ in the context of fire safety, an estimate of the value of a statistical life (VOSL) 
is relevant. Not much research has been done to get insight into these values specifi-
cally for fire safety. We report on the outcome of an experiment to obtain these values 
in the Dutch context. Interesting enough, the fire VOSL was found to be a magnitude 
higher than the road safety VOSL.

Keywords: cost-benefit analysis, value of statistical life, fire safety, automatic fire 
alarm, safety benefits

1.  Introduction

(Social) cost-benefit analyses (SCBAs) are worldwide used when making trade-
offs and decisions about investments, projects or policy measures. This applies to the 
safety domain as well: policy makers here also have to decide upon investments in 
policies on all possible kind of risks. SCBAs are therefore, for example, regularly used 
in road safety policies [1], crime prevention policies [2] and health care [3]. In the fire 
safety domain, the application of SCBA is still relatively limited. Nevertheless, a series 
of reports and studies have also been made in this domain [4–8].

Our starting point is that policy decisions on fire safety at least require well-
founded considerations on the deployment of public resources. Insight into social 
return means, among other things, insight into costs and revenues (benefits) of the 
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various activities and measures regarding fire safety. By the way: ‘more social return’ 
might suggest that the current return is known. This is precisely one of the tricky 
points when applying SCBAs for the fire safety: the effect and exact yield (and value) 
of the activities in the current situation (the so-called null alternative) are more often 
not known than well known.

The purpose of this chapter is to provide an introduction to the use of the social 
cost-benefit analysis tool in the fire safety domain. As we will show, this is a tool 
that is becoming increasingly important also in this field of work. The chapter will 
provide the interested reader with a number of entry points for further in-depth 
study of the subject. This means that the SCBA instrument itself is briefly dis-
cussed, and we will focus on the (possibilities for) application within the fire safety 
domain. We present an elaborate case study so the reader may get an understanding 
of how to perform an SCBA him- or herself. The case study is a cost-benefit analysis 
of automatic alarm transmission in the public alarm system (OMS). The chapter 
concludes with a consideration of some specific themes in relation to SCBA such as 
the so-called value of a statistical life (VOSL) in relation to fire.

2.  What is a cost-benefit analysis?

A cost-benefit analysis is a method that compares the expected costs of a particu-
lar issue or problem with the expected benefits. The aim is to choose the most advan-
tageous solution in order to justify policy choices. Cost-benefit analysis is thus part 
of a broader set of economic evaluation methods aimed at policy cost-effectiveness 
analysis. In a ‘good’ CBA, not only the direct financial costs and benefits are included 
but also the indirect economic costs and benefits.

We speak about social cost-benefit analysis when we weigh up all current and 
future social benefits and drawbacks of a project by expressing them (as much as 
possible) in monetary terms. When the sum of all advantages (benefits) outweighs 
the sum of all disadvantages (costs), a project is socially justifiable.

An SCBA may reflect costs and benefits that cannot be directly expressed in 
monetary terms (e.g. a risk reduction). In that case, a financial translation should take 
place. In other words, the effects of the project or intervention should be monetised. 
Section 5.4 discusses this further.

A (social) cost-benefit analysis can be carried out in various ways. In general, the 
following steps can be distinguished:

• Problem analysis and demarcation: what is the problem and which items are 
relevant to include in the remainder of the analysis?

• Describe null alternative: what will happen if the existing situation is continued 
unchanged? This helps clarify what effect is attributable to any new measure.

• Identifying and quantifying impacts: this is generally the most difficult step in an 
(S)CBA.

• Visualising costs and monetizing effects: making an overview of balance costs 
and benefits.

• Conclusions and advice including variants and sensitivity analysis.
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For a detailed explanation of the above steps and the SCBA methodology in 
general, see for example [4, 9, 10]. See Ref. [11] for specific SCBA application in the 
fire safety domain.

Conducting an SCBA is not an end in itself. An SCBA is a tool that can indicate 
whether or not an investment in a particular project is socially the right choice. It can 
also substantiate which project alternative is best or prioritisation can take place. By 
providing this information, the SCBA supports political-administrative decision-
making. An SCBA helps prevent economically inefficient choices being made or 
taxpayers’ money not being spent optimally. Helsloot [12] notes that ‘in fact, little 
is still known about the essential cost-benefit questions that need to be answered in 
the various phases of making safety policies’. However, given the ambition to strive 
for ‘more social return’, this is an important prerequisite for underpinning decision-
making within the physical safety domain.

The American public administration expert Sunstein reached similar conclusions 
in his research on risk policy: risk appreciation and risk assessment by society is 
influenced by a number of cognitive mechanisms that lead to ‘biases’ [13]. Examples 
include ‘probability neglect’, whereby judgements are made mainly on the effect and 
not on the (often small) probability, and the ‘availability bias’, whereby having or not 
having recent experience on hand leads to a higher or lower risk assessment.

This can lead to incorrect use of public resources in regulating risks. A (social) 
cost-benefit analysis helps put risks in the right perspective. Incidentally, this does 
not mean that the outcome of the cost-benefit analysis determines where to regulate 
and where not to regulate. That is and remains a political-administrative consider-
ation but after the SCBA a well-informed one. Without a clear understanding of costs 
and benefits, ‘risk regulation’ too often becomes a ‘stab in the dark’, according to 
Sunstein [13].

3.  Possible applications within the fire safety domain

Decision-making on investments in policies or measures for fire safety and 
firefighting takes place in different environments. In the context of public adminis-
tration, political-administrative considerations take place, and a social cost-benefit 
analysis can provide rational arguments to support or weigh up a decision. This may 
involve considerations within the firefighting domain (e.g. investing in more fire 
prevention education versus improving turnout times with an extra fire station) or 
between domains (e.g. traffic safety versus fire safety).

For an entrepreneur, a decision on an investment in a fire safety measure may also 
involve a cost-benefit analysis (e.g. whether or not to instal a sprinkler in relation to the 
[additional] cost of the insurance premium) or business risk [4]. In principle, the SCBA 
tool can be applied to any of the tasks of the fire service. The Table 1 gives a qualitative 
overview of the (im)possibilities for applying CBA for the various task areas.

In practice, the use of SCBA in the fire safety domain is rather limited. In the 
Dutch context, the following examples can be given. In the Dutch Safety Regions 
Decree, application of SCBA is mentioned for (only) one task specifically; that is, in 
the explanatory memorandum, the following is stated under the heading ‘Response 
times for basic firefighting services’: ‘The organisation of firefighting services is the 
result of an administrative cost-benefit assessment based on a fire risk assessment 
as part of the risk profile that the board of the safety region establishes pursuant to 
Section 15 of the Act’. In practice, this SCBA is never made explicit.
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Theme Possible 
purpose (S)
CBA

Costs Impact/benefits Remark

Fire safety Policies aimed at 
increasing safety 
awareness (such 
as information 
& education)

Visualising 
returns on 
existing or new 
policies

• Staff (s.a. 
pay, training)

• Material

Behavioural 
influence should 
lead to lower 
risk of fire. As 
a result, fewer 
casualties and/or 
damage.

Limited view 
of baseline 
alternative. 
No data on 
relationship effort 
and effect. At 
most theoretical 
estimate.

Advise to public 
authority 
(building codes, 
spatial planning, 
environment) 
and supervision

Visualising 
returns on 
existing 
policies or 
intensification 
of policies

Staff (s.a. pay, 
training)

Permit 
requirements 
and controls with 
penalties leading 
to measures and 
provisions. As a 
result, less risk of 
fire and possibly 
more limited 
consequences. 
As a result, fewer 
casualties and/or 
damage.

Limited view 
on baseline 
alternative.
Fire damage 
is known. Not 
known is how 
much damage has 
been prevented. 
Relationship 
between more 
rules/checks and 
fewer casualties 
or injuries is 
unknown.

Safety 
measures such 
as residential 
sprinklers

Decision on 
a policy on 
regulation of 
residential 
sprinklers

Investment in 
installation

More rapid 
control of fires. 
Fewer casualties 
and/or damage.

Data needed to 
quantify relation 
between measure 
and effect.

Incident 
response

Basic fire service Coverage plan, 
(re)orientation 
on stations 
(keep, build new 
or close).

• Staff (includ-
ing pay, 
training)

• Equipment, 
material

• Buildings

• Traffic 
unsafety 
high priority 
turnout

Preparedness, 
‘being there’ and 
faster turnout 
times. As a result, 
fewer casualties 
and/or damage.
Preventing third-
party damage.

Yield is 
‘preparedness’ 
of which value 
can only be 
determined 
implicitly. Baseline 
alternative not 
clear. No data 
on relationship 
(faster) 
deployment and 
effect (rescue and 
amount of damage 
prevented).

Specialist tasks 
(like scuba 
diving or 
hazardous goods 
incidents)

Visualising 
return on 
specific task

• Staff (includ-
ing pay, 
training)

• Equipment, 
material

• Building

• Traffic 
unsafety 
prio1 turnout

Deployment 
in specific 
accidents. 
Rescue, damage 
limitation

Cost difficult to 
allocate to task, 
intertwined 
with basic care. 
Sensitive due to 
small number of 
rescues.
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The Minister of Security and Justice in the Netherlands furthermore recently 
included two SCBA studies in his consideration and argumentation of choices for 
fire safety policy measures. These are SCBA studies on policy measures to improve 
fire safety in residential buildings [14, 15]. The studies examine a number of policy 
measures to improve fire safety: mandatory residential sprinklers, fire safety require-
ments for furniture, smoke alarm incentive schemes and fire safety education pro-
grams. A cost-benefit balance is presented for the different measures complemented 
by a sensitivity analysis. For example, both studies show that the cost-benefit balance 
for residential sprinklers is currently negative mainly because of the (currently) high 
investment costs. In Akker’s study [14], fire safety education programs lead to a posi-
tive balance, although it is noted that the (estimated) effectiveness is an important 
variable. That these studies weigh heavily in the minister’s decision is shown by the 
minister’s conclusion in his letter on the subject to the chamber: ‘The results of this 
study do not give the cabinet any reason to proceed with making residential sprin-
klers compulsory and introducing statutory fire safety requirements for seating and 
mattresses’.

Both studies are a valuable step in providing insight into the (potential) efficiency 
of a number of fire safety measures. However, they also show where improvement is 
still needed. Of the measures studied, quantitative data is needed on their effective-
ness and thus yield the following: how many more fatalities or injuries are prevented, 
and can this be attributed to the measure studied? Both studies recognise this and try 
to make as educated estimates as possible. In fact, it is often already difficult to demon-
strate causality between measure and effect, let alone empirical data on the magnitude 
of the effect. More frequent use of SCBAs in relation to fire services requires more 
quantitative empirical data on causality and magnitude of effects. An important effect 
(or yield) of fire safety measures is the prevention of fatalities. To monetise this effect, 
both studies use the concept of VOSL. Akker [14] bases the VOSL value on the value 
of a year of life in good health derived from the health care domain: €2.5 million. Hof 
[15] uses a VOSL value for road safety adjusted for inflation: €3.3 million. Both studies 
use VOSL from a different domain and do not further elaborate on the rationale for 
these choices even though it is an important element in the valuation of revenue.

Theme Possible 
purpose (S)
CBA

Costs Impact/benefits Remark

AFA system 
(automatic 
alarms)

Legislative 
review

Personnel, 
equipment 
system and road 
safety

Assistance and/
or backup during 
evacuation

Baseline 
alternative not 
clear.

Crisis 
management

Review or 
adaptation of 
legislation

Wide range of 
costs at various 
organisations: 
people and 
resources

‘Trust in 
government’, 
restoration to 
situation before 
crisis.

Baseline 
alternative 
missing. Many 
costs intertwined 
with basic 
tasks. Yield not 
quantifiable.

Table 1. 
Application of (S)CBA in fire safety domain.
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Finally, both studies address the reduction in fire brigade turnout costs with a 
reduction in the number of fire brigade turnouts. Akker [14] estimates this item as 
‘PM’ due to lack of data suggesting that it could potentially make a substantial contri-
bution. Hof [15] assumes that these costs decrease proportionally with the number of 
fires. Here is an important point to note: the costs of the fire brigade’s repressive duties 
are only marginally dependent on the number of fires. Most of the costs are those 
for preparedness (stations, practice and availability of people and equipment). Only 
variable costs decrease when there are fewer fires. Section 5 elaborates on some of the 
above issues.

4.  Example case study: Public fire alarm system in the Twente region

To illustrate the application of a social cost-benefit analysis in the fire safety 
domain, this section describes a case study that is another Dutch example of an SCBA 
that has been made and used in practice. It concerns an analysis of the costs and 
benefits of the automatic fire alarm system in the Twente region. This section is based 
on the article ‘Public fire alarm system: history, costs and benefits’ [16].

First, the context, origin and purpose of the automatic fire alarm system are 
briefly described. This is followed by the method used to determine costs and safety 
benefits. The section concludes with the results and a brief reflection on the results.

As a rule, a cost-benefit analysis mostly deals with a new (safety) measure to be 
taken and possible alternatives compared to the current situation. The example differs 
from this in that it concerns an existing safety measure. This means that the historical 
context surrounding the origin and intended purpose of the safety measure deserves 
extra attention. This is necessary in order to be able to focus on the ‘safety benefits’ in 
particular.

4.1  Introduction AFA

From the beginning of recorded history, fast and accurate reporting of a fire is 
regarded as essential to control those fires. Based on this notion, automatic fire alarms 
to public fire departments in the Netherlands originated in the late nineteenth century 
out of the need to guarantee the alarm to the fire service. During that period of time, 
an elaborate network of public automatic fire alarms was installed: first in public 
spaces but shortly afterwards also in various buildings. In the twentieth century 
with the invention and commissioning of the (wireless) telephone and the increased 
quality of building fire safety, the relevance for automatic fire alarms in the public 
domain decreased. Where the fire alarms in public spaces were removed, most of the 
automatic fire alarms in buildings remained: at first as a public service but later on as 
an obligation by building regulations.

At the start, the purpose of the automatic fire alarm system (AFA system) 
was clear and simple: a technical means to automatically guarantee the swift and 
accurate alarm of firefighters by lack of a reliable alternative. The AFA system is 
part of the fire detection and alarm systems inside a building. This is illustrated 
by Figure 1.

The benefits of this safety measure for society were obvious: the faster and more 
reliable the alarm, the better the chance to fight the fire and save lives. However, 
as alternative means for alarming the fire brigade became available (telephone and 
mobile phones), the purpose of the (obligatory) automatic fire alarms as described 
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in building regulations became less clear over the years: the purpose changing from 
‘rapid fire fighting’ to ‘life-saving’ to ‘assistance for evacuation’. Recent Dutch build-
ing regulations state the purpose for automatic fire alarms to the public fire depart-
ment as: ‘supplementary assistance of fire brigade for rescue and evacuation’.

Another issue concerning AFA systems is that since the beginning of the use of fire 
alarms, the AFA systems also have caused false and unwanted alarms. Over the years, 
2007–2013, 56–62% of all fire alarms proved to be false; 79–87% was caused by an 
AFA system (see Table 2).

Unfortunately, these numbers aren’t unique in the Netherlands. Fire departments 
in the United Kingdom and New Zealand [8, 17, 18] also report such numbers and 
thereby underline the fierceness of the problem. Inevitably the great number of false 
alarms causes disadvantages such as demoralisation of fire department staff, the 
decrease of operational preparedness for other confirmed calls and the increase of 
risk to the public and firefighters during emergency response.

Where does this take us in relation to costs and benefits? The changing context 
for AFA systems and the burden of the false alarms raise questions on the cost-effec-
tiveness of this safety measure. Taking a closer look at the intended purpose and costs 
for objects and society, the question is raised whether the AFA system safety benefits 
can bear the weight of the costs. A more specific question is can the safety benefits be 
made visible and do they balance with the imposed costs. To answer this question, a 
cost-benefit approach can be helpful to gain insight.

This case study uses the cost-benefit approach to assess the added value of the AFA 
system in the Netherlands. We took the region of Twente as our case study to assess 
the overall costs as a result of the AFA system and the possible benefits it yields. The 
reason for this choice is that for this region the authors have access to all required fire 

Figure 1. 
Schematic overview of the AFA system.

Year Total fire calls False or unwanted False or unwanted from AFA

2007 108,100 60,800 (56%) 52,130 (86%)

2008 109,400 64,100 (59%) 55,645 (87%)

2009 109,600 62,500 (57%) 52,946 (85%)

2010 103,200 61,100 (59%) 48,099 (79%)

2011 107,200 65,200 (61%) 54,093 (83%)

2012 96,000 59,800 (62%) 49,603 (83%)

2013 86,700 50,600 (58%) 41,978 (83%)

Table 2. 
False and unwanted fire alarms in the Netherlands (source: www.cbs.nl).
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brigade data. To assess the added value of the AFA system, we compare the costs and 
benefits of the existing situation to a scenario without automatic fire alarms to public 
fire departments.

The safety region of Twente covers 1632 km2 and has one fire brigade working 
from 29 fire stations. On December 31st 2012, a total of 854 buildings (i.e. objects) 
of various kinds were linked to the regional dispatch centre via an AFA system. Of 
these 854 objects, only 6% was connected with an AFA voluntarily; the other 94% 
were mandatory because of the building requirements. The yearly cost related to this 
connection is approximately 1100 euro per object.

As Table 3 shows, during the period between 2008 and 2013, the region experi-
enced 17.418 fire reports via an AFA system of which only 560 were marked as ‘real 
fire’. The other 97% of AFA system calls appeared to be false or unwanted. This data 
comes from the database containing details of each call (including the cause of the 
AFA alarm) reported by the commanding officer. Classification includes categories 
such as ‘cooking’, ‘real fire’, and ‘smoking’.

Even though the extent of false calls as a result of AFA systems is comparable to 
the figures for the rest of the Netherlands (as shown in Table 2), it is hard to deter-
mine to what degree the case of Twente as a whole is directly applicable for the rest 
of the Netherlands. The region of Twente can be characterised as average for the 
situation in the Netherlands on aspects as densely vs. sparsely populated areas and 
variation of building types (from small residential to large industrial). To summarise, 
we believe that the situation with false alarms from AFA systems is representative for 
the rest of the Netherlands. The results of the cost-benefit analysis therefore give a 
representative picture for Twente and can be seen as an indication for the Netherlands 
as a whole.

4.2  Method

Over the years, the high number of false alarms as caused by the AFA systems was 
given high priority by the Dutch fire departments. As a consequence, many initiatives 
have been undertaken to decrease this number. Despite this effort, little is known 
about the actual balance between the costs that are being made to establish and main-
tain the AFA system and the benefits that it yields: the Netherlands is no exception to 
this matter. The studies that attempt to establish a cost-benefit analysis acknowledge 
that this is difficult due to a lack of usable data on safety benefits for such an analysis 
[8, 18].

In this case study, the costs and benefits of the current situation (the safety 
measure ‘mandatory automatic call forwarding’) were compared with the 

Number of incidents in the dispatch centre of the Twente fire department Period 1/1/2008-2031/12/2013

Total number of fire & incident reports 37.507

Number of calls for fires 25.888

Number of calls as a result of the AFA system 17.418

Number of AFA calls that proved false/unwanted 16.858

Number of AFA calls with confirmed fire 560

Table 3. 
Incidents in the Twente region 2008-2013.
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alternative ‘no automatic call forwarding’. The analysis was framed as an economic 
evaluation of an existing measure, looking to the past for the benefits. Other pre-
ventive measures related to fire detection and alarm, such as the fire alarm system, 
are not part of the analysis. We use the framework of a cost-benefit analysis as 
introduced by MacDonald [8] in which he discusses alternatives for the automatic 
fire alarms. In his study, MacDonald describes more specifically what alterna-
tives the fire departments have to the AFA system and how the costs relate to the 
benefits in comparative perspective. The different categories by MacDonald are 
to some extent used for the following analysis and, in relation to Lamm et al. [18], 
formulated as follows:

1. AFA system: costs related to the system itself (e.g. installation, maintenance)

2. Response: costs that are made for each call by the fire department and the risks 
for society with regards to road safety

3. Results and effects: benefits as a result of the automatic fire alarm

To quantify these three categories, we used our knowledge in the field of fire 
services while assessing the relevant costs and benefits. Throughout the upcoming 
paragraph, we will motivate our choices with regard to the quantification of the three 
categories. For detailed reference, see Ref. [16].

4.2.1  AFA system

The main concern with the AFA system is the costs that are made to maintain 
the system. As previously mentioned, object owners were obligated to get a sub-
scription to the AFA system and to be directly linked to the public fire department. 
In the region of Twente, the annual fee amounted to 1100 euro per subscription. 
On top of that they are required to keep the connection with the central alarm 
unit online 24/7, which costs approximately 194 euro per year (as paid by the 
subscriber). Besides this, a so-called TOOM project was launched to decrease the 
number of false alarms (by instructing subscribers, controlling the objects and 
other maintenance-related activities). A brief analysis showed that in 2009 alone 
3500 man-hours were spend (75 euro per hour, overhead not included) and for the 
subscriber 8 hours per year (43 euro per hour, no overhead included). When a situ-
ation is created in which the AFA system is removed from all objects, the TOOM 
project can be downsised as well. Based on their experience, the authors use an 
estimation that 10% of the false alarms will remain.

4.2.2  Response

Under ‘response’, the costs are enumerated that the fire department is confronted 
with on every call caused by the AFA system. For the emergency control room alone, 
the number of extra man-hours caused by alarms via the AFA systems is estimated at 
1500 (with an hourly rate of 64 euro). In the period of 2008–2011, a yearly average 
of 3124 calls were recorded in the Twente region for which, in each case, six firefight-
ers and one truck were used. Per call, we calculated roughly 1 hour and a wage of 25 
euro per fire fighter per hour. For the voluntarily staffed fire stations (which in 2008 
accounted for 60% of the total number of stations in the Twente region) the same 
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calculation was used. As far as the equipment concerns, only 5 euro was calculated as 
expense for gas per call. Depreciation of equipment was left out of the calculation since 
a quantitative relation between the extra call because of the AFA system and additional 
depreciation of material is hard to quantify (see for instance ([18, 19], p. 21): ‘the bulk 
of the fire service costs are standing army requirements associated with fire risk’.)

The call of a fire truck is accompanied with additional accident risk on the public 
road. To quantify this, a study was conducted by Rosmuller et al. on the safety of fire 
truck drivers and the associated traffic-related deaths of citizens [20] and the annual 
costs as a result of traffic accidents [21]. Based on this, a calculation was made: 3,5 
casualties per 179.015 calls and the 12.5 million euro only one casualty costs. Adding 
up, this makes that, in sum, one call goes for 244 euro. This is a significant but hardly 
mentioned effect of the AFA systems for society as a whole. The additional costs as 
result of the risks to the firefighters due to the AFA system are left out of the analysis. 
Since this risk (most of the time) only occurs in the situation of a real incident, it is 
assumed that the costs are equal with or without an AFA system.

4.2.3  Safety benefits of the AFA system

Making the ‘safety’ benefits of the AFA system clear is a complex question, 
especially when it comes to expressing it in monetary terms. Examples of such an 
approach are given by previous studies such as Ref. [22]. As later will appear, no lives 
were saved as a benefit of the AFA system. Therefore, the discussion of how to express 
the ‘saved’ live in monetary terms is not elaborated further here. In this case study, the 
current benefits of the AFA system are made visible based on an analysis of incident 
reports related to the actions undertaken by the fire department.

To illustrate the benefits of the AFA, all AFA calls classified as a ‘real fire’ (n = 560) 
by the fire department within the safety region of Twente in the period of 1/1/2008 
and 31/12/2013 were classified based on the actions performed by the fire department. 
Based on the operational information in the incident report, each call was analysed. A 
system of four classifications was used based upon the basic tasks of the fire department: 
varying from actively rescuing of persons and saving the property to a somewhat passive 
stance in which, due to the limited severity of the fire, no action besides checking general 
safety and verifying the situation, is undertaken (see Table 4 for classifications used).

More precise, category 1 implies that the firefighters actually save or evacuate 
persons and extinguish the fire to prevent further damage to the object based on 

The call led to action by the fire 
department to prevent expansion 
of the fire or to limit the damage 

or to extinguish the fire.

The call does not lead to action by the 
fire department to prevent expansion 
of the fire or to limit the damage or to 

extinguish the fire.

The call leads to action by 
the fire department for 
rescue and/or evacuation.

1 3

The call does not lead 
to action by the fire 
department for rescue 
and/or evacuation.

2 4

Table 4. 
Classifications used in analysing fire reports.
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an AFA call. Category two and three are classified when the fire department had to 
either prevent expansion of the fire to limit the damage by extinguishing (2) or save 
and evacuate persons (3). The fourth category means that no action was necessary to 
either put out the fire or that the firefighters had to save or evacuate persons. In day-
to-day operations, the responsibility of the fire department for calls in category 4 lies 
with securing, ventilating and checking the premises and making sure everything is 
safe. In these cases, often the fire has been extinguished by the people in the building 
themselves (e.g. internal safety staff).

In case of doubt on the information in the incident report on which party extin-
guished the fire (fire department or internal safety staff), the call was classified as 
type 2: fire department. In other words, the fire department gets the benefit of the 
doubt to ensure no underestimation of fire department actions was created.

4.3  Results

4.3.1  Costs of AFA system and response

Table 5 shows a summary of the estimated costs for the current situation of the 
AFA system and response. The rightmost column shows the situation in which no 
AFA system is put into practice with the assumption that 10% of the false alarms 
remains1. This same table reveals that the AFA system in the region of Twente costs’ 
society approximately 3 million euro per year. It is important to note that this is an 
estimate based on a conservative approach. Stopping with AFA systems leads to lower 
costs. Some costs will fall to zero (AFA system technique, monitoring connections) 
and some will remain or will be reduced (effort on false alarms, dispatch centre and 
response). We acknowledge that even in a situation without the AFA system there will 
be a number of false alarms. Even so, the total number of expenditure will be lower 
as showed by Table 5. This is at least the direct result of saving on the maintenance of 
the AFA network and all the technique involved.

4.3.2  Safety benefits as a result of the AFA

To determine the AFA safety benefits, a total of 560 incident reports from the 
safety region of Twente were reviewed for this case study. Each incident was clas-
sified into a category as summarised in Table 4. Figure 2 gives an overview of the 
results:

From these 560 incidents, 14 reports did not contain adequate information to 
determine a classification. The remaining 546 reports were successfully classified 1 
to 4. This leads to 4 incidents in category 1, meaning that in these incidents the fire 
department had a task in rescue or evacuation. In 3 cases, the fire brigade assisted 
in and verified the evacuation. In 1 situation, a missing person was rescued. About 
128 incidents were categorised as ‘2’ (only firefighting) and the majority of 414 were 
assigned to category ‘4’, which implies that no action was undertaken by the firefight-
ers other than verification or ventilation activities.

The AFA alarms that are reported always receive immediate priority mean-
ing that in every call a fire truck is sent to the object. Subsequently, the object is 

1 This assumption of false alarms is based on the authors’ experience on the part of false alarms via 
telephone. Additional research is necessary.
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Figure 2. 
AFA incident classified to actions of the fire department.

contacted to get information concerning the severity of the call. In 2008 alone, 
53% of the calls were deprioritised while the firefighters were making their way 
to the object. In 23% of the 560 cases, the fire department had to put out a fire: in 
84% of these, the commanding officer reported that fire was small and could be 
handled by one unit (meaning that no additional fire trucks needed to be alarmed). 
The majority of the reported fires was limited to an item or object (e.g. like a 
magnetron, oven or ashtray).

When we look at these results in relation to the goal of the AFA system, it appears 
that in a 6-year period only 4 incidents occurred in which the fire department had to 

Description Current AFA situation (3124 
calls/yr)

No AFA system (10% of false 
alarms remain)

AFA system Technique and 
administration

€ 607.035 —

Costs dispatch centre € 326.865 € 326.865

Connection monitoring € 164.706 —

TOOM fire department € 262.500 € 26.250

TOOM object owners € 283.112 € 28.294

€ 1.644.218 € 381.409

Response Dispatch centre € 96.000 € 9.600

Response firefighters € 765.380 € 101.675

Traffic accidents € 762.275 € 101.263

€ 1.623.655 € 212.538

Total € 3.267.873 € 593.947

Table 5. 
Summary of costs related to the AFA system.
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take action in rescue or evacuation. In the same period, the firefighters only extin-
guished 128 emerging fires: it is hard to argue that these premature fires could—or 
could not—have turned out to become severe without the AFA system. Therefore we 
acknowledge that, with the existing database, we are only able to talk about the cur-
rent situation in which AFA does exist and not a situation in which it does not exist.

Based on the case study, we estimate that on a yearly basis the AFA system in the 
Twente region costs 3 million euro. If compared to safety benefits related to the goal of 
the AFA system, ‘providing supplementary assistance with the evacuation’, these costs 
do not outweigh the benefits. Even so, the question stands whether a faster appearance 
by the fire department increases the number of rescues and therefore overall safety. 
Unfortunately, the correct and usable data to support such a statement is missing in 
the Netherlands and therefore no valid statement can be made. If ‘monetary break 
even’ is taken as the goal the estimated costs represent the minimum increase in fire 
safety (or safety benefits) the AFA-system should at least ‘produce’ in term of money. 
Suurmond and van Velthoven [22] used this ‘break even’ approach in their study to 
the increase in safety in the hospitality industry. In our case, the positive effects in 
terms of safety in the region of Twente at least have to break 3 million in order to be 
cost-neutral. Based on this finding and the limited safety benefits, the recommenda-
tion will hold ground that at least the policy with regard to a mandatory AFA system 
for most buildings has to be analysed and adjusted. The central goal of this adjustment 
should, as far as the authors are concerned, put the responsibility with the objects’ 
owner and not the government or fire department. Again, in only 23% of the cases 
classified as ‘real fire’, the firefighters had to put out an emerging fire.

The overview of costs shows that there is potential for cost savings in the area of 
traffic safety. Limiting unnecessary firefighter turnouts leads to a safety benefit. In 
25% of cases, the fire brigade extinguished an incipient fire. While the available data 
does not allow an estimate of the potential economic benefits, this can be qualified as 
a safety benefit of the AFA system.

A sharp quantitative goal for the AFA system was not found. However, it does 
appear that the qualitative definition of the objective has changed over time. The 
question is what this should mean in practice for the fire brigade. The current wording 
places the responsibility primarily on the user and at the very least offers room for the 
fire brigade to take a critical look at its own role. Contrasted with the research find-
ings, a basic response to an AFA notification ‘go immediately to the scene with horns 
and bells for rescue’ is too pretentious.

Mandatory forwarding was and is intended to speed up the alerting of the fire bri-
gade. ‘Faster’ here is a relative term. Relative in relation to the steady growth in the avail-
ability of phones and the state of the art. In addition, it is relative because the speed of 
the fire brigade is influenced by many more factors. Consider, for instance, the time 
taken at the control room, the time it takes volunteers to get to the station and the time 
it takes to drive to the fire address. Also, as a result of the development in the field 
of in-house emergency response, institutions and companies are prepared for rapid 
notification of calamities and their initial combating. It has been found that the internal 
organisation at the company or institution often already has the situation under control. 
This immediately shows the added value of the FDS and associated internal alarm.

4.4  Use of the SCBA in the political decision-making

The basic findings of this case study on the safety benefits of AFA systems were 
presented in 2010 in Netherlands [16]. Based on the absence of ‘safety benefits’ and a 



Fire Safety Engineering – Measures, Policies, and Applications

14

strong negative cost-benefit balance, it contained the recommendation to policy mak-
ers to critically review the existing building regulations regarding AFA systems. By 
removing the AFA system from the building regulations, society would benefit from 
the cut down in costs for maintaining the system without seriously compromising fire 
safety.

In the period between 2009 and 2012, the Dutch minister of Interior Affairs was 
working on a broader package of changing the building regulations. This was as part 
of a Government-wide process to decrease the number of regulations. The regula-
tions concerning AFA systems were part of this package. The minister of Interior 
affairs proposed in 2009 to strongly reduce the number of objects requiring an AFA 
connection. In 2012, the Dutch building regulations had changed. The findings of the 
cost-benefit approach were used as a reference in the relevant documents (i.e. regula-
tion itself and the supplementary documents) describing and motivating the adjusted 
regulations.

The observation that an AFA system does not demonstrably improve safety and 
does cost a significant amount of money led to an amendment that removed the obli-
gation for certain buildings to subscribe to an AFA service of any kind. This directly 
implied that some of the responsibility was shifted from the fire department to the 
object owners.

Although from the SCBA case it can be concluded that all AFA connections can be 
removed, the political decision was to keep the AFA connections in place for certain 
objects seen as more vulnerable (like child day care centres). This shows that the out-
come of a CBA is just one of the inputs for the decision on a policy change involved. 
Additional arguments in this case that are difficult to value in a CBA are commercial 
interest of companies selling and installing AFA systems, the safety perception that 
comes from having a direct line to the fire service and the fire service feeling itself 
responsible as a ‘back-up safety for society’ just in case.

Nevertheless, the SCBA of the AFA system has, in line with Sunstein [13], ‘turned 
on the light’ in this specific case. It has now become clear that although the countable 
safety benefits are very small, we still choose to keep the AFA regulations in place for 
some specific buildings. This has been an explicit consideration where in this case 
the preferred option is ‘second best’ from an economic perspective. As a result of 
the adjusted building regulations, the number of AFA connections in the region of 
Twente dropped in the period between 2013 and 2015 from approx. 830 to roughly 
500. On a national scale, the effect of the changed building regulations has become 
visible by a reduction in AFA calls.

5.  Some relevant SCBA themes considered in more detail

The previous sections discussed the application of the social cost-benefit analysis 
tool within the firefighting domain and presented an elaborate case study of SCBA. 
The following section elaborates on some specific themes in relation to using and 
preparing an SCBA within the firefighting domain.

5.1  Safety yield and null alternative

The effects of public policies are often difficult to measure. De Bruijn [23] cites 
four reasons for this: public tasks often have to serve multiple values, the effect arises 
in co-production with third parties, the period between the intervention and the 
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result can be long and more abstract goals are often involved. This also applies to 
effects of firefighting. Even objective safety (countable effects such as fewer casualties 
and less damage) involves effects that often only become visible in the long term and 
can also be influenced by other factors. They may also be effects that do not become 
visible at all. In fire safety, for example, ‘preventing’ is an important but difficult to 
make visible effect. In addition, fire safety contributes to ‘sense of safety’ and tries 
to contribute to ‘safety awareness’. These are effects that are abstract, subjective and 
difficult to measure.

Making the safety benefit of firefighting or fire safety measures concrete is there-
fore not easy. See for example a slightly dated but still relevant article of Challands 
into effects of faster response times and fire outcomes [24]. He concludes that research 
on this topic is limited. After extensive research into 27,500 building fires in New 
Zealand during 2003–2008, he cannot prove a relation between a higher response time 
for building fires and more (deadly) casualties. In addition, research from Saylors 
[25] is noteworthy. In a study into the added economic value of a local fire brigade, 
Saylors describes a model in which he tries to quantify the number of buildings that 
would have burned down if there had been no fire service intervention. Saylors 
takes into account the buildings that have been saved by the fire service intervention 
(‘nearby at-risk properties’). He introduces the ‘saved ratio’: the relation between the 
(economic) value of the saved buildings divided by the value of the total number of 
buildings ‘at risk’. The ‘saved ratio’ was calculated for four cases. His conclusion is that 
the return on investment of the local fire brigade is 2200% (the costs for the local fire 
service are a factor 2200 lower than the yearly prevented potential damage). Saylors 
says: ‘to change the dialogue of public safety by recognising that the worth of a fire 
department is greater than a calculation of loss and that the worth of a fire department 
is more accurately represented by including what is saved’ ([25], p. 46).

To make cost-benefit analyses, it is important to have research into the effects of 
fire safety measures. In doing so, it is in any case essential to have registrations of 
‘output’ within the fire service field in good order. The investigation in the case study 
showed, among other things, that the registrations of fire service incidents in the joint 
control room system are useful for this purpose. With this GMS database, the fire 
service has a large amount of practice data at its disposal. To increase the usability for 
further research, it is important to control the content, uniformity, correctness and 
completeness of the registrations in advance.

Although there is (limited) data on the number of fire victims, visibility into the 
null alternative, a key reference point in an SCBA, is limited. Especially for assessing 
existing policies, this is a major limitation. What safety benefits does the fire service 
realise with the current policy? On top of that, it is not easy to determine how much 
damage is prevented by the fire brigade in the current situation or how many casual-
ties are avoided.

5.2  Being clear about history and purpose of fire safety measures

To determine the yield or effect in an SCBA, it is necessary to have the objective of 
a fire safety measure as clear as possible. In the fire service’s field of work, it is often 
not exactly clear for each task what the objective has been historically, let alone that 
the trade-off (in costs and benefits) is clear. If an SCBA is then carried out in the 
here and now for the diving task, for example, it is advisable to consider the history 
surrounding the creation of that task. In that respect, the benefits or effects cannot 
always be quantified and monetised.
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5.3  The value of standing army requirements

For the fire service, preparedness, ‘being there’, and effort, ‘someone is still trying 
their hardest’, are also a societal benefit. Its explicit value is difficult to determine, 
at most implicitly via the costs to be accepted. Many costs within the fire service 
are therefore ‘fixed’ and not dependent on number of deployments. In that respect, 
firefighting is a kind of ‘collective insurance’. Related to this, using cost per turnout 
in SCBA by dividing a fire service budget on the number of turnouts therefore makes 
little sense. With no turnouts, the costs are not zero. If this element is not properly 
taken into account, it does not provide a useful SCBA. Also, the fire brigade combines 
many tasks, which makes isolating costs per task difficult or gives an incorrect picture 
(e.g. scuba diving task, staffing of crisis management teams). Stopping or reducing a 
particular task does not always result in a proportionate release of resources.

5.4  Fire safety and VOSL

An essential part of a social cost-benefit analysis is the translation of all inventoried 
costs and benefits into a monetary unit. Through this translation, the balance of costs 
and benefits can be calculated. For some topics, this is not a problem: the costs of a fire 
station or volunteer allowances can easily be expressed in monetary terms. However, 
there are also costs and benefits where this is less straightforward, especially when it 
comes to fire safety. For example, the ‘cost’ of traffic unsafety casualties caused by fire 
brigades’ prio 1 calls or the ‘revenue’ of rescued casualties or prevented injuries. For both 
traffic unsafety and rescued casualties, it is necessary to assign a monetary value.

Economists have developed the ‘value of a statistical life’ for quantifying and 
standardising this. The abbreviation used for this is VOSL: value of a statistical life 
[26–29]. The term ‘statistical’ is meant to make it clear that this is a technical term. 
The concept of VOSL is (of course) not about the value of an identifiable human life 
but, as the term indicates, about a ‘statistical life’. The crux is essentially the amount of 
money deemed by an individual or society to be in proportion to a minor adjustment 
to a safety or health risk: the probability of death, injury or illness. It is the amount 
of money that people are willing to pay for a given reduction in accident risk (the 
so-called ‘willingness to pay’ [WTP]).

VOSL is then calculated by dividing the WTP by the risk reduction (Δp): 
VOSL = WTP/Δp. A literature review by the OECD on the basis of willingness to pay 
studies2 recommends for EU countries a VOSL value of US$ (2005) 3.6 million (range: 
1.8–5.4)3 [30].

Assigning a value to a human life does encounter resistance on the principle. From 
the perspective of economists, it is not strange: without knowing it, we constantly 
assign a price to a human life when taking risks ourselves on a daily basis. It would 
go too far to go into that aspect of VOSL in detail in this chapter. Clearly, a monetary 
valuation is necessary to make considerations in risk policy or more specifically 
within firefighting. Often, such a value is implicitly part of the decision-making 
process. By deciding whether or not to invest in a new fire station, the costs (building, 
vehicles and personnel) are weighed up against the fire risk to be covered (number 
of turnouts and possible prevention of casualties and/or damage). In doing so, the 
competent administrative body implicitly assigns a value to human life.

2 The basis for the study comprises a raw database of 856 VOSL estimates from 1970 onward.
3 For application of this value, inflation correction is required, among other things ([30], p. 127).
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In contrast to for example road safety [1, 31, 32], it is surprising to note that little 
research has been carried out into VOSL values for fire safety. A study commissioned by 
the New Zealand Fire Service provides a preliminary summary of VOSL values within 
the international fire service domain: ‘The international literature contains a broad range 
of VOSL values across different risks; different measurement techniques; and for different 
populations. Unfortunately, there are few estimates of fire VOSLs’ [33]. At the same time, 
Sanderson et al. [33] conclude that the existing studies do not estimate a ‘stand-alone’ 
value for fire safety but instead translate the VOSL values from other studies (such as 
road safety) into a fire context. A more recent study commissioned by the European 
Commision to a broad consortium of research groups also calls for more costs-benefit 
analysis (CBA) to base fire safety measures upon [34]. The study, with the main focus as 
the improvement of fire statistics on a European scale, analyses three case studies using 
CBA for fire safety measures. It concludes that rightfully so far road safety VOSLs were 
used in fire safety CBAs because they have been studied much more and thus are consid-
ered more reliable. However, the need for a fire safety VOSL value is also stipulated.

Taking this as a starting point, De Wit et al. summarised and updated the litera-
ture on fire safety VOSL [35]. The results in Table 6 are taken from this article:

In addition, De Wit et al. conducted a choice experiment among Dutch citizens to 
estimate a ‘Fire VOSL’. Similar to earlier VOSL research of De Blaeij and Carlsson et al. 
[31, 39], the study uses the stated preference approach to estimate willingness to pay for 
risk reductions by means of a choice experiment via internet survey among the Dutch 

Author(s) Country Method and context Estimation VOSLfire

Dardis [36] United States • Revealed preference

• Consumer market smoke alarms

• House fire

US$ 0.1–0.68 million (1976)

Garbacz [37] United States • Revealed preference

• Consumer market smoke alarms

• House fire

US$ 2.7 million (1986)

Chilton et al. [38] Great Britain • Stated preference

• Contingent valuation

• Various, including house fire and fire 
in public area

1998 study:
House fire: 0.88–0.93 x 
VOSLroad

Fire public area: 0.92–0.92 x 
VOSLroad

2000 follow-up study:
House fire: 0.84–0.89 x VOSLroad

Fire public area: 0.91–0.96 x 
VOSLroad

Sanderson et al. 
[33]

New Zealand • Stated preference

• Literature review

• House fire

Relative: 0.57–0.66 x VOSLroad

Carlsson et al. [39] Sweden • Stated preference

• Choice experiment

• Various, including house fire

EUR 1.4 million (2010)
Relative: 0.66 x VOSLroad

Table 6. 
Literature overview – VOSL fire safety.
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population. The objective of the study was to arrive at a VOSL estimation in relation 
to house fires. In the choice experiment, respondents had to make a series of choices 
between the attributes ‘risk of death from fire’ and ‘increased taxation for safety mea-
sures’. A questionnaire was designed and distributed among approximately 500 Dutch 
citizens of 18 years and older. The data from the choice experiment contains choices 
made by a total of 504 respondents who each made 9 discrete choices. This means that on 
the basis of these choices in which the respondents showed their preferences for changes 
to their risk and paying more tax, utility parameters could be estimated from which 
VOSL can subsequently be derived. For a detailed description of theory and method, 
reference is made to [35]. The results show that median VOSL ranges from 8.9 to 15 
million euro, while average VOSL ranges from 12.2 to 21.9 million euro. The estimate of 
these VOSLs is based on economic valuation using a stated preference technique. Authors 
opted for a choice experiment in which respondents were asked to choose between vari-
ous hypothetical scenarios. The choice experiment provided various estimates for VOSL 
in regard to house fires. The mean of the sample in which respondents’ protest answers 
were removed produced a VOSL of 43 million euro. Protest answers refer to respon-
dents who opted for the present situation in all their answers and who gave as a reason, 
for example, that they objected to paying more tax in any situation. It also transpired 
that some respondents in the choice experiment in all nine questions opted for ‘safety 
improvement’ regardless of a tax increase. This choice behaviour seems to resemble what 
the literature describes as ‘payment vehicle non-attendance’. This choice behaviour can 
reflect genuine preferences but can also result from being presented with a hypotheti-
cal situation in which payment is not actually required (so-called hypothetical bias). 
This clearly is an issue for further study. Removal of these respondents from the sample 
results in a considerable reduction of VOSL; VOSL is then 22 million euro.

The present study comprises the first-choice experiment in the Netherlands with 
‘probability of dying’ in regard to this subject. The results of this exploratory study 
are that people seem to be willing to pay an order of magnitude more for preventing 
death by fire than by road accidents. This is fitting in with the observation of De 
Blaeij [31] that VOSLs differ between types of risks. It however quite contrasts with 
Carlsson et al. [39] who found that VOSL of fire was one-third of that of road safety. 
The experiment thus needs to be repeated and updated in order to better assess the 
reliability of the outcome and should include attention to the wording and presenta-
tion of the hypothetical scenario.

6.  Conclusion

To explicitly identify the costs and benefits of safety policy, the social cost-benefit 
analysis tool can also be put to good use within the fire safety domain. The examples 
of this are now available and used to support political-administrative choices on fire 
safety policy.

When making and applying social cost-benefit analyses to firefighting, a number 
of specific themes require extra attention. Some costs are not directly visible at first 
glance but may have a significant share in the cost-benefit balance. For example, the 
case study shows that the social costs resulting from traffic unsafety due to high prior-
ity fire brigade turnouts can be significant relative to other costs. The same example 
also brings to light a further point: reliable quantitative data on effects is needed to 
capture costs and benefits. Registrations of traffic accidents caused by fire brigade 
turnouts, for example, have only recently become the subject of registrations again.
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An important goal of firefighting is to prevent accidents. In the context of SCBA, 
this is a tricky issue. How can the benefit of prevented damage or casualties be 
quantified?

Fire service costs are largely made up of (fixed) costs for preparedness: being avail-
able to turn out. In that respect, firefighting is a kind of ‘collective insurance’. Stopping or 
reducing a particular task then does not always yield proportionate releases of resources. 
If this element is not properly taken into account, it distorts the results of an SCBA.

VOSL plays an important role in monetising one of the most important ‘returns’ 
of fire service work: the prevention of (fatal) casualties. From that perspective, it 
is important to have a substantiated VOSL value for use in cost-benefit analyses for 
firefighting.

Given the limited research on ‘fire VOSL’ when using the VOSL approach in the 
decision-making process for a fire safety policy, we side with the consortium of 
researchers that concluded that VOSL for road safety is best researched and therefore 
should be used as a basis for cost-benefit analysis for fire safety [30] However, we 
additionally advise to both present the outcome of calculations using the road safety 
VOSL value and the derived fire safety VOSLs from the literature. This can be a stand-
alone fire VOSL from Refs. [35] or [39] or the relative value related to road safety from 
Ref. [33]. Wider application of SCBAs within fire services requires further research 
into VOSL values for ‘fire’.

The SCBA is widely used in other places, an advantage of this is that a lot of infor-
mation is available on the basic methodology for making an SCBA. In the previous 
chapter, a number of references were provided for this purpose.
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Perspective Chapter: Mobile  
Radio Emergency Communications 
for Large-Scale Wildfire  
Fighting – Portugal as a Case Study
Carlos Salema and Rafael Caldeirinha

Abstract

This perspective chapter explores the critical role of voice push-to-talk terrestrial 
mobile radio emergency communications in supporting firefighters in disaster relief 
operations. We discuss operational context and challenges, innovative solutions, and 
future trends in communication technologies for enhancing operational effective-
ness and public safety. Each section provides insights and practical recommenda-
tions for improving emergency communication systems in firefighting and disaster 
relief operations, particularly large-scale wildfire fighting, using Portugal as a case 
study. The chapter comprises five main sections, in addition to Introduction and 
Conclusions; Operation Context and Challenges; Mission-Critical-Communication 
Networks and Deployment; Network Resilience and Optimisation; Management, 
Operation, and Security of the Communication Network; and Future Trends in 
Critical Communications. Mention will be given to deployment strategies and real-
world applications of land-mobile radio in emergency communications, including 
propagation studies on the effects of wildfires in radio communications recently 
conducted by the authors.

Keywords: mission critical emergency communications, wildfires, land-based radio 
communications, redundancy, resilience

1.  Introduction

Effective communication is crucial for emergency response operations, particu-
larly large-scale wildfire fighting. This chapter explores the vital role of voice push-
to-talk terrestrial mobile radio emergency communications in supporting firefighters 
during disaster relief operations [1]. It addresses the operational context and chal-
lenges in deploying and maintaining communication networks in remote and rugged 
terrains, where traditional communication methods often fall short. Additionally, 
the chapter delves into the intricacies of mission-critical communication networks, 
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highlighting the importance of network resilience and optimisation to ensure 
continuous and reliable communication under extreme conditions. By examining 
real-world applications, case studies, and future trends in communication technolo-
gies, this chapter provides comprehensive insights and practical recommendations 
for enhancing emergency communication systems. The goal is to improve operational 
effectiveness and public safety, particularly in large-scale wildfire fighting where 
timely and reliable communication can make the difference between success and 
failure in managing emergencies. In principle, the national security and emergency 
network can assume three configurations: private network, public network, and 
public-private mixed network.

Experience shows that, in extreme situations when national security and emer-
gency networks are most needed, private networks are so congested that they cannot 
guarantee the desired reliability [1–3]. Additionally, public networks aim to meet 
the communication needs of the general public, so in regions with low population 
density, they have a lower degree of coverage, and it is often in these regions where 
situations (such as fires) that require the most communications occur. For the reasons 
stated, it is impossible to implement a national security and emergency network 
exclusively over public networks with current technologies.

For portable terminals and equipment available on the market, it is only techni-
cally possible to ensure the desired coverage and availability with a radio network, 
operating at the lowest possible frequency (in the hundreds of MHz). A network of 
base stations guarantees spatial coverage. Experience shows that, for the 400 MHz 
bands, more than 500 base stations are needed to achieve the desired coverage for 
a country the size and the ground ruggedness of Portugal [1]. In contrast, for the 
700 MHz band, the number of base stations required for the same degree of cover-
age increases, potentially exceeding 700 base stations. This difference arises because 
higher frequency bands, such as 700 MHz, typically offer less coverage per base sta-
tion compared to lower frequency bands like 400 MHz; therefore, a greater number 
of base stations are required to ensure comprehensive and reliable communication 
across the entire country.

For the network to function, the base stations must be connected to the main 
nodes of the network where the switches (equipment that allows the interconnec-
tion of communications between mobile terminals served by different base stations) 
are located. This network, for simplicity, will be called the transmission network or 
backhauling, and will, in principle, be private. Still, it is possible to conceive it, on a 
case-by-case basis, where sharing with secure high-speed public networks is possible 
but also safe and economical [4].

The desired coverage guarantee is difficult to achieve only with fixed base stations 
given the orography of the national territory and the occurrence of extreme events 
where traffic reaches very high values. Mobile stations are required to respond to 
these situations and catastrophic failures. These, capable of handling the traffic of 
any base station, should be pre-positioned across the country according to the risk 
level forecast, to minimise the travel time to two hours for potential occurrences. A 
satellite link should ensure the connection of mobile stations to the switches (essential 
for them to act as base stations).

At present, no standardised technology exists for security and emergency net-
works that significantly differs from the TETRA technology currently used in most 
European countries. Adopting a different technology would make the national safety 
and emergency network dependent on a single supplier [5, 6].
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2.  Operational context and challenges

2.1  Structural framework and functional dynamics of public protection and 
disaster relief networks

Internationally, national emergency communication networks are often referred 
to as Public Protection and Disaster Relief (PPDR) networks. These networks are 
essential for emergency communications among authorities, especially those critical 
for their mission fulfilment. PPDR communications, specifically radio communica-
tions, referred herein as Mission Critical Push-To-Talk (MCPTT) communications, 
are divided into two main areas of emergency response activity:

1. Public protection (PP): Radio communications used by authorities and organisa-
tions responsible for maintaining law and order, protecting life and property, 
and handling emergencies;

2. Disaster recovery (DR): Radio communications used by authorities and organ-
isations tasked with addressing severe societal disruptions that pose significant 
threats to human life, property, and the environment, whether caused by ac-
cidents, natural causes, or human activities, and that may arise suddenly or as a 
result of a prolonged complex process.

Other emergency communications are managed in a way that, while distinct, 
needs to be carefully considered and implemented in PPDR systems to ensure overall 
coherence and the necessary operational coordination. For example:

• Emergency communications from citizens to authorities should be handled through 
calls to 112, the European emergency number;

• Emergency communications from authorities to citizens should be managed through 
public warning systems;

• Emergency communications among citizens should be facilitated through public 
networks and publicly accessible electronic communication services, such as 
national roaming.

Although authority communications are not limited to systems like PPDR and 
involve a mix of solutions including public networks or other private state networks, 
the expectation is that PPDR systems should serve as the guarantor of emergency and 
security communications, ensuring that its user authorities can rely on it for fulfilling 
their missions and operations regardless of the operational context.

In developing this chapter, a set of key concepts was considered important to 
clarify, as follows:

1. Management and operation of PPDR systems encompass all actions and processes 
necessary to ensure their continuous proper function, complying with user op-
erational and functional requirements. The security of PPDR systems is defined 
by their ability to withstand actions that could compromise the availability, 
authenticity, integrity, or confidentiality of the system, its data, or its services.
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2. A security incident is identified as any event that could adversely affect the secu-
rity of PPDR systems. The assets of these systems include management, opera-
tion, and security centers, radio stations, switches, transmission (backhauling) 
or information systems, equipment, infrastructure, software applications, and 
all physical, logical, and human resources supporting the system, including 
interconnections and third-party contracts.

3. A Single Point of Failure is an asset without redundancy whose failure, especially due 
to a security incident, causes a significant adverse impact on functionality, includ-
ing potential interruptions or security compromises. Preparation involves activities, 
contingencies, and measures taken before an incident/disaster to ensure an effec-
tive response to its impacts. Resilience is the ability of an organisation, resource, or 
structure to withstand internal and external threats, endure partial capacity loss, 
and recover service delivery with minimal reasonable performance loss. Resilience 
aims to maximise the mean time between failures (MTBF) and minimise the mean 
time to repair (MTTR), applying across all system levels, including components, 
systems, and subsystems such as switching, transmission, and terminal equipment. 
An example of a severe backhaul failure during a wildfire is illustrated in Figure 1. 
The wooden pole supporting the optical cable burned at its base, leading to the col-
lapse of the entire setup and resulting in a disruption of the backhaul link. Conse-
quently, the connecting base station switched to local site trunking (LST) mode.

4. Redundancy refers to the additional resources beyond what is necessary to ensure 
that a particular functional element performs its required function or data set 
preserves information. The characteristics of PPDR systems, particularly man-

Figure 1. 
Single point of failure: Optical fibre backhaul link affected during a wildfire.
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agement, operation, and security, are shaped by the operational context of the 
user entities and the actions they must undertake to fulfil their missions. These 
actions often involve more than one entity, may be joint operations, and can oc-
cur under extraordinary circumstances resulting from extreme events or human 
actions, including intentional acts.

Accordingly, PPDR systems must be prepared and equipped with the means and 
capabilities to guarantee, at any given moment under varying operational condi-
tions, the necessary emergency and security communication functions and services 
for ongoing and future operations, especially highlighting command and control of 
forces, understanding of the operational situation, and upward information exchange 
in the hierarchical line and among forces involved in an operation within the inter-
vention zone.

2.2 Entities and scope of operation

Public safety and emergency network users are typically defined within national 
legislation or governmental resolutions. However, it is crucial to acknowledge and 
incorporate developments occurring since the inception of these documents. This 
includes integrating entities that, while not current users, play significant roles within 
the operational context as outlined by the relevant legal framework. Legislation 
related to civil protection, internal security, emergency planning, and national 
defence is critical in ensuring communication support for connections to national, 
regional, and local level, governmental structures.

PPDR networks across European countries should include a wide range of enti-
ties, both public and private, involved at various governmental levels. These enti-
ties, responsible for decision-making and operational execution in civil protection, 
internal security, and emergency planning, must have reliable access to emergency 
and security communications in the effective fulfilment of their roles. Moreover, 
PPDR systems are tasked with ensuring robust connectivity for all listed entities to 
essential decision-making facilities and resources. This comprehensive connectivity 
spans command centers, headquarters, operations, and communications rooms. It 
extends to maritime, terrestrial, and aerial assets employed in actions or operations 
across the nation’s territory, including territorial waters, ensuring coordinated and 
effective responses in times of crisis.

2.3 Relationships between entities

The emergency and security communication needs of MCPTT users involve 
intricate information exchanges within each entity and between various entities, 
especially during joint actions and operations.

Inter-entity relationships are structured on two levels: firstly, within the context of 
their primary missions, categorised into four distinct areas (civil protection, internal 
security, civil emergency planning, and national defence); and secondly, through col-
laboration and cooperation with entities whose primary missions fall into the other areas.

Given this dual perspective and the fact that many entities have responsibilities 
spanning multiple categories, it becomes clear that interactions are pervasive among 
all entities. This is a fundamental requirement for MCPTT communications, ensuring 
interoperability and a minimum acceptable level of security trust for all entities.
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Despite the high level of connectivity, it is crucial to ensure that command and 
control responsibilities, which support coordination functions, vary according to the 
specific framework of each action or operation. Given the unique nature of the four 
categories, it is possible for more than one entity to simultaneously hold command 
and control responsibilities for ongoing actions or operations.

As a final remark, PPDR systems must ensure reliable emergency and security 
communications for and between user entities during actions and operations within 
civil protection, internal security, civil emergency planning, and national defence.

2.4 Operational means

The operational means of the entities using MCPTT communication systems, for 
which the system must ensure emergency and security communication needs, are as 
follows:

• Agents and Operational Forces Groups/Teams;

• Vehicles:

○	 Terrestrial;

○	 Aerial (aircraft and drones);

○	 Maritime, in inland waters and territorial sea;

• Fixed Installations:

○	 Operational command and control centers of the user entities;

○	 Emergency and civil protection operations and communications rooms;

○	 Decision and monitoring centers of organisations responsible for forests, 
nature conservation, industry, energy, transport, communications, water 
resources, meteorology, geophysics, agriculture, sea, food, environment, and 
cyberspace.

2.5 Use cases

In terms of characterising operations and the subsequent requirements 
applicable to PPDR systems, the documentation published by the International 
Telecommunication Union (ITU), the Electronic Communications Committee of the 
European Conference of Postal and Telecommunications Administrations (CEPT/
ECC), and the European Telecommunications Standards Institute (ETSI) is high-
lighted, especially:

• ITU-R Report M.2377-1 (11/2017)—Radiocommunication objectives and 
requirements for Public Protection and Disaster Relief [7];

• CEPT, ECC Report 199 (May 2013)—User requirements and spectrum needs for 
future European broadband PPDR systems (wide area networks) [8];
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• ETSI TR 102628 V1.1.1 (2010-08)—Electromagnetic compatibility and Radio 
spectrum Matters (ERM); System reference document; Land Mobile Service; 
Additional spectrum requirements for future Public Safety and Security (PSS) 
wireless communication systems in the UHF frequency range [9];

• ETSI TR 102022-1 V1.1.1 (2012-08)—User Requirement Specification; Mission 
Critical Broadband Communication Requirements [10].

Given these considerations, PPDR systems should be prepared for operations in 
three types of scenarios [7–13], as follows:

• Day-to-day or routine operations (Scenario 1): These include the routine opera-
tions that PPDR entities conduct as part of their missions.

○	 Typically, these operations occur within the national territory of the respective 
jurisdiction;

○	 Generally, most spectrum and infrastructure requirements are determined 
based on this scenario, with the addition of extra capacity to meet unforeseen 
emergencies;

○	 Examples: apartment/house fire, ambulance collection and transport of an 
injured person in a road accident, Christmas/Easter traffic control operation, 
street robbery, etc.

• Major emergencies or large public events (Scenario 2): Operations that occur in 
events not included in Scenario 1:

○	 Events that public protection and sometimes disaster recovery authorities 
and organisations must respond to in a specific area of their jurisdiction while 
maintaining routine operations in other areas;

○	 The scale and nature of the event may require additional PPDR resources from 
adjacent jurisdictions, foreign authorities, or international organisations;

○	 In most cases, there are either existing plans or sufficient time to plan and 
coordinate the requirements;

○	 Examples in Portugal: Papal visit in 2023, international football event (EURO 
2004), national elections, international events (e.g. Web Summit), failure of public 
electronic communication networks, power or water supply disruptions, etc.

• Disaster recovery (Scenario 3): Special operations to minimise the effects of a 
disaster:

○	 Disasters are situations caused by natural or human activity;

○	 Generally, existing public protection communication systems and special 
theatre of operations communication equipment brought by disaster recovery 
authorities and organisations are used;
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○	 Examples:

• Natural/other disasters: earthquake, storm, flood, large-scale forest fire, 
dam failure, volcanic eruption, tsunami, pandemic, etc.;

• Human-origin disasters: large-scale criminal incidents, armed conflicts, air-
craft crashes, ship collisions, terrorist attacks on critical infrastructure, etc.

3.  Mission critical communication network and deployment

3.1 Architecture and installed equipment

The architecture of the MCPTT communication systems network consists primar-
ily of sets of switches and associated base stations, interconnected by redundant links 
with autonomous and independent operational capabilities. Figure 2 illustrates an 
idealised set of base station configurations aimed at providing a resilient network. This 
example includes backhaul links utilising both microwave (B) and VSAT (A) links. 
These links serve as redundancy to the standard microwave (or fibre optical cable) (C) 
connections as default, ensuring enhanced reliability and robustness in the network 
infrastructure. In rural areas, microwave links should be adopted for reliability and 
cost effectiveness, as opposed to fibre optical cables deployed in underground conduits 
which tend to be very expensive, except for very short distances. On the other hand, 
overhead cables should be avoided, as they are exposed to extreme events or damage 
by natural or human causes. In the figure, the cell highlihted in red depicts the pos-
sibility of the existence of a radio exclusion zone for lack of radio coverage, where 
MCPTT communications are provided by a mobile base station with a satellite link.

The interconnected switches form “clusters.” The MCPTT communication systems 
network, in terms of its geographical distribution, comprises several independent 

Figure 2. 
Mission critical communication network with microwave link and satellite redundancies.
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clusters. The connection between switches and base stations may use microwave links 
or fibre optic links in appropriate underground conduits. In addition to these, all 
base stations should have a redundant, possibly satellite (VSAT, very small aperture 
terminal) connection, ensuring resiliency.

The dispatch centers are the most powerful network elements accessed by users 
and are composed of the following:

• Control room: the Demarcation Device in the interconnection between the 
MCPTT communication systems network and the User Entity’s domain. There 
should be one control room for each geographical location. Each control room is 
interconnected with its originating Mobile Switching Office (MSO), specifically 
its host zone;

• Dispatch console: consists of a workstation where (in the of TETRA) the Motorola 
dispatch application is installed, along with the respective audio interfaces—
microphone and speakers. Each dispatch console is connected to its control room 
via an Ethernet connection, using the TCP/IP protocol.

The dispatch console ensures the controller’s audio interface and, through the 
operator, enables a connection between the MCPTT end users and the remaining 
communication network, including the public switch telephone network (PSTN). 
The microphone captures and transmits control audio to the control room, which 
places it in the host zone, subsequently integrating it into the MCPTT communica-
tion systems network via the interconnected MSO. The operator listens to the return 
audio from the control room via the speakers. This way, audio interfaces act as format 
converters for the data circulating between the console and the control room.

3.2 Information system

The Information System for the TETRA communication network was developed 
based on the eTOM (Enhanced Telecom Operations Map) model with a specific 
extension – the Voice Recording System (VRS) [1].

A suite of applications and services supports the TETRA network operation, 
covering the following areas:

• User support and service activation: Ensuring seamless access and utilisation of 
services for users;

• Support, management, and supervision: Providing comprehensive management 
and oversight of the network’s operations;

• Decision support: Facilitating informed decision-making through relevant data 
and analytics;

• Voice recording system: Capturing and storing voice communications for opera-
tional and compliance purposes.

It provides user support, service activation, management, supervision, and 
decision support. Key services include geo-referencing, which tracks terminals in 
real-time using GPS via the TETRA network, offering features like historical position 
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visualisation and route tracking. Another service allows for real-time registration 
of road accident locations, detailing information flow between various data centers. 
Additionally, the system supports operational status messaging, which indicates the 
status of resources through pre-programmed messages on radio terminals. This mes-
saging can be integrated with geo-referencing services for dynamic updates, enhanc-
ing the supervision and management of resources across different user entities.

3.3 Key quality indicators of land-mobile radio networks

Ensuring reliable and effective communication within the TETRA network 
requires several key quality indicators to be carefully monitored and evaluated. These 
indicators provide a comprehensive overview of the network’s performance [14], 
addressing various aspects critical for maintaining emergency and public safety com-
munications high standards:

• Network coverage: Generally meets contractual requirements, and a reference 
signal of −93 dBm should be considered in forest areas;

• Accessibility: Measures include not-established calls due to congestion or failures 
and interrupted calls from interference or network issues;

• Call establishment time: Evaluated by intracell communication time (PTT to 
Talk-Permit tone) and switch delay (call request to authorise action);

• Availability: Assessed in terms of operational and global availability, identifying 
downtime causes for critical and non-critical elements;

• Audio quality: Evaluated using PESQ based on the MOS, ensuring high speech 
quality for emergency communications;

• Server availability: High overall availability around 99.97%, accounting for 
minimal planned and unplanned maintenance down times. Application access 
remained stable throughout the year.

The quality indicators for the network encompass several key aspects critical for 
ensuring reliable and effective communication.

Network coverage should meet specified contractual requirements or service 
level agreements (SLA). The minimum level of the radio signal of −103 dBm is 
equal to the dynamic sensitivity of mobile terminals specified in the ETSI standard 
for TETRA systems. However, the signal level in a test procedure is generally 
measured under ideal conditions, with the terminal installed on a proper mount 
in a vehicle. In non-ideal use, there are additional attenuations, including attenu-
ation from the user’s body for the mobile terminal (between 5 to 9 dB), Rayleigh 
fading (4 dB), and log-normal fading (7 dB). On the other hand, it is important 
to note that coverage evaluation from measurements is usually carried out along 
communication routes. A measured value of −103 dBm on communication routes 
does not necessarily guarantee coverage in bush and forest areas. Therefore, it is an 
optimistic value, whose compliance does not guarantee effective radio coverage. 
The value of −93 dBm should be used in the simulation of coverage for appropriate 
radio planning.
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Accessibility measures evaluate network efficiency, focusing on lost calls, which 
are queued due to congestion or failures. Interrupted calls are dropped due to interfer-
ence or network issues.

Call establishment time, defined by the duration for intra-cell communication and 
switch delay, reflects the network’s responsiveness and impacts user experience dur-
ing critical communications. Availability is measured in operational and global terms: 
operational availability addresses failures affecting critical elements, while global 
availability considers failures impacting non-critical elements. Downtime causes are 
illustrated to identify common issues and areas for improvement, including values not 
typically included in standard metrics.

Audio quality, assessed using the Perceptual Evaluation of Speech Quality (PESQ ) 
based on the Mean Opinion Scale (MOS), ensures high speech quality essential for 
clarity in emergency communications.

Server availability for support systems and application access is high, typically 
around 99.97%, accounting for planned and unplanned downtime. Comprehensive 
monitoring and improvement approach ensures the network meets the high standards 
required for critical communication services across various user entities.

3.4 Impact of wildfires on radio coverage

Wildfires can cause significant attenuation of radiowave signals, particularly in the 
very high frequency (VHF) and ultra high frequency (UHF) ranges, which are crucial 
for emergency communications during disaster recovery [1, 15–18]. One key factor 
contributing to this signal loss is the ionised plume created during vegetation com-
bustion, which contains organic and inorganic particles, including alkali and alkaline 
earth metals (A-AEM) like potassium (K), calcium (Ca), and magnesium (Mg). These 
elements, with low ionisation potential, are released as free electrons and ions during 
combustion, especially in the flaming stage when temperatures exceed °500 C . The 
ionised plume behaves as plasma, which can absorb electromagnetic energy from 
radio waves, leading to signal attenuation.

The RESCuE-TOOL project [1] led by the authors was initiated to address the 
critical challenge of maintaining reliable radio communications during wildfire 
events, which are essential for effective disaster recovery and emergency response. 
Wildfires pose a significant threat to radiowave propagation, particularly in the very 
high frequency (VHF) and ultra high frequency (UHF) ranges. These frequencies 
are vital for emergency communication systems, such as push-to-talk radios (in 
MCPTT communications), used by firefighters and first responders during fire 
suppression efforts.

One of the primary factors contributing to signal attenuation in wildfire environ-
ments is the formation of ionised plumes. These plumes are generated during the 
combustion of vegetation and consist of organic and inorganic particles. Among the 
inorganic components, alkali and alkaline earth metals (A-AEM) like potassium (K), 
calcium (Ca), and magnesium (Mg) play a crucial role. These elements, due to their 
high concentrations in plant matter and low ionisation potential, release free elec-
trons when exposed to the intense heat of a fire. This process leads to the formation of 
an ionised plasma, which interacts with electromagnetic waves and absorbs energy, 
resulting in radiowave signal loss.

The cold plasma model (CPM) was applied in this project to better understand 
and predict the behaviour of radiowaves as they propagate through the fire-induced 
plasma. Experimental and theoretical studies were conducted to simulate these effects 
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in various fire scenarios. The project aimed to model the excess signal loss caused by 
wildfires, which is particularly critical in ensuring that emergency communication 
systems remain operational in areas affected by fire.

A key outcome of the project was the development of a real-time simulation 
framework designed to monitor radio coverage during wildfires [15–17]. This frame-
work leverages digital elevation models to account for topography and vegetation, 
using established propagation models (such as ITM and ITU-R P833.5) to predict 
radiowave behaviour. The tool provides real-time coverage maps, identifying “radio 
exclusion zones” where signals are likely to be obstructed or lost due to the presence 
of fire-induced ionised plumes. This capability enables emergency response teams to 
adjust their communication strategies and equipment deployment, ensuring continu-
ous and effective coordination in the field.

3.5 Large coverage areas - Portugal as a case study

Conducting an appropriate coverage area study is essential for ensuring that radio 
communication networks provide reliable and effective service across all targeted 
regions, including those most vulnerable or critical. This study’s primary objective is 
to evaluate the network’s coverage and signal strength to ensure it meets the required 
standards and offers adequate service [1].

As illustrated in Figure 3, the coverage area study consists of three main com-
ponents (highlighted in blue): network coverage simulation, calibration using real 
measurements, and shadow area analysis. This structured approach ensures that the 
radio communication network is evaluated comprehensively, identifying areas where 
coverage can be improved to meet the required standards.

The first component of the study involves simulating the network’s coverage 
across the study area. This simulation aims to predict the network’s coverage by 
utilising reference propagation models that account for various environments, such 
as rural areas with high vegetation density, and open rural, suburban, and urban 
areas. The frequencies considered for this simulation are 380–383 MHz for the up-
link and 390–393 MHz for the down-link. Essential data for this simulation include 
the locations of base stations, the type and height of antennas in service, and the 
emitted powers.

The calibration of the prediction model is the second crucial component. The 
objective here is to ensure the accuracy of the simulation models. This calibration is 
achieved using real-life measurements from specific drive tests and historical data 
from previous studies, such as measurements from legacy networks if available. The 
calibration scope in this example includes around two million measurement points 
along road routes across the country, representing approximately 5% of the national 
coverage area. This extensive calibration process ensures that the simulation models 
accurately reflect real-world conditions.

Figure 3. 
Block diagram for conducting a coverage area study.
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The third component of the study focuses on analysing shadow areas where the 
signal level falls below the acceptable threshold. The primary objective of this analysis 
is to identify and address areas where the signal level is below −93 dBm, which are 
considered shadow zones. The study aims for a coverage reliability of 99.47% in 
rural exterior environments, considering more than 500 base stations, as depicted in 
Figures 4 and 5, ensuring that even the most remote areas have adequate coverage. 
The latter includes the maritime coastline, extending 12 nautical miles (approxi-
mately 22.22 km). By including the maritime coastline, the percentage of covered area 
on the mainland Portugal shows a slight improvement. As a general recommendation, 
the service area of the emergency and security network should include the maritime 
coastline of the national territory, whenever applicable, to ensure adequate coverage 
and response capabilities.

In Figure 6, the simulation of the influence area of each base station is presented, 
considering the best signal from all base stations for mainland Portugal. The colours 
presented in the figure have no meaning other than to help identifying the influence 
of each base station.

Coverage is defined by the down-link, from the base station to the mobile sta-
tion. This definition allows for more straightforward comparisons between the esti-
mated values from the coverage calculations and the measured values. The Irregular 
Terrain (Longley-Rice) radio propagation model is used for this purpose, chosen for 
its effective calibration and accurate results, considering the varied orography of 
the territory. The spatial resolution for this analysis is set at 90 meters, providing a 

Figure 4. 
Simulation of continental portugal radio coverage in 2019 at 393 MHz, considering the best server criterion at each 
location, excluding the 12 mile maritime zone [signal level, in dBm].
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Figure 6. 
Simulation of the influence area of each base station, considering the best signal from all base stations for 
mainland Portugal, excluding the 12 mile maritime zone. The colours have no meaning other than to help 
identifying the influence of each base station.

Figure 5. 
Simulation of continental portugal radio coverage in 2019 at 393 MHz, considering the best server criterion at each 
location, including the 12 mile maritime zone [signal level, in dBm].
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detailed terrain analysis. The median root mean square error between the measured 
and simulated signal intensity is 7.5 dB, ensuring a high level of accuracy in the 
study’s findings.

To calculate coverage reliability, the study evaluates coverage by the best signal 
level from each base station at each location, known as the best server analysis. The 
territory is divided into 20 km by 20 km mosaics to facilitate detailed analysis and 
reliability calculations. Under these conditions, all areas should present a signal level 
above −93 dBm for 99.5% coverage reliability, under the specifications envisaged in 
the SLA. However, more realistic levels of −93 dBm and − 83 dBm are considered, 
especially applicable in rural areas more vulnerable to fires. The study finds that the 
percentage of covered areas reduces to 97.8% and 78.7%, respectively, when these 
more realistic levels are applied.

The results indicate high coverage reliability in the continental area, but they also 
identify critical regions where coverage enhancement is necessary. This identifica-
tion of shadow zones and critical areas provides a basis for network improvements, 
focusing on areas with lower coverage to ensure comprehensive and effective radio 
communication. In conclusion, conducting a thorough coverage area study is vital for 
optimising network performance and ensuring reliable communications, particularly 
in critical and vulnerable areas. The methodology, including simulation, calibration, 
and shadow area analysis, provides a robust framework for evaluating and enhancing 
network coverage.

The study highlights significant issues with the MCPTT network’s radio cover-
age in indoor environments, such as buildings and tunnels, which were not initially 
addressed. Despite attempts to extrapolate signal strength from the outside to the 
inside of buildings, the current standards do not ensure reliable coverage within 
structures, particularly those with high public occupancy or critical state services. 
Examples include shopping centers, stadiums, transport hubs, and hospitals. The 
lack of communication infrastructure in these locations poses a serious risk dur-
ing emergencies, as response personnel may be unable to communicate effectively. 
Furthermore, existing legislation does not mandate that high-occupancy buildings 
implement MCPTT coverage, despite legal requirements for other safety measures, 
such as fire prevention. The study recommends extending MCPTT coverage to the 
interiors of public utility and state buildings, ensuring better preparedness in critical 
situations.

Based on the presented study, several recommendations are made to enhance the 
effectiveness and reliability of radio communication networks:

1. Stringency of coverage requirements: Although the current radio coverage satis-
fies contractual obligations, the existing reference level of −103 dBm is deemed 
insufficient for an emergency communication network. It is recommended to 
adopt a more rigorous threshold of −93 dBm or even −83 dBm. This change 
would significantly improve the likelihood of reliable radio coverage, particu-
larly in critical situations where dependable communication is crucial;

2. Strengthening coverage in key areas: There is a need to enhance radio coverage in 
essential public infrastructure and areas with significant signal gaps (i.e., poor 
radio coverage). This includes extending coverage to cross-border regions to 
ensure seamless communications. Strengthening coverage in these areas will 
enhance the overall reliability and effectiveness of the network, especially in 
serving public safety needs;
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3. Improved monitoring and reporting processes: Effective, real-time processes for 
monitoring and reporting radio coverage should be implemented. Special at-
tention should be given to remote areas far from main communication routes, 
as these are often the most challenging to cover. Tools that automatically collect 
and log coverage data from users’ terminals in the field should be integrated into 
network management operations. Additionally, establishing an online portal for 
operations managers to access up-to-date information on radio coverage would 
be highly beneficial;

4. Predefining mobile base station locations: Optimal locations for mobile base sta-
tions should be studied and predefined for each region or municipality. This 
proactive measure ensures that competent authorities can quickly respond in 
emergencies. Predefining these locations will facilitate rapid deployment, en-
hancing network’s responsiveness during critical incidents;

5. Leveraging coverage overlap for capacity improvement: Better utilisation of cover-
age overlap from multiple base stations, assuming no co-channel interference 
or controlled interference, can significantly increase the overall capacity of the 
system. By leveraging areas where cell coverage from more than one base sta-
tion overlaps, the network can enhance both its capacity and efficiency. A more 
detailed analysis of this approach could further highlight the potential benefits 
and strategies for optimising these overlapping coverage zones;

6. Extending coverage with vehicle-installed repeaters: Consideration should be given 
to extending radio coverage by utilising vehicle-installed repeaters, which are ef-
fective in temporarily resolving coverage gaps in challenging scenarios. Conduct-
ing an inventory of such equipment already affiliated with the network could 
help identify untapped potential. Despite being underutilised, these repeaters 
could significantly improve coverage in hard-to-reach areas.

In conclusion, these recommendations aim to improve the radio network’s cover-
age, reliability, and overall performance, ensuring it can effectively meet the demands 
of emergency communication and public safety.

3.6 Capacity analysis of the network: Insights from the Portuguese case

The Portuguese MCPTT network serves as an example of a communication system 
that was not designed with the flexibility to evolve in terms of coverage, service 
provision, or capacity to manage emergency situations. The initial traffic capacity 
was established based on population density, rather than accounting for potential risk 
areas or critical infrastructure.

This is in contrast to public mobile networks in Portugal and elsewhere, which 
continuously adapt to changing market needs and extraordinary events, such as large 
public gatherings or sporting events. Studies, including those conducted in Portugal, 
show that there is a significant overlap in coverage between neighbouring base sta-
tions, helping to reduce gaps and enhancing overall capacity.

To improve the capacity of the network, several steps can be considered, including 
increasing the number of base stations, adding more channels to each station, and 
refining the algorithm that mobile devices use to select base stations. In the current 
Portuguese system, base station selection is based purely on signal strength, which 
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can result in devices connecting to overloaded stations or stations experiencing 
technical issues.

Based on the Portuguese experience, it is recommended to adjust this algorithm 
to enable mobile devices to switch to alternative base stations when the primary one 
becomes congested. This adjustment could greatly improve network efficiency during 
emergencies or periods of peak demand.

In Portugal, a geographic analysis of available radio channels per square kilome-
tre highlights discrepancies between urban and rural areas. In rural regions, base 
stations typically cover larger areas but have fewer channels, making them more 
prone to congestion during crises. While the initial channel allocation in Portugal 
was based on local population densities, it is recommended that base stations in 
larger, rural areas receive additional channels to ensure they can support peak traffic 
in emergency situations. Figure 7 shows the calculation of the density of avail-
able radio channels (cumulatively) per square-kilometre, based on point-to-point 
(pixel) best server analysis, for the entire mainland Portugal. For the calculation, 
the number of available channels at each base station was normalised by its coverage 
area at the reference level of −93 dBm, resulting in a median density of available 
radio channels of 6.78 ( )310 .−×

Additionally, when considering the influence area of each base station, it is 
observed that cells in rural areas have a larger coverage area, typically with only two 
assigned radio channels, making them more susceptible to traffic congestion during 
a crisis. It is also noted that base stations with two channels account for 86.11% (or 
85.15% including the coastal area) of the radio coverage across the national territory.

Figure 7. 
Radio channel density per ( )102 3km x  in best server Mode in 2019 (Reference Level of −93 dBm), for Mainland 
Portugal.



Fire Safety Engineering – Measures, Policies, and Applications

40

Despite the predefined criteria for channel allocation at each base station, which 
were based on the population density of the area being served, it is recommended that 
the number of channels be increased to a sufficient number (at least four) for base 
stations with larger area-to-channel ratios, to support peak traffic during a disaster or 
emergency.

3.7 Feasibility study of coverage in the 700 MHz band

Given the technological evolution of emergency and security networks, consid-
ering the recent international advancements in PS-LTE (Public-Safety Long-Term 
Evolution) standards, it is deemed appropriate and relevant to conduct a preliminary 
feasibility study of coverage in the 700 MHz frequency band, subject to prior authori-
sation from the competent authority (national regulatory bodies).

For the study, the same physical and radio assumptions of the current MCPTT 
network were considered, namely, the location and height of the base stations and 
effective isotropic radiated powers (EIRP), except for the frequency of the carriers, 
which were updated to 700 MHz. Thus, the study aimed only to assess the effect of 
propagation channel attenuation in the new frequency band.

The same reference levels were also used, although it is recommended that −83 dBm 
be considered more realistic due to the increased bandwidth (up to 10 MHz) and the 
signal-to-noise ratio (up to 13 dB) resulting from the use of higher-order discrete 
analog modulations (16-QAM) as recommended in long-term evolution (LTE).  

Figure 8. 
Simulation of Mainland Portugal’s coverage in the 700 MHz band, considering the best signal from all base 
stations.
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The sensitivity of mobile terminals varies between −104 and − 94 dBm at the antenna 
input port, depending on the bandwidth and/or modulation order used.

Figure 8 presents the simulation of mainland Portugal’s coverage in the 700 MHz 
band, for the best server scenario. A significant decrease in the covered area is 
observed, dropping to 97.77% for the reference level of −93 dBm. When considering 
the more realistic reference level for these frequencies (> −83 dBm), coverage reduces 
to 88.63%, which is remarkable.

The increase in shadow areas in the 700 MHz frequency band necessitates consid-
ering the coexistence of the new network with the current one.

3.8 Backhauling

3.8.1 Rationale for using microwave links in MCPTT networks

The use of microwave links in MCPTT networks offers several compelling advan-
tages that make them an optimal choice for public safety and emergency response 
communications, as depicted in Figure 9. These links provide robust and reliable 
connectivity, essential to ensure uninterrupted communication during emergencies. 
They can be configured in redundant setups, such as bidirectional 1 + 1 systems with 
hot standby (HSB), which enhances their reliability. Microwave links also offer rapid 

Figure 9. 
Illustration of Reliable Wildfire Communication: Microwave links with 1 + 1 redundancy ensure uninterrupted, 
resilient connectivity between communication towers, enabling seamless coordination for firefighters in critical 
wildfire response scenarios.
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Figure 10. 
Study of possible microwave links between base stations, up to a maximum distance of 20 km.

deployment and flexibility, allowing for quick setup and reconfiguration, especially 
in challenging terrains and remote areas where laying fibre optic cables would be 
impractical. This flexibility makes them ideal for dynamic and evolving MCPTT 
network requirements. Additionally, microwave links are cost-effective, with lower 
installation and maintenance costs as compared to fibre optic cables. They support 
high data rates and provide the required bandwidth for data-intensive MCPTT appli-
cations, thanks to modern technology and the ability to use higher-order modulation 
schemes and various frequency bands. Furthermore, microwave links are scalable, 
allowing easy upgrades to support growing communication demands without major 
infrastructure changes. They also have a minimal environmental impact, as shown 
in Figure 9, making them suitable for protected or sensitive areas where large-scale 
construction is restricted. Overall, the reliability, flexibility, cost-effectiveness, 
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high performance, scalability, and minimal environmental impact of microwave 
links make them a highly effective solution to ensure robust and resilient MCPTT 
networks, providing emergency response and public safety officials with the reliable 
communication tools they need.

3.8.2 Interconnection of base stations and switches by microwave links

Given the Portuguese case study, a preliminary technical feasibility study for the 
interconnection of base stations to switches with redundancy by microwave links is 
presented. The study considered that the carrier frequencies to be used should be in 
the frequency bands of 3.5, 13, 15, or 18 GHz.

In the following example, the results of the links for 3.5 and 13 GHz are presented, 
in which, for the present study, only the existence of a radio line of sight with 100% 
(or 60%) clearance of the first Fresnel zone and up to a maximum link distance of 
50 km was considered. For longer-distance links, the respective safety margins must 
be considered, according to the established international standards by the ITU-R, spe-
cifically ITU-R Recommendation F.1093-1, considering the effects of fading and rain.

Figure 10 presents the possible combinations for interconnecting base stations via 
microwave links, limited to 20 km. Assuming maximum link distances of 20, 35, and 
50 km, it is observed from the analysis that each base station has, on average, at least 
two possible connections with neighbouring base stations. In some cases, depending 
on the maximum distance considered for the link, this number can reach up to 10 
connections. This substantiates the feasibility of this solution, making it possible to 
find alternative paths to the switch, with traffic concentration points, to ensure link 
redundancy and thereby increase the resilience of the connections to the switch.

The costs involved with this solution depend on economies of scale and specific 
contracts with manufacturers. However, recent prices indicate that it is possible to 
make each of these links with bidirectional 1 + 1 systems with hot standby (HSB) 
for around 15,000 EUR (costs estimated in Portugal in 2019), including installation 
at pre-existing base stations. This initial investment would be supplemented by 
potential annual spectrum usage fees (which at current prices, considering an aver-
age distance of 22 km/link, would amount to 500 EUR/year). It is worth mentioning 
that this radio equipment may support the data rates of the links in case it is decided 
to increase the traffic capacity of the base stations. Costs indicated here are approxi-
mated costs in Portugal, in 2019.

4.  Network resilience and optimisation

The vast majority of failures in the Portuguese MCPP network in 2017 can be 
attributed to one of two causes: (1) transmission network failures and (2) power 
supply failures at base stations [1]. These issues are due to each base station relying 
on a single backhaul circuit, which is particularly vulnerable in remote areas, where 
it is often installed on overhead lines, making it more exposed to damage. As a result, 
these failures are closely correlated with extreme events such as storms, floods, and 
wildfire because failures of the MCPP network became especially evident during the 
devastating wildfires in the summer of 2017, an analysis of the preceding five years 
reveals that these vulnerabilities had already been present. Wildfires are the most 
frequent type of emergency, particularly affecting transmission network circuits. 
However, storms tend to have a more severe impact on the network, as they disrupt 
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a larger number of base stations due to both transmission circuit and power line 
failures. It is also worth noting that during the incidents of 2018 in Portugal, despite 
extended periods of failure, no downtime occurred thanks to the redundancy mea-
sures that had since been put in place.

Failures in the MCPP network can significantly affect the operational capacity of 
critical public services during emergency operations, such as emergency manage-
ment agencies, fire departments, police forces, medical services, and the military, 
among others. These network failures, along with their frequent occurrence, are 
unacceptable. It is crucial to implement redundancy mechanisms for both the trans-
mission network and power supply to ensure the reliability of the MCPP network in 
critical situations.

4.1 Installation of redundancy mechanisms in 2018 - Portugal as a case study

Until the end of 2017, the primary weakness of the Portuguese MCPTT network 
was the complete lack of redundancy in its transmission infrastructure and only par-
tial redundancy in its power supply, which was limited to six hours of battery backup. 
Whenever transmission cables were damaged, for instance, by natural disasters such 
as wildfires, the connection between base stations and network switches was severed 
or disrupted. Similarly, when power lines were cut, base stations were limited to six 
hours of battery operation.

In 2018, for the first time since the network’s deployment, redundancy solutions 
were introduced for both the transmission network and power supply, significantly 
improving the network’s resilience to emergencies and disasters.

4.2 Transmission network - Backhauling

The creation of redundancy mechanisms for the MCPP network’s transmission can 
be achieved in three ways:

1. A new alternative cable route;

2. Microwave links;

3. Satellite connections.

Transmission failures occur most frequently in remote areas where there are no 
conduits for fibre optic cables, and the existing routes are overhead on wooden poles, 
exposed to extreme events. Simply creating an alternative cable route would not fully 
resolve the issue, as the same extreme event could damage both circuits if they share 
the same vulnerabilities. Additionally, building conduits for these cables in such 
remote areas would be prohibitively expensive, and it is uncertain whether this would 
guarantee the complete resilience of the network, which would still be exposed to 
risks such as earthquakes, landslides or even fires at the base stations themselves.

Microwave links offer several advantages. This technology is mature, relatively 
low-cost, especially in terms of maintenance, and, while there is a slight risk of link 
misalignment, this is not a common occurrence. It is a particularly resilient solution to 
the extreme weather conditions that frequently affect the country.

In terms of data throughput, microwave links can easily support 100 Mbit/s 
connections, providing more than enough bandwidth for a TETRA voice network 
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and even supporting a future upgrade to an emergency mobile network capable 
of handling data services and real-time video transmission, or both technologies 
simultaneously.

A solution based on microwave link systems, however, presents greater complex-
ity and requires more time for planning. The study and budgeting of this solution 
necessitate analysis and evaluation for each base station, including assessment of the 
locations at each end of the microwave links, installation conditions, verification of 
line-of-sight, and/or the need for repeaters. This prevents a one-size-fits-all solution 
that can be applied to all network base stations. These systems always require elevated 
infrastructure, which in some cases may involve reinforcing existing communication 
towers or installing repeaters where there is no line of sight. The acquisition, plan-
ning, and implementation of a redundancy solution based on microwave links for a 
network like the Portuguese MCPTT network could take the government around two 
years to complete.

Lastly, a satellite-based redundancy solution for the transmission network is 
particularly effective because it uses a dedicated and contracted satellite segment. 
This ensures communication between base stations and the satellite station in case of 
transmission network failure, from where the traffic is routed to the corresponding 
MCPTT network switches. Although this solution has higher maintenance costs than 
a microwave link solution, due to the need to permanently lease satellite bandwidth, 
the installation is simpler. The setup is standardised for all base stations, and the 
satellite antenna can be installed on the communication tower (where feasible) or a 
separate pole. This streamlined installation process allows the deployment and roll-
out to be completed in just a few months.

The bandwidth of this satellite solution will be limited, around 10 Mbit/s for 
the aggregate of base stations, due to the high cost of leasing satellite capacity. The 
satellite solution will not be able to serve as a redundancy option for a future upgrade 
of the TETRA network (due to the limited bandwidth and latency), and it is unlikely 
to be scaled to handle the simultaneous failure of a large number of TETRA base 
stations.

In April 2018, the Portuguese government chose the satellite redundancy solution. 
The time required for its roll-out was likely a key factor in this decision, as it was the 
only technical solution that could be implemented before the summer of 2018. To keep 
costs manageable, dynamic sharing of satellite resources was adopted, leasing satellite 
capacity sufficient to cover the simultaneous failure of around 60 base stations.

Although the satellite solution is not ideal from a technical or financial stand-
point, it was understandable that, in the short term, it was the only option that could 
safeguard the public interest by ensuring the operational continuity of communica-
tions during the summer of 2018. Due to the time-consuming nature of planning and 
implementation, it is essential to initiate the procurement process for redundancy 
solutions as early as possible. Microwave links with dual paths should be adopted for 
base stations whenever feasible to enhance network resilience.

4.3 Power supply redundancy

Redundancy mechanisms for power supply in a network can be implemented in 
three ways: (1) additional batteries; (2) fixed generators with automatic start; and (3) 
mobile generators.

Most network sites are typically equipped with batteries that allow base stations 
to remain operational for a certain period (usually around six hours) during a power 
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outage. Considering that such outages, often caused by major events like wildfires or 
storms, can take a long time to resolve, it is essential to assess how each of these solu-
tions can enhance the network’s overall resilience.

For example, in Portugal, data provided by SIRESP SA for the period from 2012 to 
2016 showed approximately 520 cases of power supply failures. Of these, 366 (around 
70%) lasted less than six hours, which was within the capacity of the existing battery 
backup systems. However, 63 cases (about 12%) lasted between six and 12 hours, 
and 91 incidents (around 17%) extended beyond 12 hours. On average, these longer 
outages lasted for 34 hours, highlighting the need for more robust power redundancy 
solutions in the network.

Assuming the analysis period and the number of occurrences are statistically rel-
evant, the first conclusion is that the existing redundancy solution already addresses 
70% of the power supply failures. On the other hand, it can be concluded that even 
if the battery backup capacity was increased to 12 or even 24 hours, the network 
would still be exposed to approximately 17% of power supply failures. This increase 
in backup capacity would only make the network resilient to an additional 12% of the 
failure cases.

Battery banks are an expensive solution with a short lifespan, as their performance 
degrades over time. As a result, they are associated with high costs for site visits, 
maintenance, and replacement. Additionally, battery banks are often targeted for 
theft due to their value. This creates ongoing operational uncertainty, as the state may 
only discover during a critical moment that the batteries have been stolen.

Fixed power generators would be a solution for the remaining 30% of power sup-
ply failures. Since these generators would be pre-installed and stocked with enough 
fuel to operate for several days, they could start immediately when a power outage 
occurs or when the existing battery backup runs out. However, fixed power genera-
tors with fuel have an even higher capital cost than expanding battery capacity and 
share the same issues regarding theft and operational uncertainty.

Both of the previous solutions also have an additional problem: because it is 
impossible to predict which locations will be affected by future power outages, they 
require installation at all sites in the MCPTT network, demanding a significant initial 
investment to make the network resilient to such failures.

The mobile power generator solution avoids the associated problems, as these gen-
erators can be pre-positioned, in a state of permanent readiness, in secure locations 
with good access. The presence of a six-hour battery backup provides a practical time 
window for mobile power generators to be transported to the affected base stations in 
case of a power outage, ensuring the continuity of their operation. The sites have been 
prepared for the immediate connection of a generator when needed, with the instal-
lation of a power switch and a socket for connecting the generator, allowing it to start 
functioning as soon as it is set up on site.

On the other hand, as simultaneous power outages across all network base stations 
are unlikely, the mobile generator solution, unlike the previously discussed options, 
can be scaled to cover a reasonable number of sites, making it the most cost-efficient 
option. Fixed power generator installations or battery life extensions cannot be scaled 
down, as it is impossible to predict where these solutions will be required. However, 
the mobile power generator solution will only ensure resilience for the number of 
stations it is designed to cover. In the event of an incident causing a power outage last-
ing more than six hours at a large number of base stations simultaneously, and if the 
number of affected stations exceeds the combined capacity of the mobile generators 
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and the existing mobile stations, the remaining base stations will cease to function as 
long as the power failure persists.

In 2018, the Portuguese government chose the mobile power generator solu-
tion, establishing three permanent mobilisation centers in Vila Real, Coimbra, and 
Santarém, each equipped with six mobile generators. According to the national 
wildfire hazard map, the areas most exposed to wildfires are primarily in the Algarve 
and north of the Tagus River, while regions affected by storms are typically along the 
country’s coastline.

4.4 Performance of redundancy solutions

4.4.1 Transmission redundancy

In 2018, two major events tested the Portuguese network’s redundancy: a wildfire 
and a severe storm. During the wildfire, no failures in the transmission circuits 
occurred, making it less suitable for evaluation. However, the storm severely 
impacted the network, affecting 70 base stations. Despite these disruptions, the 
transmission redundancy solution performed effectively, as none of the affected 
stations experienced downtime, thanks to satellite-based backup systems, ensuring 
continued communication when other networks were down.

4.4.2 Power supply redundancy

The mobile generator solution was positioned in key locations to provide rapid 
support during power outages. The wildfire and storm both caused power failures, 
but mobile generators ensured there was no loss of service at the affected base 
stations. The wildfire incident demonstrated the readiness of the mobile generator 
teams, despite challenges with accessibility, as the generators were deployed and 
operational in time to prevent any service interruption.

For larger-scale events like the storm, the number of mobile generators proved 
adequate, but the analysis suggests that future preparedness could be improved by 
adding more generators, especially in regions harder to reach, such as the southern 
parts of the country. This would increase resilience in the event of widespread power 
failures across multiple sites.

4.5 Suggested follow-up actions toward network resilience

To ensure continuous improvement in network resilience, the following follow-up 
actions are recommended for emergency communication systems:

1. Implementation of redundancy solutions:

a. Geographic redundancy: Establish geographic redundancy for critical network 
components such as switching offices. This ensures that communication 
remains operational even if a key node fails.

b. Transmission redundancy: Develop backup routes for transmission networks, 
such as alternative cable paths or microwave links, to mitigate the risk of out-
ages caused by infrastructure failures.
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2. Comprehensive user training:

a. Implement regular and updated training programs for network users. Ensure 
that key personnel are familiar with the latest features and functionalities of 
the communication system.

b. Conduct real-world simulation exercises to reinforce operational skills, ensur-
ing users are prepared to handle communications during emergencies.

3. Optimisation of network operations:

a. Cell re-selection: Implement measures to optimise how communication devices 
switch between network nodes, ensuring seamless transitions during outages 
based on network availability and capacity.

b. Fleetmap optimisation: Work closely with key agencies to optimise the configu-
ration of communication channels, minimising the risk of congestion during 
high-traffic events.

4. Enhanced monitoring and reporting tools:

a. Deploy a real-time network monitoring dashboard to track system perfor-
mance, operational status, and coverage. This tool should provide critical 
insights during emergency scenarios and help manage resources efficiently.

b. Ensure that the monitoring system is accessible to key agencies, allowing them 
to manage communication resources, identify issues, and adjust communica-
tion strategies as needed.

5. Strengthening power redundancy:

a. Review and improve the power redundancy measures for base stations, ensur-
ing that battery backups or mobile generators can sustain operations during 
extended outages.

b. Establish additional mobile generator hubs in high-risk areas, to ensure rapid 
deployment when power outages affect multiple sites simultaneously.

6. Continuous system evaluation and updates:

a. Regularly review and update network infrastructure based on technological 
advancements, changing operational needs, and emerging risks. This includes 
assessing system vulnerabilities and making necessary upgrades to maintain 
high levels of resilience.

b. Develop long-term strategies for system upgrades, such as transitioning to 
next-generation communication technologies that offer improved resilience, 
capacity, and security.
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7. Collaboration with key stakeholders:

a. Foster collaboration between network operators, government agencies, and 
private sector partners to ensure transparency, data sharing, and joint efforts 
in enhancing network resilience. Item Engage with equipment and service 
providers to address any issues related to the network’s physical infrastructure or 
operational limitations.

Implementing these follow-up actions will significantly enhance the resilience of 
emergency communication networks, ensuring reliable performance during crises 
and supporting critical operations. The focus should be on redundancy, training, 
optimisation, monitoring, and collaboration to maintain robust communication 
systems that are prepared for any challenges.

5.  Management, operation, and security of the communication network

The management and operation of a communication network should be 
approached with both short- and medium-term objectives. In the medium term, over 
a one- to three-year period, management should focus on planning, system devel-
opment, and strategic updates. This ensures the system remains aligned with user 
needs, operational requirements, and technological advancements. In the short term, 
management should include daily operational tasks that ensure the continuous func-
tioning, security, and optimisation of the system, tailored to the specific demands of 
ongoing operations.

This section outlines a comprehensive approach to managing, operating, and 
securing a communication network to maintain resilience, security, and adaptability. 
It involves creating a framework for daily operational management, long-term strate-
gic planning, security compliance, and ensuring redundancy and resilience across the 
network.

5.1 Management and operation

Effective management of the network requires both short- and medium-term 
planning. In the medium term, which spans one to three years, the focus should be on 
strategic development and updating the network to align with evolving user needs, 
operational demands, and technological trends. This includes creating a roadmap 
that anticipates future requirements and ensuring that the system remains relevant 
and capable of meeting operational needs, particularly for organisations involved in 
public safety, emergency response, and disaster recovery.

In the short term, daily management activities must ensure the continuous and 
secure operation of the network. These tasks should include monitoring system 
performance, maintaining network security, and optimising the network to meet the 
specific needs of ongoing operations. Short-term management also involves respond-
ing to immediate operational challenges and ensuring that the system is always ready 
to handle emergencies. A dedicated body should oversee both short- and medium-
term objectives, ensuring that strategic plans are aligned with user requirements and 
operational tasks are efficiently performed.
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5.2 Operational management

Operational management of the network should be financially and administra-
tively autonomous to ensure flexibility in decision-making and resource allocation. 
This independence allows for swift responses to emerging challenges and ensures that 
the network can be maintained, updated, and secured without delay. The operational 
body should be tasked with maintaining system functionality under routine and 
emergency conditions, ensuring that the network can handle increased demand dur-
ing major events, emergencies, or disasters.

This body must also ensure territorial coverage and interoperability, making 
sure that the network seamlessly integrates with other communication systems used 
by emergency and public safety entities. Regular updates to the network, based on 
technological advancements and operational needs, are essential to keep the system 
at peak performance. Additionally, operational management should include user 
training to ensure personnel are well-equipped to handle the system during crises. In 
short, the operational body must maintain the network’s readiness and continuously 
optimise it to meet the demands of its users.

5.3 Security and resilience

A robust and secure communication network is critical, especially in emergency 
situations where lives may depend on reliable communications. The network should 
comply with international standards for emergency communication systems, ensur-
ing it meets technical and operational requirements for public protection and disaster 
relief. International guidelines such as those from ETSI, ITU, and ISO should serve as 
benchmarks for the system’s security, resilience, and preparedness.

In addition to international standards, the network should also comply with 
national regulations regarding the security and integrity of communication networks. 
This includes implementing strong security measures for critical assets, establish-
ing risk management protocols, and ensuring that all operational vulnerabilities 
are addressed. Security incident response must be a key component of the system’s 
resilience strategy, with protocols in place to manage and recover from any disrup-
tions. Adhering to these guidelines ensures that the network can maintain operational 
continuity, even in the face of physical or cyber threats.

5.4 Network architecture

The architecture of the communication network must be designed with redun-
dancy in mind. This ensures that if one part of the system fails, another can take 
over without disrupting operations. Redundancy should be built into all critical 
components, from radio access networks to core network infrastructure. By incorpo-
rating multiple transmission paths and backup systems, the network can continue to 
function in the event of equipment failure or damage caused by natural disasters.

In addition to redundancy, the system must protect its critical infrastructure 
against physical and cyber threats. Safeguards such as backup power, secure transmis-
sion lines, and physical barriers should be implemented to protect network assets. 
These measures are essential to maintaining the integrity and availability of the com-
munication network during emergencies, ensuring that the system can support public 
safety operations without interruption.
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5.5 Supply chain management

Resilience in supply chain management is crucial to ensuring that the network 
remains operational under all circumstances. The system must avoid reliance on a 
single supplier for critical components and services, as this could create vulnerabili-
ties. Instead, products and services should be sourced from trusted suppliers, and 
redundancy should be built into the supply chain itself. Critical network components 
should undergo regular testing to ensure their reliability, and alternative suppliers 
should be available in case of disruptions.

Supply chain management also involves ensuring that critical assets are main-
tained and updated regularly. This includes conducting periodic assessments of 
system components to identify potential points of failure and addressing any weak-
nesses before they lead to operational issues. By ensuring a resilient supply chain, the 
network can continue to function smoothly even when external disruptions occur, 
further enhancing the system’s overall reliability.

5.6 Interim conclusion

Ensuring the resilience and security of a communication network requires a com-
prehensive approach that includes strategic planning, operational autonomy, adher-
ence to international and national standards, and robust supply chain management. 
By building redundancy into the network’s architecture, securing critical assets, and 
maintaining operational flexibility, the network can remain reliable and efficient even 
during emergencies. With a focus on both short- and medium-term objectives, the 
management and operation of the network will ensure its continued alignment with 
user needs and technological advancements, making it a vital tool for public safety 
and emergency response operations.

6.  Future trends in critical communications

This section explores the evolution of communication systems for critical applica-
tions, focusing on the future needs of public safety and emergency services. It reviews 
the development of TETRA, assesses current user requirements, and evaluates the 
role of newer technologies like LTE in addressing emerging demands for voice, data, 
and video communications.

6.1 Evolution of the TETRA system

The TETRA (Terrestrial Trunked Radio) system has been a cornerstone of critical 
communication networks since its introduction in 1989. Initially developed as a robust 
solution for public safety and emergency communications, TETRA has evolved to 
provide reliable voice services, GPS functionality, and push-to-talk capabilities across 
both urban and rural areas. Despite these advantages, TETRA’s limited data transmis-
sion speeds have become a challenge as modern operational demands increasingly 
require high-quality video and data streams. This limitation has prompted a re-eval-
uation of TETRA’s role and the exploration of alternative technologies to meet future 
requirements.
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6.2 User requirements

The communication needs of key public safety forces, including police, emergency 
medical services, firefighters, and the general public, vary significantly depending on 
operational contexts. TETRA has proven effective in delivering voice communications 
with and without infrastructure support, and its integrated GPS capabilities allow for 
accurate geolocation of personnel. However, as operational demands evolve, there is 
an increasing need for higher bandwidth data services. Applications such as real-time 
video streaming and data analytics for situational awareness are becoming critical. 
While TETRA supports basic data transfer, its limited capacity means it cannot fully 
address these emerging needs, necessitating the consideration of more advanced 
solutions.

6.3 Available evolutionary alternatives

One of the most promising technologies identified as a successor or complement to 
TETRA is LTE. LTE’s ability to deliver high-speed data transmission makes it ideal for 
supporting services like real-time video streaming, which is increasingly required for 
effective situational awareness in emergency operations. However, the cost of build-
ing a private LTE network for public safety purposes is often prohibitive. Countries 
like the U.S. and the U.K. have adopted hybrid models that leverage existing public 
LTE infrastructure while enhancing it with features like Quality of Service (QoS) and 
increased capacity to ensure priority access for emergency responders. These hybrid 
models have shown promise in balancing cost-effectiveness with the need for secure 
and reliable critical communications.

In this context, it is recommended that frequencies in the 700 MHz band be 
allocated for critical communication systems, while the state delays significant 
investment in LTE for public safety until the technology has matured sufficiently for 
reliable emergency applications.

6.4 Future communication systems for public safety—A critical review

While private LTE networks offer the highest level of control and security for pub-
lic safety communications, they come with significant financial constraints. Public 
LTE networks, when augmented with prioritisation and security measures, provide 
a viable alternative. Countries like the U.S. (with FirstNet) and the U.K. (with ESN) 
have extended public LTE networks to include coverage in previously underserved 
areas, improving resilience and capacity during emergencies. Hybrid devices that 
combine TETRA for voice and LTE for high-speed data are already available, allowing 
for flexibility in cost-effectively addressing different communication needs.

The critical role of MCPTT voice communications in supporting emergency 
response operations has been widely studied and analysed in various research works. 
For instance, Brady and Roy [19] provide a comparative analysis of MCPTT services 
over legacy Land Mobile Radio (LMR) systems and LTE networks, highlighting the 
advantages and trade-offs in transitioning to more advanced communication systems. 
Höyhtyä et al. [20] explore how commercial mobile networks can be leveraged to sup-
port mission-critical communications, with an emphasis on licenced spectrum shar-
ing and network slicing. Borsatti et al. [21] delve into network slicing architectures for 
mission-critical applications within the 5G framework, presenting real-world imple-
mentations and experimental validation. Jarwan et al. [22] and Santiago et al. [23] 
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further analyse the capacity and scalability of public safety networks and the evolu-
tion of critical communication services over LTE and 5G networks, providing insights 
into network dimensioning and resource optimisation. Finally, Solé and Augé [24] 
introduce the concept of mission-critical “bots” to enhance automated interactions 
in emergency operations, demonstrating the potential of innovative technologies in 
improving emergency response coordination.

The combined analysis of these studies highlights several key aspects and chal-
lenges related to the deployment and optimisation of MCPTT voice communica-
tions in emergency response settings. It underscores the transformative potential 
of MCPTT voice communications for emergency response, yet also brings to light 
several technical and practical challenges that need to be addressed for successful 
deployment. One of the primary strengths across these studies is the comprehensive 
exploration of MCPTT’s role in enhancing the reliability and resilience of emergency 
communications. Most notably, the focus on utilising LTE and 5G technologies, as 
seen in Jarwan et al. [22] and Santiago et al. [23], reveals a clear trajectory toward 
next-generation communication systems capable of supporting the high bandwidth 
and low-latency requirements of mission-critical applications. The comparative 
analysis by Brady and Roy [19] between LMR and LTE networks offers critical 
insights into the benefits of transitioning to more advanced LTE-based systems while 
acknowledging the trade-offs in terms of performance and coverage.

Höyhtyä et al. [20] provide an innovative perspective on the use of commercial 
mobile networks for mission-critical communications, leveraging technologies 
such as network slicing and licenced shared access. However, while the potential 
benefits of such approaches are well-documented, the practical challenges of inte-
grating these technologies into existing emergency communication frameworks 
are not fully addressed. Real-world deployment and the complexity of maintaining 
service continuity in extreme conditions, such as large-scale wildfires or natural 
disasters, are areas where further exploration is necessary. The experimental 
findings by Borsatti et al. [21] on the use of network slicing in a multi-domain 
scenario highlight the importance of service automation and slice isolation, yet the 
scalability and adaptability of these solutions in dynamic disaster scenarios remain 
to be validated.

The emphasis on network resilience and optimisation, as discussed in Solé and 
Augé [24] and the propagation studies related to wildfire effects on radio com-
munications presented in the context chapter, is a crucial aspect of ensuring the 
dependability of MCPTT communications. The concept of mission-critical “bots” 
introduced by Solé and Augé [24] adds a new dimension to the discussion by suggest-
ing the use of automated entities for information gathering and situational awareness. 
This approach could potentially reduce the cognitive load on human responders 
and enhance overall operational efficiency, but it also introduces new technical and 
operational challenges related to interoperability, system complexity, and the seam-
less integration of such technologies into existing communication networks.

One of the notable gaps across these papers is the limited focus on the real-world 
application and large-scale deployment of MCPTT solutions. While many of the 
studies, such as Borsatti et al. [21] and Santiago et al. [23], present detailed theoretical 
models and experimental results, they fall short in addressing the practical challenges 
of scaling these solutions to national or regional levels, especially in geographically 
diverse areas like Portugal. This was precisely the purpose of the preceding sections. 
The propagation characteristics and coverage requirements specific to large-scale 
wildfire fighting, as discussed in the context chapter, highlight the need for more 
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in-depth studies that consider the unique challenges posed by such environments. 
For instance, the requirement for more than 500 base stations to cover Portugal 
at 400 MHz, compared to over 700 base stations at 700 MHz, demonstrates the 
complexity of balancing coverage, frequency selection, and infrastructure costs in 
real-world deployments.

In summary, while the referenced papers collectively provide valuable contribu-
tions to the understanding and development of MCPTT voice communications for 
emergency response, there are several areas where further research and real-world 
validation are needed. Future work should prioritise large-scale field testing, 
cross-comparative analysis of proposed solutions, and the development of hybrid 
network architectures that can adapt to varying conditions and requirements. 
Addressing these gaps will be essential for realising the full potential of MCPTT 
voice communications in enhancing the effectiveness and safety of emergency 
response operations, particularly in high-stakes scenarious such as large-scale 
wildfire fighting.

Moreover, future communication systems for public safety will likely combine 
a variety of technologies, such as TETRA, LTE-PPDR, GSM, and Wi-Fi, to ensure 
a high degree of flexibility and resilience. TETRA, with its well-established infra-
structure and features, will likely continue to play a significant role in voice com-
munications for some time, while LTE’s higher data speeds will gradually take over 
data-centric applications. This gradual integration ensures that emergency responders 
have access to the most suitable communication tools for each scenario, whether it be 
voice, data, or video.

It is also recommended that further studies be conducted to explore alternatives 
for communication between aircraft and ground personnel, as current solutions do 
not fully address this need.

6.5 Emergency communication systems for Civilian populations

In terms of communications for the general public during emergencies, existing 
solutions largely rely on SMS through public mobile networks. However, in disaster 
scenarios where mobile networks may be compromised, alternative methods are 
required. A more resilient solution would be the use of FM radio broadcasts to dis-
seminate emergency information. This method has been successfully used in other 
European countries and offers a reliable way to communicate with the public when 
mobile infrastructure is unavailable. It is recommended that frequencies in the FM 
band be allocated for emergency communications with the public, ensuring that criti-
cal information can still be delivered during disasters.

6.6 Final remarks

As communication networks for critical applications continue to evolve, a hybrid 
approach that combines the strengths of TETRA for voice communication and 
LTE-PPDR for data is recommended. This “system of systems” will allow emergency 
services to use the best available technology for their specific needs. Furthermore, 
integrating FM radio as a backup communication method for the general public 
ensures a more resilient overall network during times of disaster. Careful planning 
and phased implementation will ensure that the transition to more advanced com-
munication systems is seamless and cost-effective, supporting the ongoing mission of 
public safety and emergency response.
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7.  Conclusions

Effective communication is the backbone of successful large-scale wildfire man-
agement and disaster response. This chapter has highlighted the critical role of mobile 
radio emergency communications, particularly push-to-talk terrestrial systems, in 
ensuring the safety and effectiveness of firefighting teams operating in remote and 
challenging terrains.

The analysis demonstrates the limitations of current public and private com-
munication networks, particularly in low-density population areas where they are 
most needed during emergencies. As such, the need for specialised land-mobile 
radio systems that can operate in low-frequency bands (e.g., 400 MHz) becomes 
paramount. These systems not only provide broader coverage but also ensure reliable 
communication under extreme conditions.

Key challenges identified include the need for more resilient and redundant 
network infrastructures, especially in regions prone to wildfires. Mobile base stations 
and satellite backhauls should be pre-deployed based on risk assessments to ensure 
swift recovery of services when fixed infrastructure fails.

Future trends in emergency communication systems, including hybrid models 
that combine traditional TETRA radio networks with modern LTE technology, offer 
promising solutions. These hybrid systems can meet the increasing demands for real-
time data, video streaming, and advanced situational awareness applications, all of 
which are essential for improving response efficiency and public safety.

In conclusion, enhancing the resilience, coverage, and capacity of mission-critical 
communication networks is essential for the effective management of wildfires and 
other large-scale disasters. Investments in new technologies, strategic placement of 
mobile assets, and robust backhaul infrastructure will help ensure continuous, reli-
able communication that can save lives and protect property during emergencies.
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Chapter 3

Fire Performance of Open-State 
Cavity Barriers for Ventilated 
Façades
Kate T.Q. Nguyen, Thomas W. Loh and Rajeendra Godakandage

Abstract

Ventilated façades are beneficial for improving buildings efficiency and comfort. 
However, the benefits are accompanied by additional risks of rapid fire spread 
through the ventilated cavity. To address the fire safety issue, ventilated façades 
incorporate open-state cavity barriers that allow airflow through under normal cir-
cumstances and react to compartmentalise the cavity to retard fire spread in the event 
of fire. Existing test methodologies cannot accurately assess the fire performance of 
open-state cavity barriers when applied to a full-scale façade system. They are often 
questioned on their suitability to assess effective closure during a fire. The existing 
test methods concerning the performance of open-state cavity barriers during fire 
have been reviewed to identify their limitations and discuss solutions to provide 
improved evaluation of fire performance. It is clear that existing test methods should 
not be used to assess the fire performance of open-state cavity barriers in ventilated 
facades. However, they can be used to compare the relative performance of differ-
ent cavity barrier types and configurations. The parallel panel test arrangement was 
identified as a suitable test configuration to address some of the identified limitations. 
The performance evaluation criteria used by existing test methods are suitable for use 
in future test methods; however, the exclusion of failure within the first five minutes 
should be reviewed.

Keywords: fire rating, ventilated facade fire, cavity fire spread, facade fire test, cavity 
barrier test, intumescent activation

1.  Introduction

Exterior façade systems are crucial to the performance, functionality and safety of 
buildings. There are various design options available including ventilated rainscreen 
facades [1, 2] which have gained popularity for their sustainability, high thermal and 
moisture performance and aesthetic appeal [3]. A representative ventilated façade 
configuration is presented in Figure 1a. The main feature of these façades is the cavity 
between the cladding and the insulation layers, which improves thermal and moisture 
performance [3]. In wet conditions, it reduces condensation and moisture penetration 
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[4, 5], while during hot weather, solar radiation heats the cladding, causing upward 
air movement due to thermal buoyancy effects. The subsequent mixing of cool and 
heated air provides an insulation effect by transporting thermal energy out of the 
cavity [5]. This airflow mechanism is colloquially referred to as the “Chimney Effect” 
[1]. The facade ventilation openings can be located at the bottom, top, or at interme-
diate levels to enable air exchange with the outside environment [5], and the cavity 
width can vary from 20 mm up to 200 mm [5–8]. The cladding panels adjacent to the 
ventilated cavity are typically constructed using high-pressure laminates, sheet metal, 
ceramics, low-density polyethylene (LDPE), aluminium composite materials (ACM), 
timber, or cement and fibre-cement boards [6, 8–13]. The insulation layer creates the 
other boundary of the cavity and is typically constructed using expanded polystyrene 
(EPS), polyisocyanurate (PIR), polyurethane (PU), mineral wool, or expanded glass 
[6, 14]. The insulation layer also typically contains air and vapour barriers.

The fire performance of ventilated façades has been investigated [10, 11, 15–17]. 
For example, the fire performance of ventilated façades has been reported to be 
poorer compared to more traditional constructions [15]. In addition to the use of 
combustible cladding material, ventilated cavities were reported as an important fire 
safety consideration. During fire, the cavity can provide a low-resistance pathway 
for smoke and fire spread. Fire is most likely to penetrate a ventilated facade cav-
ity through a broken window, for example, after a flashover event. However, when 

Figure 1. 
(a) Schematic of a typical arrangement of a ventilated façade system with structural building elements, thermal 
insulation and cladding and (b) with a closed-state cavity barrier installed.
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combustible cladding is involved in the fire, penetration into the cavity can also occur 
from outside of the building. Fire spreading through cavities can be disastrous due 
to the chimney effect combined with the use of combustible insulation and cladding 
materials (when present). It is known that the characteristics of cavity fires can be 
different compared to a typical compartment fire, and research has shown that the 
ventilated conditions can promote significant vertical flame spread [18].

In response to concerns over vertical fire spread, closed-state cavity fire barriers have 
been developed, Figure 1b. These barriers are typically fabricated from non-combustible 
mineral wool and are covered with aluminium foil or combustible polythene. Closed-
state cavity barriers act to compartmentalise the cavity, thereby controlling the spread 
of fire to confined zones. A consequence of this strategy is the restriction of airflow 
within the cavity which compromises the heat and moisture transportation benefits. For 
ventilated façades to function properly, airflow within the cavity must be allowed during 
normal day-to-day conditions. However, during fire there is a need to close the ventilated 
façade to aid the control of smoke and fire spread.

Cavity barriers that allow the ventilated façade to remain open are broadly referred 
to as open-state cavity barriers. Open-state cavity barriers can be fabricated from the 
same non-combustible block material as conventional closed-state cavity barriers. 
To address the issue of smoke and fire spread, open-state cavity barriers can be fitted 
with the addition of a reactive mechanism to close the ventilated façade in the event 
of a fire. These mechanisms are typically fitted to the cavity barriers leading edge. 
Thermally activated intumescence substrates are exclusively employed as the closure 
mechanism to seal the cavity in the event of a fire. Examples of commercially avail-
able open-state cavity barriers with intumescent reactive closure mechanisms have 
been developed, see Figure 2 [20–22].

A representative open-state cavity barrier with an intumescence coating before 
and during fire exposure is shown in Figure 3. Under normal conditions, a gap of 
20 mm to 50 mm remains between the leading edge of the cavity barrier and the inter-
nal surface of the cladding, allowing airflow throughout the façade cavity. In the event 
of a fire, radiation from the fire or contact with flames heat the cavity barrier and 
activate the intumescent layer. The intumescent layer typically becomes thermally 

Figure 2. 
Photograph showing the configuration of an open-state cavity barrier with an intumescent reactive closure 
mechanism [19].
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active at around 200°C [19], although the exact initiation temperature varies between 
the different chemistries employed. Continued heating expands the intumescent 
coating and closes the gap, thereby restricting the spread of smoke and fire. It is 
important to note that open-state cavity barrier products exist with and without a 
reactive closure mechanism. For the purposes of this chapter, the term “open-state 
cavity barrier” refers solely to those with a reactive closure mechanism.

There is some uncertainty and, therefore, concern in the civil and fire-safety 
industry about the fire performance of open-state cavity barriers. Despite their 
commercialisation and implementation on existing buildings, there are no accepted 
standardised test methodologies to certify their effectiveness in controlling fire 
spread in ventilated façades. Test methodologies are being developed to evaluate their 
fire resistance and closure time; however, they are conducted on a small scale and do 
not necessarily include the façade system. Consequently, the results do not accurately 
represent the outcomes that can occur in a ventilated façade system during fire. This 
leads many to question the capability of existing test methods to evaluate perfor-
mance. This chapter reviews the available test methods for open-state cavity barriers 
and aims to highlight areas of improvement that can lead to improved fire safety of 
ventilated façades under cavity fire spread conditions.

2.  Existing test methodologies

The fire performance of ventilated façades can be evaluated using standard test 
methods such as ISO 13785 [24], BS 8414 [25], NFPA 285 [26] and SP FIRE 105 [27]. 
These test methods evaluate the overall performance of the façade system; however, their 
ability to evaluate fire spread through ventilated façade cavities is limited, often relying 
on a single temperature measurement inside the cavity to assess fire spread. They also do 
not directly evaluate the performance of open-state cavity barrier products. There are 
some important fire test methods that explicitly evaluate the fire performance of open-
state cavity barriers used in ventilated façades, including TGD 19 [28], prEN 1364_6 [29] 
and ASTM E2912 [30], and these have been summarised and discussed below.

Figure 3. 
Photograph of an open-state cavity barrier before thermal activation that allows airflow during day-to-day 
operation under normal temperature conditions (left) and after thermal activation upon fire exposure to close the 
cavity and restrict smoke and flame spread (right) [23].



63

Fire Performance of Open-State Cavity Barriers for Ventilated Façades
DOI: http://dx.doi.org/10.5772/intechopen.1007923

2.1  Technical guidance document 19 - Fire resistance test for “open-state” cavity 
barriers used in the external envelope or fabric of buildings

The Technical Guidance Document 19 (TGD 19) is a standard test method devel-
oped by the Association for Specialist Fire Protection (ASFP), United Kingdom [28]. 
The procedure assesses the fire resistance of open-state cavity barriers by consider-
ing a fire exposure beneath the cavity barrier and evaluating its effectiveness to seal 
and restrict the spread of fire. A cross-sectional view of the TGD 19 test assembly is 
shown schematically in Figure 4a. Two lightweight autoclaved aerated concrete leaves 
are constructed to create a cavity placed on top of a furnace. The open-state cavity 

Figure 4. 
Schematic representations of open-state cavity barrier testing arrangements for (a) TGD 19 [28], (b) prEN 
1364_6 [29] and (c) ASTM E2912 [30].
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barrier is arranged between the leaves along with substrate material representative 
of those used in the cladding construction. The fire condition is applied as a standard 
cellulose fire curve. Due to the time required to establish the specified temperature 
and pressure conditions, any insulation or integrity failure within the first five 
minutes of heat exposure are excluded from the assessment.

2.2 EN 1364_6 - Fire resistance tests for non-loadbearing elements

Currently, there is no active European Standard to assess the fire performance of 
open-state cavity barriers; however, a standard test method designated prEN 1364_6 
is being developed [29]. At the time of writing, prEN 1364_6 is addressing public 
comments. Its evaluation is based on the principles used in the TR 31 technical report 
by European Organisation for Technical Assessment (EOTA TR31) [31]. However, 
EOTA TR31 only considers closed-state cavity barriers, whereas prEN 1364_6 consid-
ers both open- and closed-state cavity barriers. For open-state types prEN 1364_6 
proposes to define a test procedure separate from their closed-state counterparts. The 
proposed test assembly is similar to TGD 19 and is presented in Figure 4b. The open-
state cavity barrier is located between two leaves and is exposed to standard cellulose 
fire conditions using a gas furnace. However, unlike TGD 19, two approaches to fire 
exposure are allowed. The first approach exposes the cavity barrier to the fire condi-
tion as soon as the furnace is ignited. The second approach isolates the cavity from 
the fire for the first five minutes using a non-combustible removable heatshield. The 
heatshield is positioned between the fire chamber and the cavity and is removed after 
the first five minutes of the test to allow fire penetration into the cavity, simulating 
the sudden failure of materials surrounding the ventilated façade cavity.

2.3  ASTM E2912 - Fire test of non-mechanical fire dampers used in vented 
construction

The American National Standard ASTM E2912 [30] evaluates the effectiveness of 
non-mechanical fire dampers used in vented construction during the open state to 
limit smoke and fire spread. The test assembly is shown in Figure 4c. Contrary to the 
other test standards, ASTM E2912 employs a gas burner to produce the fire condi-
tion meaning direct flame impingement is included in the evaluation of the cavity 
barriers performance. This testing procedure is not specifically for the open-state 
cavity barriers with an intumescent reactive closure mechanism but generally for all 
non-mechanical fire dampers in vented construction. This variation in the scope of 
application is the main reason for the significant variation in the test setup compared 
to the other two approaches.

3.  Alternative test methodologies

A possible alternative test arrangement for the evaluation of open-state cavity bar-
riers is the parallel panel apparatus. This test arrangement has seen use in ANSI/FM 
Approvals 4880-2017 [32] and ANSI/FM Approvals 4411-2020 [33]. These standards 
evaluate the fire performance of insulated building panel assemblies and cavity wall 
systems, respectively. They consider the fire scenarios of fire ignition within the 
cavity from hot work, electrical shorts, and, importantly, fire extending through a 
window due to a flashover fire inside a room. The test consists of two parallel panels 



65

Fire Performance of Open-State Cavity Barriers for Ventilated Façades
DOI: http://dx.doi.org/10.5772/intechopen.1007923

placed vertically with a cavity gap, Figure 5. The fire condition is generated using a 
propane sand burner positioned at the bottom of the apparatus. The cavity widths 
used in FM 4880 and FM 4411 are, respectively, 530 mm, and 50 mm or 100 mm, 
which account for the typical range of cavity widths required to accurately represent 
ventilated façades (20 mm to 200 mm). The height of FM 4880 (4.87 m, 16 ft) and 
FM 4411 (2.43 m, 8-ft) are also more representative of real ventilated façade cavities 
compared to those used in existing test methods. However, the length of the cavity is 
shorter at 1100 in FM 4880 and 1200 mm in FM 4411.

4.  Discussion on appropriate test methodologies

Comparison of the test methods summarised in Sections 2 and 3 highlight 
several differences in the existing approaches, including application, fire exposure 
conditions, test setup, test conditions, instrumentation and performance criteria. 
Discussion on these topics and suggestions to further develop a standardised test 
method to evaluate the fire performance of open-state cavity barriers are provided in 
this section.

4.1 Field of application

TGD 19 and prEN 1364_6 allow the direct application of the test results for certain 
variations of the test setup. This is useful when alterations or variations must be made to 
the cavity barrier design after conducting a full-scale façade test. Such alterations include:

• Increases to the length of the cavity barrier when the specified minimum length 
is tested.

• Decreases to the distance between two fixing points.

Figure 5. 
Schematic example of a parallel panel test setup used in ANSI/FM approvals 4880-2017 [32] to evaluate the 
combustibility of materials used inside cavity spaces.
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• Interpolation of cavity width (distance from the insulation to the cladding) 
within the tested range.

• Decreases to the distance between the leading edge of the cavity barrier to the 
cladding internal surface, maintaining the minimum distance between the 
combustible insulation and the leading edge of the cavity barrier.

However, a significant disadvantage is that neither TGD 19, ASTM E2912, nor the 
proposed prEN 1364_6 can provide a reliable indicator of the fire performance of 
the cavity barrier when installed at full-scale. This is a concern explicitly noted in all 
approaches. For example, it is possible for a cavity barrier to exhibit a high level of 
flame spread prevention according to these methods but fail to achieve a similar level 
of performance when involved in a full-scale ventilated façade system fire. While the 
existing test methods can provide an indicative level of performance, their application 
must be limited to providing a relative performance assessment of different cavity 
barrier designs and products. Consequently, the existing test methods become redun-
dant in validating the fire performance of a ventilated façade design through full-scale 
tests. At this stage, the requirement of a rigorous test standard that can conservatively 
predict the performance of an open-state cavity barrier is essential.

4.2 Test arrangement

It is important that the test arrangement appropriately represents the construction 
of the façade to accurately capture the fire dynamics within the cavity. The geometric 
parameters (length, width, height) of the cavity, combustible nature of the materi-
als present in the façade and the overall construction (e.g., mounting systems) all 
influence the fire dynamics within the cavity and therefore the evaluation of a cavity 
barriers fire performance.

4.2.1 Geometric dimensions of the cavity construction

The width of the cavity in a ventilated façade can range from 20 mm up to 
200 mm. For the test arrangements presented in Figures 4 and 5, the width of the 
cavity can be matched to the desired dimensions. The likelihood of fire penetration 
into a cavity is dependent on the cavity width [18] as well as the trajectory of the 
flame plume outside of the cavity [37]. Generally speaking, the larger the cavity 
width, the easier it is for fire to enter the cavity. The length of a ventilated façade can 
be comparable to the length of the building. Unlike the cavity width, it is not practical 
to match the test arrangement to the length of a building. The TGD 19, pr EN 1364-6 
and ASTM E2912 test methods, respectively, have a maximum length of 3 m, 3 m and 
0.5 m. With the exception of ASTM E2912, the lengths agree well with those used 
in other intermediate- and large-scale façade fire test methods that are required to 
replicate complex fire dynamics [25–27]. The height, like length, cannot be practically 
matched to the dimension of the building and a representative portion of the façade 
must be selected for evaluation. Cavity heights of 0.6 m and 0.5 m are used in the 
TGD 19 and prEN 1364_6 test methodologies, respectively. While in ASTM E2912 the 
height is 0.315 m (for a cavity barrier depth of 120 mm).

The geometric construction of the test arrangement has implications for the 
combustion and fire dynamics that occur inside of a ventilated façade fire. Whether 
or not the dimensions of existing test methods are sufficient to accurately evaluate 
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the performance of open-state cavity barriers is still under question. It is important 
that the cavity width can match those used in practice as after fire enters the cavity 
the temperature and fire dynamics within the cavity are strongly influenced by the 
cavity width. For example, the temperature increases with decreasing cavity width for 
cavities constructed as non-combustible. For combustible cavities, the relationship 
is the opposite. The level of air entrainment is also affected by cavity with, reducing 
with decreasing cavity width [7, 35]. Since combustion is dependent on air entrain-
ment, larger width cavities can have higher temperatures compared to narrower 
ones. Concerning the height, it is very likely that the existing heights are too short to 
establish the cavity fire dynamics necessary to be representative of an actual venti-
lated façade cavity fire. Realistically, flames can propagate well above the 0.315 m to 
0.6 m heights used in the current test methods, and the cavity construction in this 
region can influence the fire dynamics below. The cavity height also influences heat 
loss and radiative feedback, and therefore the overall temperature within the cav-
ity. Consequently, the geometric construction of existing test methods is likely not 
appropriate to evaluate cavity barrier performance.

4.2.2 Auxiliary cavity constructions

The three test methods stipulate the requirement to consider the substrates that 
match the actual application used during the test. The test usually incorporates 
insulation materials as well as timber, concrete and masonry substrates as neces-
sary. However, clear indications of the requirement to use the cladding material are 
not provided. Due to the strong influence of combustible materials on fire spread 
properties and heat generation, it is crucial that their volatile nature is reflected in 
the assessment of open-state cavity barriers, both in the open and closed states. For 
example, flame heights of up to 1.4 m were measured for a cavity fire with a cavity 
width of 100 mm, heat release rates of up to 16 kW, and a non-combustible construc-
tion. When combustible materials are included within the cavity, the flame heights 
can be significantly higher, exceeding the confines of 2.4 m tall, ventilated façades test 
arrangements [6, 14, 36]. For example, flame heights in excess of 2.4 m were mea-
sured when combustible extruded polystyrene was included in a ventilated cavity fire 
test using parallel panels, Figure 6.

When considering the evaluation of façade systems, their in-plane construction 
can often be neglected or simplified. Features such as aluminium rail used to fix many 
cladding systems to the structural wall are an important inclusion for cavity fires. 
The rail systems locally consume a significant portion of the cavity width. During a 
cavity fire, the rails influence the oxygen conditions within the cavity by restricting 
air entrainment into the hot fire plume within the cavity. However, as the fire pro-
gresses, the aluminium can melt, generating openings that allow higher levels of air 
entrainment and aid combustion. It is important that the façade system as a whole be 
considered when evaluating the performance of open-state cavity barriers.

4.3 Specimen construction

Cavity barriers are fabricated in discrete lengths, up to 1.2 m. When installed 
on a building, multiple cavity barriers are spliced together to provide continuous 
protection along the desired length. This results in multiple joints along the cavity 
barrier which may act as weak points to initiate failure during fire. The robustness of 
the cavity barrier can also depend on the number of support locations used to fix the 
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barrier to the wall. Sufficient specimen length should be considered to evaluate the 
splices and attachment methods. Representative cavity barrier joints and supports are 
presented in Figure 7.

TGD 19 and prEN 1364_6 have considered the application of specimen configu-
ration by allowing sufficient specimen length (up to 3 m) to assess splices and the 
configuration of supporting locations. Therefore, these two approaches facilitate 
practical assessment of the joints between multiple specimens, considering that they 
resemble the actual façade application. ASTM E2912, however, only allows a maxi-
mum specimen length of 0.5 m, which cannot be used to evaluate the performance of 
joints and splices.

4.4 Test conditions

4.4.1 Fire scenario

Standard test methods for fire resistance of building elements must incorporate 
fire exposure conditions representative of the actual fire event. However, the fire 
exposure conditions used in open-state cavity barrier tests are often questioned 
regarding their resemblance to actual fire conditions within ventilated façades. A 
reference fire scenario for open-state cavity barriers has not been defined. Both TGD 
19 and prEN 1364_6 rely on the fire exposure corresponding to a compartment fire 
scenario. However, it is known that fire conditions within the cavity of a ventilated 
façade differ from those of a compartment fire [18]. The combined influence of the 
chimney effect and radiative heat feedback from the cavity boundaries can induce 

Figure 6. 
Example of the fire severity that can occur when combustible materials are included in the cavity of a ventilated 
façade depicted in a parallel panel test [14].
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a more severe heating condition than a standard cellulose fire curve exposure. For 
example, the early stages of fire growth in a combustible ventilated façade cavity fire 
have been reported to be more accurately represented by the standard hydrocarbon 
fire curve rather than the cellulose fire curve, Figure 8 [37, 38]. Comparison of the 
standard fire curves and the measured values reveals the temperature to exceed the 
hydrocarbon curve by over 150°C in some instances.

The heating condition used in ASTM E2912 takes a different approach to 
representing fire exposure. In this standard, a 300 kW burner is used to apply 
fire exposure. The test attempts to replicate a fire scenario where a flashover fire 
inside a compartment results in flame ejection through the window housing and 
into the ventilated façade cavity. Using a burner allows the instantaneous and 
direct flame interaction with the cavity barrier from the beginning of the test. 
The approach appears closer to reality compared to TGD 19 and prEN 1364_6. 
For example, prEN 1364_6 allows the penetration of heat directly into the façade 
cavity via a removable heatshield to simulate the failure of the window hous-
ing. However, it does not account for potential direct flame interaction with the 
cavity barrier closure mechanism, nor the potential fire spread over combustible 
insulation and/or cladding material. Nevertheless, whether the heat release rate 
prescribed in the ASTM standard accurately represents all cavity fire penetrations 
has not been resolved.

Figure 7. 
(a) Photograph showing the joints of a typical cavity barrier system and (b) supports used to fix cavity barriers to 
walls [20].



Fire Safety Engineering – Measures, Policies, and Applications

70

Research has reported the use of the parallel panel test to evaluate the fire perfor-
mance of ventilated façade configurations and other cavity types including external 
wall systems. For example, a FM 4880 parallel panel setup using a propane heat 
release rate of 360 kW was reported to induce a peak heat flux of 100 kW/m2 on to 
the cavity panels [39]. When compared with peak heat flux values from façade fire 
tests, this value exceeds the equivalent measurements in the NFPA 285, CAN/ULC 
S134, ISO 137-85, DIN 4102-20, SP-105 and BS 8414 tests standards (Figure 9). The 
higher heat exposure in the parallel panel test is due to the high radiative heat flux 
resulting from the cavity geometry. Clearly, it is not accurate to stipulate the same 
heat exposure conditions as other façade fire tests. The current research appears to be 
an encouraging indication of the suitability of the parallel panel test to replicate the 
fire conditions that occur within cavity fires [40].

Research using the parallel panel test arrangement has demonstrated the impor-
tance of representing the geometric and combustible nature of the ventilated façade 

Figure 9. 
Comparison of the maximum heat flux exposure measured during a parallel panel test and other standard façade 
fire tests [40].

Figure 8. 
Comparison of cavity fire temperature with standard fire curves [37].



71

Fire Performance of Open-State Cavity Barriers for Ventilated Façades
DOI: http://dx.doi.org/10.5772/intechopen.1007923

to ensure the cavity fire behaviour is accurately captured during the evaluation of the 
cavity barrier’s fire performance. The research to date provides a strong indication 
that the parallel panel setup may well represent the thermal conditions that occur 
with the cavity during ventilated façade fires, highlighting their potential suitability 
for evaluating the fire performance of open-state cavity barriers.

There is a need for a reference cavity fire heat exposure for open-state cavity 
barrier testing and this must consider the physical and combustible parameters of 
the cavity. Not all of these parameters are adequately considered by the existing test 
methodologies. One possible solution may be for the burner to mimic the temperature 
and pressure conditions measured at the bottom of the cavity during a compartment 
fire following a standard cellulose curve. This should generate temperature and pres-
sure conditions similar to those beneath the cavity during flashover in a compartment 
fire. The subsequent flame penetration and growth within the cavity will then depend 
on the cavity’s geometric construction and combustibility of its boundaries which will 
also influence the performance evaluation of the cavity barrier.

4.4.2 Pressure

Pressure is an important parameter when evaluating fire behaviour and this is true 
for ventilated façade cavity fires. During fire, pressure influences fire dynamics, flame 
spread behaviour, smoke movement and the integrity of building components (includ-
ing cavity barriers). For example, the pressure differential across a fire plume is the 
driving force determining its trajectory in a façade cavity fire, and this depends largely 
on the relative distances between the plume boundary and the interior or exterior cavity 
surfaces, Figure 10 [34]. This indicates that flame interacting with the cavity barrier 
could occur in different ways and durations depending on the pressure differential 
across the cavity width. As another example, a narrow cavity width combined with the 
chimney effect may create pressure conditions that differ from compartment and open 
fire scenarios [18]. However, to what degree does it requires further investigation? The 
pressure conditions surrounding or within cavities during a ventilated façade fire require 
further investigation to develop a prescribed requirement.

TGD 19 and prEN 1364_6 specify a pressure of 20 Pa, 100 mm beneath the cavity 
barrier. However, this pressure condition is not derived from cavity fire research; rather, 
it is based on a typical compartment fire scenario. A pressure condition is not stipulated 
in ASTM E2912 or the parallel panel tests, although the burner will induce pressure to 
some degree. The advantage of the parallel panel test is the physically larger configura-
tion which enforces fire entering the cavity and fire-driven flow. An accurate pressure 
condition and the critical factors influencing it remain to be determined.

4.4.3 Flow velocity

The flow velocity within the cavity is another crucial factor when evaluating the fire 
performance of open-state cavity barriers. High flow velocities promote the upward 
spread of flames which interact with the cavity barrier and its closure mechanism. The 
high-velocity upward flow occurs due to the cavity being heated far beyond ambient 
temperatures, resulting in a drastic decrease in density, which allows the buoyant flows 
of the chimney effect to initiate and entrain fresh air into the cavity. Inadequate flow 
velocities could result in false indications of high integrity char layers for intumescent 
open-state cavity barriers, or a false high degree of flame spread prevention. Due to the 
importance of air entrainment into the cavity, the burner should be positioned such 
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that the bottom of the cavity remains open. Neither TGD 19 nor prEN 1364_6 provide 
guidance on flow velocities. Although the ASTM approach does consider flow veloc-
ity, its assessment is limited to the influence of the cavity barrier’s unexposed surface. 
It requires the velocity across the unexposed surface to be maintained below 1.3 m/s 
within the 3 minutes prior to ignition of the burner. Any future test method should 
consider monitoring the flow velocity within the cavity at the unexposed side of the 
cavity barrier as well as below the cavity barrier before and during testing. The velocity 
values should be compared with measured values from a cladding test to verify their 
appropriateness.

4.5 Instrumentation

The three test methods specify the use of thermocouples at different locations to 
measure the temperature development during the test, which is later used to assess 
against performance criteria. TGD 19 and prEN 1364_6 require thermocouples to 
be placed at every one-fourth of the total length of the specimen (Figure 11a and b, 
respectively). In TGD 19, three thermocouples are used at each location on the 
unexposed side of the cavity barrier. One is placed on the supporting wall, and the 
other two are on the unexposed surface of the cavity barrier and the top of the gap 

Figure 10. 
Plume trajectory of a flame ejecting out of a window opening and into a cavity with different heat release rates 
and cavity widths. Reproduced from [34].
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between the cavity barrier and the adjacent leaf. However, in prEN 1364_6, all the 
thermocouples are placed along the centre line of the cavity barrier, and careful usage 
of roving thermocouples has been enabled to measure temperature at any local “hot 
spots” and places where it is impractical to attach thermocouples. The ASTM E2912 
approach also specifies the usage of unexposed side temperature measurements but 
has been limited to thermocouples attached to the vertical test assembly rather than 
the cavity barrier, Figure 11c. An improvement can be suggested regarding the usage 
of thermocouples at the exposed surface of the cavity barrier as well. Such monitoring 

Figure 11. 
Schematics of existing test methods used to evaluate the fire performance of open-state cavity barriers showing 
thermocouple locations for (a) TGD 19, (b) pr EN 1364-6 and (c) ASTM 2912.
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is beneficial in verifying that the thermal conditions at the cavity barrier can replicate 
the fire conditions within a ventilated facade cavity.

4.6 Performance criteria

4.6.1 Existing performance criteria

The pass or failure of an open-state cavity barrier is decided based on the achieve-
ment of defined performance criteria. All three existing test methods include three 
performance criteria: closure time, insulation and integrity.

4.6.1.1 Closure time

The closure time criteria assess the performance of the open-state cavity barrier 
based on the time taken to close the cavity, usually with the expansion of the intumes-
cent strip. The target values for this assessment have been specified as five minutes. 
According to prEN 1364_6 and ASTM 2912, it is only a visual measurement. TGD 19 
addresses this criterion with more rigorous measurement by defining a “suspended” 
thermocouple temperature target of 180 K rise above initial ambient temperature 
coupled with the visual observation. The TGD 19 and prEN 1364_6 test methods 
specify the initial five minutes of the test to be considered as the time required to 
establish the specified temperature and pressure conditions. Thus, both test meth-
ods disregard the first five minutes for the closure time and the other performance 
criteria, discussed below.

Cavity fires can rapidly spread fire beyond the cavity barrier, especially when 
combustible materials are involved, it is therefore questionable whether the 
first five minutes of the test should be disregarded. A more appropriate measure 
could be to define the closure time target based on the combustibility class of the 
ventilated cavity. However, if the first five minutes are considered, additional per-
formance targets should be defined for the temperature above the cavity barrier. 
Additionally, when the test incorporates a burner as the fire source, a maximum 
flame height beyond the cavity barrier before complete closure should be consid-
ered as another performance criterion to mitigate the risk of flame spread prior to 
the closure of the cavity barrier.

4.6.1.2 Insulation

The insulation criterion for assessing the open-state cavity barrier perfor-
mance is similar for all existing test methods. To evaluate the insulation criteria, 
TGD 19 specifies a target value of 180 K above its initial temperature for the 
unexposed surface thermocouple temperature. The pr EN 1364_6 test method 
specifies this as an average unexposed side temperature increment of 140 K or any 
point unexposed side temperature increment of 180 K. ASTM E2912 also specifies 
average and maximum temperature targets as 139 K, ΔT and 181 K, respectively. 
As mentioned earlier, for the insulation criteria, the TGD 19 and prEN 1364_6 
exclude failure within the first five minutes of the test, which can be crucial for 
cavity spaces, especially ones containing combustible materials. Therefore, for 
this criterion, the testing procedure should be consider scenarios where the first 
five minutes must be included, or specific target values need to be introduced to 
limit the fire spread during this period.
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4.6.1.3 Integrity

For the integrity criteria, these three approaches are required to avoid sustained 
flaming at the unexposed side of the cavity barrier. To facilitate this, cotton pad 
testing methods have been suggested. The exclusion of failure within the first five 
minutes applies to the integrity criteria under TGD 19 and pr EN 1364_6 and still 
needs to be reconsidered.

4.6.2 Additional performance criteria

In addition to the existing performance criteria, the following criteria have been 
suggested for consideration in the development of future test methods.

4.6.2.1 Lateral spread

In TGD 19 and prEN 1364_6, the use of a furnace suggests the cavity barrier is 
exposed to approximately the same heating condition throughout its length. Thus, 
the cavity barrier seals the cavity throughout its length. However, regarding the fire 
penetration into a ventilated façade cavity, the fire exposure to the open-state cavity 
barrier is more likely a localised heat exposure. In this circumstance, the fire-exposed 
region of the cavity barrier will be activated to seal the gap. However, due to the 
low heat exposure, sealing may not be achieved further away from the localised fire 
penetration. Therefore, once the fire-exposed region is closed, smoke and flame can 
divert its path and pass the cavity barrier through the effectively unsealed areas. Thus, 
assessing the sealing capability of the open-state cavity barriers in the lateral direction 
is also essential. However, this could be done only using localised heating conditions, 
as in ASTM E2912. The suggested parallel panel test method can consider this perfor-
mance assessment when a sufficient cavity length is used.

4.6.2.2 Smoke toxicity and spread

In addition to the existing performance criteria, some suggestions can be 
made. Combustible insulations and cladding materials in the ventilated facades 
can emit toxic gases, such as hydrogen cyanide and carbon monoxide during fire 
[9, 41]. When a cavity fire spreads, toxic smoke can enter the buildings through 
vent systems if the cavity barriers cannot seal the cavity and openings [9, 41]. 
Therefore, a specific performance assessment that the existing test methods 
should be newly introduced is the smoke spread and toxicity levels. For this, 
updated standards can measure the toxicity levels or smoke quantities before and 
after the closure of the open-state cavity barrier.

4.6.2.3 Durability

The discussed performance checks are conducted for samples in their pristine 
condition. However, during the operational life of a cavity barrier, it can undergo 
cyclic temperature variation and moisture ingression. These factors can play a crucial 
role in the durability of the cavity barrier, which can impact the fire performance. 
Therefore, new standards should also focus on assessing the durability of open-state 
cavity barriers and the fire performance under prolonged exposure to moisture and 
cyclic temperature.
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5.  Conclusions

The suitability of existing test methods to assess the fire performance of open-
state cavity barriers used in ventilated facades is reviewed, and potential develop-
ments to future test methods are identified. TGD 19, prEN 1364_6 and ASTM E2912 
are the only test methods currently being used to assess the fire performance of 
open-state cavity barriers. However, these test methods cannot effectively be used to 
determine the fire performance of open-state cavity barriers, and several modifica-
tions are suggested to address existing limitations. These test methods can be used 
to compare the different configurations and types of open-state cavity barriers. 
However, predicting the fire performance in the full-scale façade tests or real-scale 
façades is not possible due to the significant differences between the test setups and 
actual ventilated façade systems. These variations mainly concern the fire exposure 
conditions and cavity configurations.

The parallel panel test arrangement was identified as a potentially suitable test 
geometry to address the identified limitations. The existing performance criteria 
are suitable for use in future test methods. However, the exclusion of assessment 
within the first five minutes of fire exposure comes with risks associated with early 
fire spread and cavity barrier performance. Several suggestions have been made to 
improve the performance evaluation criteria. Evaluation of flame penetration heights, 
flow velocity, smoke toxicity and performance under prolonged exposure to cyclic 
moisture and temperature can further improve the application of these test methods. 
The suggestions and discussions are made in an effort to aid the development of 
future measures and policies on the fire safety of ventilated façade systems.
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Chapter 4

Inorganic Polymers (Geopolymers) 
Based on Construction and 
Demolition Waste for Fire Safety of 
Buildings and Constructions
Ioanna Giannopoulou and Demetris Nicolaides

Abstract

Fire safety of buildings and civil engineering structures is of paramount impor-
tance for people’s safety and the protection of their property. In this paper, the 
development of a new, sustainable and advanced fire-resistant inorganic polymer 
(geopolymer) is investigated. The new material is based on the recycling of con-
struction and demolition waste, especially the waste brick stream. The behavior of 
the developed inorganic polymer at elevated temperatures was evaluated in terms 
of physical, thermal and mechanical properties. The waste brick-based inorganic 
polymer was thermally stable up to 1050°C with residual compressive strength rang-
ing from 15 to 25 MPa. The compression stress under thermal load revealed elastic 
deformation before fracture up to 1000°C, and plastic deformation without fracture 
at higher temperatures. The strength variations observed at elevated temperatures 
were attributed to the mineralogical transformations occurring in the geopolymeric 
matrix. The fire performance of the inorganic polymer was also tested according to 
the ISO-834 standard time–temperature curve. The material managed to keep the 
temperature at the interface with concrete below the temperature set by the ISO-834 
fire test (180°C) for 100 min, proving its effectiveness to be used as a thermal bar-
rier in buildings and constructions. The specimen exposed to fire kept its structural 
integrity after the test completion, without presenting any significant macroscopic 
damage. Based on the results of this research, the developed inorganic polymer is a 
suitable material to be used for the fire safety of buildings and other construction 
projects.

Keywords: inorganic polymers, geopolymers, fire resistance, passive fire protection, 
building, constructions, sustainability, recycling

1.  Introduction

Over the past 50 years, serious fire incidents that have occurred worldwide in 
residential and high-rise buildings and other constructions, such as road and railway 
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tunnels, caused numerous human deaths and injuries, as well as costly structural 
damage with significant consequences for the regional economy and society. Building 
and construction materials, such as concrete, bricks, plaster and steel, are heavily 
damaged when exposed to the high temperatures developed in fire, jeopardizing the 
integrity and stability of structures. During a fire, concrete is subjected to severe 
spalling and cracking, which may result in the collapse of the structure. Concrete 
spalling is strongly related to the huge amount of vapor released by the temperature 
of 380°C [1], due to the dehydration of calcium hydrates. This phenomenon generally 
results in the destruction of concrete integrity and the reduction of its mechani-
cal strength, leading to the detachment of large parts from structural components. 
Similarly, bricks and plasters lose their coherence and deform or become brittle in 
fire, while the steel expands and softens, losing its mechanical strength and stiffness 
[1], which may lead to excessive or permanent deformation. All these phenomena 
reduce the load-bearing capacity of structures exposed to fire, usually rendering them 
inappropriate and dangerous for use, and in the worst case, leading to their collapse. 
In certain cases, neighboring structures are also greatly affected by building fires. 
To minimize the devastating effects of a fire and, above all, to protect human lives, 
the passive fire protection of buildings and constructions is essential, while it is also 
mandatory, according to the new building codes worldwide [2]. Unlike the active fire 
protection systems of structures (sprinklers, fire extinguishers, etc.) that require 
human intervention or mechanical activation to operate, the passive fire protection 
systems rely on building-incorporated materials that act as natural barriers against 
fire. These materials seek to preserve the integrity of buildings and constructions 
under fire, for a sufficient time to enable safe evacuation of people and limit the 
structural damage.

Today, fireproof plasters and boards of gypsum and calcium silicate are mainly 
used to protect the concrete and steel structural elements against fire [3, 4], while 
new groups of materials like the spray fire-resistant aggregates of expanded per-
lite and vermiculate and the paint-like intumescent coatings [5–7] have been also 
developed to act as firewalls in buildings and constructions. However, important 
drawbacks of these materials, like the elevated cost, the long installation time and the 
inability to withstand temperatures higher than 750°C [8], inhibit their wide applica-
tion as fire protective building solutions. There is, therefore, an open field for low-
cost and highly effective fire-resistant materials that would cope with building fires, 
meeting the strict fire safety requirements for buildings and constructions. In this 
context, inorganic polymers (geopolymers) are advantageous materials, as they com-
bine low production costs with excellent fire performance. These materials are based 
on the geopolymerization process, which involves a sequence of complex chemical 
reactions between solids rich in reactive aluminosilicate phases and alkali-silicate 
solutions, under high alkaline conditions. Geopolymerization yields the formation 
of amorphous to semi-crystalline three-dimensional frameworks consisting of chain 
and ring polymers with Si and Al atoms in IV-fold coordination with oxygen [9]. 
Positive ions such as Na+, K+ and Ca2+ are also present in this framework to balance 
the negative charge of Al4+ [9]. The processing temperature of geopolymerization is 
low, below 100°C, resulting in materials with extremely low embodied energy and 
carbon footprint compared to the traditional ceramic building materials and concrete 
[10]. In terms of physical, mechanical and thermal properties, inorganic polymers are 
comparable to or even better than conventional building and construction materials. 
They present low apparent porosity, negligible shrinkage, high mechanical strength 
and acid resistance, while they are heat- and fire-resistant materials, inflammable 
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and incombustible, and do not release hazardous and toxic gases, even after extended 
exposure to high temperatures. Given that a variety of industrial waste and residues 
can be utilized for their production, inorganic polymers are considered sustainable 
alternatives to several building and construction materials, with great potential in 
applications that require combined mechanical and thermal properties.

The unique fire performance of inorganic polymers (geopolymers) is attributed 
to the inherent fire resistance they exhibit and is related to their chemistry and 
microstructure. In a fire, the absorbed and chemically bonded water molecules and 
hydroxyl ions existing in the mass of these materials evaporate through endothermic 
reactions (dehydration and dehydroxylation), which absorb heat, thus reducing the 
surrounding thermal load [11, 12]. In addition, the micro- to nano- porosity existing 
in inorganic polymers allows the water to evaporate without increasing the pressure 
of internal porosity and damaging the materials microstructure [11–13]. The develop-
ment of fire-resistant geopolymers was studied for the first time by J. Davidovits in 
1972, after the catastrophic tunnel fires in France [14]. Since then, several research 
studies have been published regarding the advancements of fire-resistant inorganic 
polymers.

The aluminosilicate raw materials used in these studies include natural clays like 
metakaolin and industrial wastes, such as ashes, metallurgical slags, mine tailings, 
waste glass and construction and demolition waste. Barbosa and McKenzie [15] 
investigated the thermal behavior of metakaolinite-based inorganic polymers with 
SiO2/Al2O3 and Na2O/SiO2 ratios equal to 3.3 and 0.25, respectively. The derived 
materials exhibited remarkable thermal stability up to around 1300°C, before starting 
to melt. Besides, the composites of these inorganic polymers with granular inorganic 
fillers exhibited good thermal performance up to 1000°C, with little detectable 
reaction between the filler and the geopolymer matrix. Different mixtures of fly ash 
and metakaolin were also used to develop geopolymers with thermal stability at high 
temperatures [16]. However, the mechanical strength of the obtained materials was 
constantly decreased with temperature increasing, while several cracks appeared 
on their surfaces from the temperature of 300°C. Similarly, the class F fly ash-based 
geopolymers prepared by using both, sodium- and potassium- based alkali activators 
proved unsuitable for refractory applications, as they showed high shrinkage and low 
thermal stability when exposed to temperatures ranging from 800 to 1200°C [17]. 
Moreover, the residual compressive strength of geopolymers based on combinations 
of fly ash and slag in different ratios decreased exponentially with the increase of 
their initial strength, after their exposure to high temperatures, up to 800°C [18]. 
This behavior was attributed to the decrease in specimens’ ductility that was observed 
with the increase of the initial compressive strength. On the contrary, the compressive 
strength of inorganic polymers based on granulated blast furnace slag (BFS) rich in 
calcium was constantly increased upon their exposure to temperatures from 200 to 
1000°C for 1 hour [19], almost doubling the initial value. Furthermore, the reverse-
side temperature of BFS-based alkali-activated materials exposed to 1100°C flame was 
equilibrated at less than 400°C after 35 min [20]. In addition, the fire performance of 
inorganic polymers based on a ferronickel slag was successfully assessed according 
to the ISO-834 and rijks water staat (RWS) standard temperature–time curves [21]. 
The ISO-834 standard fire curve was also used to investigate the fire performance of 
foamed and unfoamed metakaolin-based geopolymers reinforced with polypropylene 
fibers [22] to assess their suitability for thermal barriers and fire-resistant panels. 
Based on the results, the unfoamed geopolymer presented better performance than the 
foamed one. Finally, inorganic polymers prepared by specific streams of Construction 
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and Demolition Waste (CDW) exhibited very good thermal and mechanical proper-
ties after exposure to elevated temperatures up to 1050°C, for 2 hours [23].

Among the above-mentioned industrial wastes, CDW can be found everywhere 
and therefore, is the most suitable to meet the challenges of the circular economy in the 
building and construction industry. This waste results from the demolition, the reno-
vation, and the construction of buildings, roads, bridges, tunnels, etc., and comprises 
a wide group of waste materials, including concrete, bricks, ceramics, gypsum, wood, 
glass, metals, plastic, organic materials and excavated soil. In the European Union 
(EU), around 450–550 million tons of CDW is produced every year, accounting for 
more than 35% of the total industrial waste volume generated per annum [24]. Similar 
quantities of CDW are generated every year in the United States (USA), of which only 
about 5% comes from the residues of the construction industry, with the remaining 
95% coming from demolition activities [25]. Approximately 12% of CDW is concrete, 
while more than 54% corresponds to ceramic-type materials, like bricks and ceramic 
tiles. According to previous research, the recycling of CDW in the production of 
inorganic polymers intended for the building and construction industry [26–30] is an 
attractive and effective option for the sustainable management of this waste.

In this paper, the development of a new, sustainable fire-resistant inorganic poly-
mer (geopolymer) based on waste bricks of the CDW is investigated. The obtained 
material was evaluated in terms of mechanical properties and thermal stability, 
after exposure to temperatures up to 1050°C for 2 hours. The mineralogical trans-
formations that occurred in the geopolymeric matrix at elevated temperatures were 
investigated by the XRD method. Furthermore, the compression deformation of the 
developed material subjected to thermal load, as well as its fire performance accord-
ing to the ISO-834 standard time–temperature curve, were assessed. According to the 
findings of this research work, the recycling of waste bricks for the development of 
fire-resistant inorganic polymers intended for the passive fire protection of buildings 
and construction is very promising.

2.  Experimental procedure

2.1 Raw materials

Waste Bricks (WB), which is a stream of Construction and Demolition Waste 
(CDW), was used in this research as a solid precursor source of inorganic polymers. 
An adequate quantity of WB for the development of fire-resistant inorganic polymers 
was delivered from a CDW recycling plant in Cyprus. Waste bricks were crushed 
and milled to a particle size below 1.18 mm. The chemical composition of WB was 
determined by the energy-dispersive X-ray fluorescence method (ED-XRF; SPECTRO 
XEPOS) and presented in Table 1. As shown in Table 1, WB was rich in silicon and 
aluminum oxides, indicating suitability for geopolymerization, while it also contained 
important quantities of iron and calcium oxides, as well as small amounts of magne-
sium and potassium oxides.

The mineralogical analysis performed on a D8 Bruker Diffractometer (CuKα 
radiation, λ = 1.5418 Å, tungsten filament) detected quartz (SiO2) and the feldspars 
anorthite (CaAl2Si2O8) and albite (NaAlSi3O8) as predominant phases in this waste 
material. Moreover, minor amounts of calcite (CaCO3) and hematite (Fe2O3) were 
present, while diopside (MgO·CaO·2SiO2), wuestite (FeO) and mullite (3Al2O3·2SiO2) 
were tentatively identified.
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According to the particle size distribution analysis of WB, which was performed 
using a Mastersizer 500 laser analyzer (Malvern Instruments Ltd.), the mean particle 
size was 43 μm. In this experimental work, only the −250 μm class of WB was used, 
as received after sieving. The used class of WB had a bulk density of 1.63 g/cm3, an 
apparent density of 2.81 g/cm3 and water absorption equal to 25.57%.

A hybrid alkaline silicate activator, which combined a potassium hydroxide (KOH) 
solution of 8 M (mol/L) concentration and a sodium silicate solution (MERCK S.A., 
Na2O = 8%, SiO2 = 27%, H2O = 65% and d = 1.346 g/mL), was used to drive the geo-
polymerization reaction in this work. The potassium hydroxide solution was prepared 
by dissolving KOH anhydrous pellets (MERCK, 99.5% purity) in distilled water. After 
its preparation, the KOH solution was left for at least 24 hours before being used. The 
two solutions were mixed and stirred on a stirring plate for 5 min before their use.

2.2 Synthesis of materials

The synthesis of the inorganic polymer studied in this paper is based on previous 
research [23]. The fire-resistant inorganic polymer based on the waste brick (BFR) 
was synthesized by using 100% WB and a hybrid alkali-metal silicate solution of a 
silicate modulus (Ms) equal to 1.1. The solid-to-liquid ratio (S/L) was 2.5 g/L. The 
two components were mixed in a planetary mixer (Hobart) for 5 min at a speed of 
95–110 rpm to form a homogeneous paste. The paste was poured into steel cubic 
molds of 50x50x50 mm3 and sealed with a plastic film to prevent water evaporation. 
The samples were cured at a temperature of 50°C for 7 days, under ambient pressure 
and uncontrolled humidity conditions. After curing, the specimens were demolded 
and left to harden under ambient conditions for 7 and 28 days, before undergoing the 
different tests and measurements. Two prismatic specimens of BFR with dimensions 
100x100x40 mm3 and 400x400x40 mm3 were also prepared for use in the thermal 
conductivity measurement and fire resistance test, respectively.

2.3 Analysis and testing methods

The mineralogical analysis of the raw material and the inorganic polymers was 
performed according to the X-Ray Diffraction (XRD) method, using a D8 Bruker 

Oxide Mass (wt. %)

SiO2 53.57

Al2O3 14.33

CaO 7.71

FeO 10.19

K2O 3.74

MgO 4.07

Na2O 0.66

TiO2 1.46

Other 4.27

Table 1. 
Chemical composition of WB.
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Focus diffractometer (CuKα radiation) in the range of 2-theta from 2° to 70° with a 
scanning speed of 2°/min.

The microstructure of inorganic polymers was evaluated by the Fourier 
Transformation Infra-Red (FTIR) method in a Perkin Elmer 2000 spectrometer, 
using the Attenuated Total Reflection (ATR) technique with a Zn/Se crystal. FTIR 
spectra were collected in the wave number range from 650 to 4000 cm−1.

The thermal conductivity of the BFR inorganic polymer was measured according 
to the guarded hot plate method on a Netzsch HFM 446 Lambda Series—Heat Flow 
Meter, using prismatic samples measuring 100x100x40 mm3. The reported value is 
the average of five measurements.

The uniaxial compression strength of the developed materials was assessed using 
a universal mechanical machine with a 2000 kN measuring range. The prepared inor-
ganic polymers were tested 7 and 28 days after curing, while those exposed to elevated 
temperatures were tested once they cooled down to room temperature. Three cubic 
specimens of 50 mm edge were used in each test, and the reported value corresponds 
to the average of the relevant measurements. The same cubic specimens were also 
used to define the density and mass loss of materials, and the reported values are the 
average of three measurements.

The thermal and mechanical behavior of the BFR inorganic polymer at elevated 
temperatures was assessed using two different procedures. The first procedure 
investigated the compressive strength of BFR after exposure to selected temperatures, 
while the second one focused on its compression deformation under thermal load. 
In the first procedure, three cubic specimens of 50x50x50 mm3 were heated to the 
temperatures of 600, 800 and 1050°C in a laboratory electric furnace (Figure 1a). The 
furnace was heated at a rate of 4.4°C/min up to the desired temperature and left at this 
temperature for 2 hours, simulating the duration of a building fire. After this time, the 
samples were removed from the oven and left to cool back to ambient temperature in 
open air conditions. After the test, the exposed specimens were thoroughly inspected 
for cracks and surface alterations and tested for compressive strength, density and 
mass loss. Moreover, the rearrangements that occurred in the matrix BFR inorganic 

Figure 1. 
(a) Electric furnace and (b) Instron 5982 loading machine with furnace (inset photo).
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polymer were evaluated by XRD and FTIR analyses. In the second testing procedure, a 
universal mechanical testing machine, Instron 5982 (100 kN) equipped with a furnace 
of high temperatures (Figure 1b) with the possibility to reach up to 1300°C, was used 
to assess the compression stress of the BFR inorganic polymer under heat flux that 
simulated fire conditions. In this test, three cylindrical samples of 12 mm diameter 
and 16 mm height were heated to the temperatures of 1050, 1000 and 950°C, at which 
they were compressed between two alumina rods fitted with silicon carbide. To pro-
tect the furnace in case of a sample melting, alumina/silica foam and steel slims were 
used at temperatures below and above 1000°C, respectively, as insulation between 
the sample and the rods. In all tests, a heating rate of approximately 5°C/min and a 
displacement rate of 500 mm/min were applied, while temperature accuracy was 5°C.

The fire resistance of the BFR inorganic polymer was assessed according to the 
ISO-834 standard time–temperature curve (Fire resistance tests—Elements of building 
constructions) [31]. This standard test is based on the burning rate of commonly used 
materials in the building and construction industry (fire of cellulosic nature) and defines 
a testing method for evaluating the fire resistance of materials and systems intended for 
the passive fire protection of building and construction components. In this study, a pris-
matic specimen of BFR inorganic polymer (fire-resistant material) with dimensions of 
400x400x40 mm3 was fixed by appropriate fire-resistant anchors (Fischer FNA 6x30/30 
A4) on a 400x400x200 mm3 concrete slab (fire-protected component) that was prepared 
according to European federation of national associations representing producers and 
applicators of specialist building products for concrete (EFNAR) specifications [32]. The 
resulting combined specimen was then placed at the opening of a custom-made electric 
furnace, so that the inorganic polymer to be directly exposed to the heat flux inside the 
furnace, as shown in Figure 2a. Eleven thermocouples of K-type (NiCr-Ni), which were 
placed at specific points of the specimen (Figure 2b), monitored and continuously 
measured the temperature at the interface of BFR with the concrete slab, as well as into 
the concrete slab, at the distance of 25 mm, 40 mm and 75 mm from the interface and on 
the back side.

Two more thermocouples were used to monitor the temperature inside the 
furnace. The temperature in the furnace was increased following the temperature 
evolution of the ISO-834 standard curve, as is defined by Eq. (1).

 = + +0 10T 345· log (8· 1)T t   (1)

where T is the furnace temperature (°C), t is the time (s) and 0T  is the initial furnace 
temperature (°C).

3.  Results and discussion

3.1 Physical mechanical and thermal properties

The compressive strength of the BFR inorganic polymer was 19.2 MPa after 
the first 7 days of hardening, while it reached 22.7 MPa after 28 days of harden-
ing, in total. The density of BFR was 1556 kg/m3 and remained almost unchanged 
throughout the whole hardening period. Moreover, this material presented negligible 
shrinkage (< 1%) and weight loss (< 3%) in the same period. Finally, the thermal con-
ductivity of the BFR inorganic polymer was detected to be 0.156 W/ (m·K) at 25°C. 
Such a thermal conductivity value is similar to or even better than that of commercial 
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fire-resistant materials currently used in the construction industry [33], rendering the 
BFR inorganic polymer a promising candidate for passive fire protection applications.

3.2 Elevated temperature mechanical behavior

In Figure 3, the compressive strength of the BFR inorganic polymer exposed to 
elevated temperature is plotted as a function of hardening time (7 and 28 days) and 
temperature of exposure. For comparison purposes, the compressive strength of the 
BFR, after curing (50°C), is also included in Figure 3.

As shown in Figure 3, the compressive strength of BFR followed a similar trend 
for both hardening periods. As regards the materials that had undergone hardening 
for 7 days, compressive strength decreased to 15.4 MPa after their exposure to 600°C. 
Then, the compressive strength increased with temperature, reaching its initial value 
(19.4 MPa) after exposure to 800°C, which is slightly increased (21.06 MPa) to the 
highest studied temperature of 1050°C. Similarly, the compressive strength of BFR 
specimens that were left 28 days for hardening decreased to 18.8 MPa when they were 
exposed to 600°C and then it increased to 23.7 and 25.2 MPa, after exposure to 800 
and 1050°C, respectively.

The decrease in compressive strength observed after the exposure of BFR to 
600°C (Figure 3) can be attributed to the massive evaporation of the chemically 
bonded water from the geopolymeric matrix of the material. At this temperature, the 
water molecules and hydroxyl ions that participate in the hydrate and hydroxylate 
alkali-silicate-aluminate phases are removed from the geopolymeric matrix, creating 
an increased vapor pressure in the micro- to nano-porosity of these materials that 
negatively affects their compressive strength [23]. In addition, at around 500–550°C, 
the softening of the alkali-aluminosilicate gel phases starts to occur [34], contributing 
to the decreased compressive strength of materials. The softening process of the geo-
polymeric gel matrix is also responsible for the improvements in compressive strength 
observed at higher temperatures (Figure 3). The viscous phase that is formed involves 

Figure 2. 
(a) Experimental set-up of the fire resistance test and (b) arrangement of thermocouples.
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critical changes in the structure of inorganic polymers (geopolymers) with the 
increase of temperature. This phase fills the internal porosity of materials and sinters 
the particles of the solid precursor, leading to the densification of materials to glass- 
or ceramic-like structures [35]. Moreover, at elevated temperatures, it also promotes 
the cracks healing, thus improving the durability of materials.

The mineralogical transformation that occurred in the BFR inorganic polymer 
after its exposure to elevated temperatures (Figure 4) justified the above-mentioned 
microstructural alterations.

As seen in Figure 4, the only mineralogical alteration identified in the BFR 
inorganic polymer after its exposure to 600°C (Figure 4b), is related to the kalsi-
lite (KAlSiO4) phase (Figure 4a). With the increase of the exposure temperature 
to 800°C, some important mineralogical changed were detected, including the 

Figure 3. 
Compressive strength of the BFR inorganic polymer after exposure to elevated temperatures for 2 hours (curing at 
50°C for 7 days; hardening at ambient temperature for 7 and 28 days).

Figure 4. 
XRD patterns of BFR inorganic polymer after (a) curing (50°C, 7 days) and (b), (c) and (d) exposure to 600, 
800 and 1050°C, respectively, for 2 hours.
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Figure 5. 
Stress–strain curves of the BFR inorganic polymer at 950 and 1000°C.

disappearance of the slight broad halo peak registered in 2-theta between 14° and 
21° at the XRD pattern of the as-cured BFR (Figure 4a), which was associated to the 
amorphous gel phase formed after the geopolymerization of waste brick, as well as 
the decrease of quartz and the increase of diopside peaks intensity (Figure 4c). At 
the highest investigated temperature, more significant mineralogical changes were 
observed (Figure 4d). Feldspars that dominated in the BFR up to the temperature of 
800°C (Figure 4a–c) disappeared after exposure to 1050°C, giving way to the crystal-
lization of diopside and quartz phases, which both increased significantly in intensity 
and became predominant. The disappearance of the amorphous geopolymeric gel 
phase and the enhancement of diopside and quartz crystalline phases, which pres-
ent increased hardness than feldspars, favored the mechanical strength of BFR 
(Figure 3).

The changes in the BFR density after its exposure to elevated temperatures were 
insignificant. The density was decreased from 1556 kg/m3 to 1475 kg/m3 at 600°C 
and remained quite constant up to 1050°C (1436 kg/m3). The inorganic polymer also 
showed negligible mass loss (< 6%) and shrinkage (< 5%), upon its exposure up to 
1050°C. Besides, it remained structurally intact to all testing temperatures, with no 
signs of spalling, deformation or failure, except for a few small cracks that were vis-
ible on the specimens’ surface, after their exposure to 600°C. It is worth noting that 
these cracks disappeared after exposure to the temperatures of 800°C and above, due 
to the above-mentioned sintering phenomena that took place at these temperatures.

3.3 Compression deformation under thermal load

Figure 5 presents the stress–strain curves of the BFR inorganic polymer obtained 
by the gradual applying of load at the temperatures of 950 and 1000°C. Generally, the 
stress–strain curve quantifies the relationship between the load applied to the cross-
sectional area of a test specimen and the resulting displacement and is a measure of 
the occurred deformation. The curve of the BFR specimen tested at the temperature 
of 1050°C is not included in Figure 5, since it underwent plastic deformation from 
the beginning of the test. The specimen was deformed without obvious fracture up 
to approximately 50% apparent strain, eventually taking on a permanent barrel-
like shape (Figure 6d). The plastic deformation at this temperature is reasonable, 
as it is related to the softening of sodium silicates (melting point ~1080°C) in the 



91

DOI: http://dx.doi.org/10.5772/intechopen.1010424
Inorganic Polymers (Geopolymers) Based on Construction and Demolition Waste for Fire Safety…

geopolymeric matrix and the formation of a pseudo-viscous phase that negatively 
affects the cohesion of the materials [36].

According to Figure 5, the stress–strain curves of BFR specimens at both tempera-
tures of 950 and 1000°C present a linear first stage, that indicates elastic deformation 
for the material in both temperatures. This behavior characterizes brittle materials 
like hard ceramics. In the linear elastic stage, stress is proportional to strain, with the 
slope indicating the modulus of elasticity. As shown in Figure 5, the slope is higher at 
1000°C than at 950°C, demonstrating a higher ability of BFR to resist deformation at 
950°C. Indeed, BFR underwent elastic deformation up to 0.2% strain at 950°C, which 
ended up with the specimens’ fracture, while the elastic deformation of BFR was 
limited to a strain of up to 0.05% at 1000°C (Figure 5) followed by a small region of 
plastic stress.

As appeared in Figure 6b and c, BFR specimens presented a brittle fracture 
with low deformation at both temperatures of 950 and 1000°C. A strain hardening 
region is generally absent (Figure 5); thus, energy is absorbed by fracture, while the 
cracks formed under the applied load were unstable (Figure 6b and c), meaning that 
they could continue growing spontaneously, without the load increasing. The yield 
strength of BFR at 950°C was 18 MPa (Figure 5), which was similar to the residual 
compressive strength after 2 hours exposure to the same temperature. This means that 
the BFR inorganic polymer can withstand a load of about 18 MPa up to 950°C and 
recover its original shape when this load stops applying. On the contrary, the yield 
stress of BFR at the temperature of 1000°C was around 6 MPa (Figure 5), which was 
approximately one-third of the compressive strength developed after 2 hours expo-
sure at this temperature. As seen in Figure 6c, many heavy cracks were formed on the 
BFR specimen, strongly affecting its structural integrity.

3.4 Fire resistance test performance

The experimental results of the BFR testing under the ISO-834 standard 
time–temperature curve are presented in Figure 7. In the corresponding graph, 
the temperature that was recorded at the interface between the concrete and the 
inorganic polymer, as well as inside the concrete slab at 40 mm distances from the 
interface and on the unexposed surface (back side) of the concrete slab, is plot-
ted versus time. Moreover, the change in furnace temperature over time and the 
ISO-834 standard fire curve, as it was determined according to Eq. (1), are also 
included in Figure 7.

The performance criteria of a fire-resistant material that is tested according to the 
ISO-834 standard fire curve require: (i) the average temperature at the unexposed 

Figure 6. 
BFR specimens after stress–strain testing at (a) 50°C (b) 950°C, (c) 1000°C and (d) 1050°C.
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side of the specimen not to exceed the initial temperature by 155°C (this means that 
the temperature should not exceed 180°C, given an initial temperature of 25°C) and 
(ii) any crack appearing after the test completion on specimen’s exposed surface 
should be lower than or equal to 6 mm thick for a length of 150 mm or more and not 
have any opening larger than 25 mm.

As shown in Figure 7, the temperature at the interface between the concrete and 
the BFR inorganic polymer failed to remain below 180°C throughout the test, as 
required by the ISO-834 standard fire curve. Specifically, this temperature slightly 
exceeded 180°C after 100 min, reaching the temperature of 224°C after 120 min. 
According to the experimental results given in Figure 7, in the first 10 min, when the 
furnace temperature was rapidly increased to 670°C, the temperature developed at 
the concrete-BFR interface was very low, about 18°C. In the following 50 min (60 min 
from test starting), the temperature at the concrete-BFR interface increased to 87°C, 
with the furnace temperature being 960°C, establishing a temperature gradient across 
BFR of 21.8°C/mm. Then, the temperature at the interface continued increasing at 
a rate of 2.3°C/min and reached 224°C at the end of the test, when the furnace tem-
perature was 1074°C (Figure 7). At this time, the temperature gradient determined 
across BFR was almost constant and equal to 21.3°C/mm. Regarding the temperature 
developed inside the concrete slab at a distance of 40 mm from the concrete-BFR 
interface, it remained below 180°C until the end of the test. Finally, the temperature 
at the unexposed side of the concrete slab was less than 70°C during the fire test 
(Figure 7). At the end of the test, the BFR specimen presented coherence and integ-
rity (Figure 8), without observing any structural damage, deformation, or important 
surface cracking on both sides, the one exposed at the thermal load (Figure 8c) and 
the other that was laid on the concrete slab (Figure 8b). Only some small-sized cracks 
have appeared on the exposed surface (Figure 8c), which did not affect the mechani-
cal stability of the material. Moreover, the BFR inorganic polymer was proven non-
combustible material.

The change of the BFR specimen color from red (Figure 8a) to brownish red 
(Figure 8c) observed before and after being subjected to the ISO-834 standard fire 
test, was associated with the transformation of the mineralogical phases that occurred 
at the developed temperatures. The high concentration of iron oxides in the BW 

Figure 7. 
Performance of the BFR inorganic polymer under the ISO-834 standard fire curve.
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(Table 1) in the form of hematite and wuestite (Figure 4a) was responsible for the 
red color of the BFR specimens before testing. During the fire test, the formation 
of diopside at around 900°C (Figure 4d) provided with a yellowish color the BFR 
specimens, resulting in the final brownish red color [37].

Although the BFR inorganic polymer failed to meet the temperature-related per-
formance criterion required by the ISO-834 standard fire curve, it succeeded in keep-
ing the temperature at the interface between concrete and geopolymer below 180°C 
for more than 100 min, which is very important for the safe evacuation of a building in 
case of fire. Overall, the BFR inorganic polymer succeeded in maintaining the temper-
ature at the interface with concrete below 250°C after 2 hours of fire exposure, which 
is significant for the structural integrity of concrete, as this temperature is much lower 
than the critical temperature of the concrete exfoliation and spalling (380°C).

4.  Conclusions

In the present work, the utilization of waste bricks derived from CDW, for the 
development of an advanced and sustainable inorganic polymer (geopolymer) for 
the fire safety of buildings and constructions was investigated. The most important 
findings of this investigation are the following:

The developed inorganic polymer showed compressive strength of 19.2 and 
22.7 MPa withing 7 and 20 days, respectively, after curing. Its thermal conductivity 
was 0.156 W/ (m·K) at 25°C and its density was equal to 1556 kg/m3. The physical, 
thermal and mechanical properties of the inorganic polymer were comparable to 
those of commercial fireproofing materials.

After exposure to 600°C for 2 hours, the compressive strength decreased by 17.5 
to 18.5%, regardless of the hardening time. Τhe compressive strength increased with 
further increase in exposure temperature and reached the initial value at 800°C, 
while it exceeded it by approximately 10% at the highest studied temperature of 
1050°C. These alterations in compressive strength were attributed to the mineralogi-
cal transformations that occurred in the geopolymeric matrix. The inorganic polymer 
showed negligible shrinkage and mass loss and maintained its structural integrity at 
all exposure temperatures.

The compression stress of the inorganic polymer under heat load revealed elastic 
deformation up to 950°C, elastic to plastic deformation between 950 and 1000°C, and 

Figure 8. 
The BFR specimen (a) before and (b) and (c) after the fire test.
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plastic deformation without fracture, at 1050°C. Up to 1000°C, the inorganic polymer 
presented brittle fracture, which is common for hard ceramic materials. The devel-
oped material was proved able to withstand a load of 18 MPa and 6 MPa under heat 
flux at 950 and 1000°C, respectively, before failure.

The performance of the inorganic polymer under the ISO-834 thermal load was 
very satisfactory. The material succeeded in the test for 100 min, proving that it has 
the ability to operate as a heat flux barrier for buildings and constructions. No sig-
nificant cracks or any other deformation and defects were observed on both sides of 
the tested specimen, after 2 hours of exposure to the high thermal load. Some small-
size cracks, which appeared on the exposed surface of the specimen, were deemed 
insignificant for affecting its structural stability. Besides, no concrete spalling was 
observed during and after the fire testing.

Overall, the good thermal and mechanical performance of the developed inorganic 
polymer (geopolymer) in simulating fire conditions, in combination with the utiliza-
tion of waste for their production, the remarkably low processing temperature, and 
reduced carbon footprint, makes it attractive as fire-resistant material. However, a 
more detailed and comprehensive study of the long-term performance characteristics 
and the up scaling of the new material is required to better define its exact applications.
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Chapter 5

Numerical Simulation of Thermal 
Shock for Glass-Glass BIPVs in Fire: 
Gaps and Challenges
Chiara Bedon, Lorenzo Veronese, Riccardo Del Bello, 
Nicola Cella and Yu Wang

Abstract

Glass-glass photovoltaic (PV) technologies for building integrated (BIPV) applica-
tions are increasingly used in construction, due to several advantages. Besides, many 
complex aspects characterize the performance of these building components, and 
robust technical knowledge by many experts (with electrical, mechanical, structural, 
and architectural backgrounds) is usually required for their analysis. In ordinary 
BIPV applications, for example, thin glass covers are required to sustain thermal loads 
that derive from ordinary operational conditions, possible superimposed mechanical 
loads, even under accidents, such as fire. As such, among others, it is important to 
realistically predict the occurrence of first cracks in glass due to thermal shock, which 
is frequently followed by fallout. This chapter analyzes the potential of Finite Element 
(FE) numerical strategies for a more in-depth assessment of glass-glass BIPV perfor-
mances in fire, to possibly support their optimal design and functionality assessment. 
Based on the literature background, a standard furnace test is numerically reproduced 
for a 1.046 m × 1.719 m glass-glass BIPV sample with 6 mm thick tempered covers 
and 1 mm thick Ethylene Vinyl Acetate (EVA) encapsulant. The attention is focused 
on the heat transfer transient analysis for first crack and failure time detection due to 
thermal shock of the exposed glass cover. The simulations give evidence of thermal 
shock after about 6′ of fire exposure, which fits well with the available experimental 
evidences. The critical discussion of comparative results, however, shows a major 
sensitivity to input material properties and poses the basis for further experimental 
and numerical investigations.

Keywords: glass, photovoltaics (PV), building integrated photovoltaics (BIPV), 
ethylene vinyl acetate (EVA), fire, thermal shock, modeling, experiments

1.  Introduction

PV solutions for building integrated (BIPV) applications represent widely used 
composite systems, whose multi-functional performances are particularly challeng-
ing to address [1, 2].



Fire Safety Engineering – Measures, Policies, and Applications

100

Among others, the effect of both thermal and mechanical loads is known to 
represent a very important and often critical aspect for product design, certifica-
tion, as well as durability and functionality optimization. In these systems, thin 
glass layers are used for the front cover (or both front and back covers) to protect 
the solar cells and provide an appropriate load-bearing capacity to the resisting 
section (Figure 1(a)). The realistic estimation of the propagation of first cracks 
in glass is hence critical to preserve the integrity of the system, both under ordi-
nary or even extreme design actions. Fire accidents, among others, are even more 
critical because of superimposed thermal and mechanical effects (Figure 1(b)), 
hence resulting in a challenging detection and analysis of resisting and failure 
mechanisms.

To verify the failure time of PVs in fire, complex experimental tests are 
commonly carried out on full-scale samples and prototypes, according to exist-
ing  standards and regulations [3–6]. Experimental investigations can be also 
extended to large size BIPV facades, which are even more challenging to assess and 
mitigate [7].

In this chapter, the attention is given to the use of numerical models and Finite 
Element (FE) methods for the transient heat transfer, thermal analysis of glass-
glass BIPVs in fire, and particularly to their possible use for the detection of first 
damage and crack initiation in the glass components that are directly exposed to 
fire, as a consequence of heat propagation (thermal shock). To this aim, a major 
effort is derived from the support of literature documents that are used to collect 
experimental evidences for full-scale BIPVs in fire conditions [8], to obtain some 
input properties for the constituent materials [9, 10], and to give feedback for the 
calibration of FE boundaries and failure detection strategies for glass elements in 
fire [11].

The presently reported numerical analysis, carried out in ABAQUS/Standard [12], 
shows that—even rather challenging—the use of FE simulations can provide thermal 
scenarios and thermal gradient estimates that could be efficiently combined with con-
ventional simplified methods for glass failure detection due to thermal shock. Besides, 
several influencing parameters should be taken into account, especially the tempera-
ture sensitivity of material properties. Moreover, the study suggests that the availabil-
ity of an adequate number of experiments, as well as a detailed instrumentation for 

Figure 1. 
Examples of glass-glass photovoltaics and fire accident.



101

Numerical Simulation of Thermal Shock for Glass-Glass BIPVs in Fire: Gaps and Challenges
DOI: http://dx.doi.org/10.5772/intechopen.1009849

BIPV experimental samples under fire, would facilitate a sound numerical validation 
of FE models, at the local and global level.

The present outcomes, in this sense, represent preliminary promising results of a 
research investigation that will be necessarily further extended to a multitude of con-
figurations (i.e., materials, layout and size aspects, etc.), as well as to more elaborated 
thermo-mechanical considerations that could support a robust in-depth analysis of 
the BIPV load-bearing performance and capacity under extreme conditions.

2.  Simplified method for detecting thermal shock

Commonly, a simple and practical approach to detect first glass cracking is based 
on the limitation of thermal gradients that occur in the hottest and coldest regions of 
glass [13]. Referring to different glass types and edge production details, the conven-
tional values as in Table 1 can be taken into account for this purpose [14].

Such an approach, while simplified, can be efficiently combined with refined 
numerical models that can take into account the layered composition of BIPVs. Here, 
multiple components and layers with different thermo-physical and mechanical 
properties (as well as sensitivity to temperature variations) are used to assemble these 
thin sandwich sections.

In this chapter, attention is focused on the potential of FE numerical analysis (in 
combination with simplified methods as in Table 1) to detect the first crack initiation 
in glass-glass BIPVs in fire, which corresponds to thermal shock. Any other effect of 
possible mechanical loads (superimposed to thermal loads) is disregarded.

3.  Numerical analysis of BIPVs in fire

3.1 Reference BIPV system

For numerical validation and comparative purposes, the full-scale BIPV specimen 
experimentally investigated in the work of Huang et al. [8] under fire conditions 
(and originally identified as “Type I BIPV”) was taken into account in this study. 

Edges

Glass type As-Cut or
Arrissed

Smooth ground Polished

Allowable thermal gradient [°C] AN (< 12 mm) 35 40 45

HS 100

FT 200

Allowable thermal stress [MPa] AN (< 12 mm) 20.34 23.24 26.15

HS 58.10

FT 116.20

Table 1. 
Allowable thermal gradients (∆allowable) for glass, and corresponding allowable thermal stresses (σT,allowable).
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The reference specimen consisted of a standard BIPV sandwich section inclusive of 
two tempered glass layers (6 mm in thickness), the interposed Ethylene Vinyl Acetate 
(EVA) encapsulant (1 mm in thickness), and the embedded monocrystalline Si-based 
solar cells (0.156 × 0.156 m2 their size). Transparent glass was used for both the front 
and back covers. The BIPV module size spanned over 1.046 × 1.719 m2, with solar cells 
arranged in a 6 × 10 array. A standard, continuous aluminum frame was finally used 
to fix the edges of the BIPV specimen to the test setup (furnace). Refractory silicone 
and concrete layers were used to fill possible gaps between the frame and the furnace 
walls and to avoid the leakage of flames or smoke during the fire experiment.

Overall, the test setup was arranged to impose a time-temperature curve on the 
exposed glass cover that could comply with ISO and CNS standard temperature curves 
for fire testing [15, 16]. According to Huang et al. [8], the reference test on “Type I 
BIPV” sample was carried out with the support of 17 uniformly distributed flame 
burners in the furnace, and interrupted after ≈13′. For monitoring the temperature 
evolution inside the furnace during the fire test, a total of 16 thermocouples and 4 
feedback temperature sensors were used. On the unexposed surface of “Type I BIPV” 
specimen, an additional set of 7 K-type thermocouples (TC#n) was taken into account. 
Most importantly, for the present comparative analyses, TC#1 was placed in the centre 
of glass cover, while TC#13 was installed at the mid-span section of frame mullion.

Notably, the original experiment by Huang et al. [8] was carried out for a BIPV 
sample under ordinary electrical operational conditions, thus the observed failure 
mechanisms included the effect of fire exposure and the combined effect of internal 
heat generated by solar cells, as well as flashover. The first cracks and fallout of the 
inner glass layer (i.e., inside the furnace) were experimentally observed in the work of 
Huang et al. [8] after 6′17″ of fire exposure, with an average hoven temperature in the 
order of ≈600°C. The final catastrophic and explosive failure of glass components was 
recorded after 12′16″, with a mean furnace temperature up to ≈800°C.

For the presently reported investigation, the attention was focused on the analysis 
and estimation of thermal shock (i.e., first crack occurrence) in the front glass layer 
directly exposed to fire, and thus on the comparative analysis of the experimental 
feedback with the present numerical estimates for the first 7 minutes of fire exposure 
only (corresponding to a maximum temperature peak of ≈600°C). Notably, a second 
BIPV specimen was also experimentally investigated in the work of Huang et al. [8], 
and detected as “Type II BIPV”. In this second case, the first cracks and fallout of the 
exposed glass layer were observed after 6′45″ of fire loading. This second specimen, 
however, was disregarded for the present numerical analysis, since characterized by 
different assembly details, in particular in terms of the presence and arrangement of 
the junction boxes and the electrical components.

3.2 Modeling strategy

The reference numerical model was assembled in ABAQUS/Standard, and con-
sisted of 3D solid, 8-node elements for the fire analysis (DC3D8 type from ABAQUS 
library). Each constituent layer of the BIPV specimen was numerically reproduced 
based on nominal geometrical features, including individual parts for the tempered 
glass layers, the EVA encapsulant with the embedded solar cells, and the aluminum 
supporting frame (Figure 2). To this aim, a major advantage was taken from past 
modeling experiences for structural glass components in fire [9–11].

A fine mesh pattern was used for the description of BIPV components, including 
4 elements in the thickness of each one of them. The maximum edge size of solid 
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elements for the BIPV section was fixed at 5 mm. To preserve the computational 
cost of analyses, one-fourth of the nominal specimen was numerically analysed, 
with ideal thermal boundary conditions on the symmetry planes and the perimetral 
surfaces of the frame components (i.e., in contact with the furnace wall and rigidly 
connected to the laboratory setup). Such a numerical assembly resulted in a total 
of ≈67,000 elements and ≈94,000 DOFs. Figure 2 shows a schematic cross-section 
detail of model components, with evidence of the selected control points for 
temperature analysis on the unexposed surface of the sample (TC#1 for glass and 
TC#13 for the frame).

A transient heat transfer analysis was carried out in ABAQUS on the model 
assembly of Figure 2. According to Huang et al. [8], the average ambient temperature 
of 27°C was taken into account as the initial condition for the numerical analysis. 
For simulating the fire exposure on the exposed surface of the specimen, the average 
time-temperature curve derived from the experiment conducted by Huang et al. [8] 
was taken into account, under uniform exposure assumptions (Figure 3). A set of 
radiation and convection “thermal interactions” was then assigned to the exposed and 
unexposed surfaces of BIPV, according to Louter et al. [9–11].

Finally, special attention was dedicated to the thermo-physical characterization of 
materials, whose properties are presented in Figure 4 and Table 2.

In particular, their sensitivity to temperature variations was carefully taken 
into account, based on a selection of experimental literature data. Glass was in fact 
numerically described as in the work of Louter et al. [9–11]. Regarding the EVA 
encapsulant, the input parameters were estimated based on the work of Jia and Zhang 
[17]. In the description of solar cells, literature input for silicon components was 
taken into account, such as the work of Desai et al. [18, 19]. For the supporting metal 
frame, finally, material properties according to Vosteen et al. [20, 21] were taken into 
account.

Figure 2. 
Axonometry of the reference numerical model (1/4th geometry, ABAQUS).
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Figure 4. 
Input material properties for the heat transfer transient analysis in ABAQUS.

Figure 3. 
Average time-temperature curve in use for the numerical analysis of the examined BIPV specimen.
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As an important aspect of numerical analysis, the examined temperature range 
for the purpose of the present study was limited to 0–600°C, and the description of 
material properties was carried out according to Figure 4. Additional attention was 
numerically given to EVA, however, to possibly assess the numerical effects of its 
sensitivity to temperature increase, compared to the other constituent materials. The 
EVA encapsulants for PV applications are in fact characterized by thermo-chemical 
processes that can affect their performance. Discolouration, acetic acid forma-
tion, VA content variation, polymer chain conjugation, corrosion of metallization, 
and ability to absorb moisture are the main problems of EVA encapsulants [22]. 
Crystallization and softening processes usually take place for maximum tempera-
tures around 80–100°C [23, 24], which is relatively low compared to fire scenarios 
or event hotspots for pre-stressed glass-glass BIPV systems [24]. Following MatWeb 
[25] and due to major uncertainty in such a material characterization, in the absence 
of more specific data, an average value of ≈150°C was tentatively taken into account 
in the present numerical study, as the possible melting temperature for the EVA layer, 
which is considerably lower than the other BIPV materials (≥ 550°C). This last aspect 
was preliminarily assessed by comparing two different numerical model calibrations. 
In the reference FE assembly, the thermo-physical features of EVA as in Figure 4 
were in fact kept constant for temperatures higher than 150°C. For comparative 
purposes, a second simulation was carried out with the same material properties of 
Figure 4, but accounting for possible EVA degradation and instability, that is by dis-
regarding any thermo-physical contribution of EVA layers for temperatures higher 
than 150°C. Such an approach, while roughly approximate, was herein considered 
for emphasizing the contribution of EVA encapsulant in the thermal response of the 
examined BIPV system.

4.  Results

4.1 Validation

The typical thermal numerical results were preliminarily post-processed to verify 
the consistency and accuracy of model features and calibration, towards the experi-
mental data reported in the work of Huang et al. [8]. The major limitation, in such a 
comparative stage, was represented by limited experimental data/sensors on the BIPV 
specimen. In this sense, it is important to highlight that the experimental temperature 
trend in time on the unexposed glass surface was found mostly uniform from the 
available thermocouples.

Material Modulus of 
elasticity

[GPa]

Thermal 
conductivity
[W m−1°C−1]

Specific heat 
capacity

[J kg−1°C−1]

Thermal 
expansion

[1/°C]

Density
[kg/m3]

Glass 70 1.38 715 8.5 × 10−6 2500

EVA 0.013 0.32 1600 1.6 × 10−4 960

Silicon 166 140 720 2.62 × 10−6 2330

Aluminum 70 237 900 2.5 × 10−6 2700

Table 2. 
Reference material properties (room temperature). Thermo-physical values extrapolated from Figure 4.
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Figure 5, in this regard, shows the typical evolution of temperature on the unex-
posed surface of the BIPV sample (“Type I”), for the two previously selected control 
points of Figure 2 (i.e., TC#1 in the centre of the glass back cover and TC#13 at the 
mid-span section of the aluminum mullion). These two temperature-time experi-
mental curves are compared to the presently obtained numerical predictions, both for 
the glass cover and the frame. The experimental occurrence of the first glass breakage 
(on the exposed surface) is also emphasized in Figure 5.

Most importantly, the numerical results for glass temperature are presented by 
accounting for possible EVA degradation with high temperatures, as described in 
Section 3. Such a modeling approach is extremely simplified but can provide support 
for the elaboration of future studies.

In terms of temperature trends on the frame (on the unexposed BIPV surface), it 
can be seen from Figure 5 that the present FE model fits very well the corresponding 
measurements in time, from the furnace test. At the time of failure, the recorded tem-
perature on the frame was estimated in the order of ≈50°C, which can be still associ-
ated with limited fire consequences and a thermo-physical and mechanical response of 
the frame itself like at room/ambient temperature (i.e., Figure 4). Most importantly, 
however, major effects derive from the coupled response of the frame with the BIPV 
section, which typically manifests in major thermal bridge effects for the glass.

For the glass cover on the unexposed side of the BIPV sample, as shown in 
Figure 5, much higher temperature values were in fact predicted, both numerically 
and experimentally. Moreover, an important effect of the EVA encapsulant can also be 
perceived from the proposed numerical results, thus suggesting the high complexity 
and uncertainty of such a thermo-mechanical topic and the need for further extended 
investigations. From a more detailed analysis of a few comparative data, it can be 

Figure 5. 
Temperature evolution on the unexposed surface of the examined BIPV specimen.



107

Numerical Simulation of Thermal Shock for Glass-Glass BIPVs in Fire: Gaps and Challenges
DOI: http://dx.doi.org/10.5772/intechopen.1009849

seen, for example, that the partial overestimation of the experimental temperatures, 
based on the present modeling strategy, starts from about 3′ of fire exposure. Notably, 
such an effect could derive from a wide series of aspects, both on the experimental 
and on the numerical side. The availability of rather scarce experimental results from 
the furnace setup, however, as well as the absence of specific material properties for 
“Type I BIPV” components, makes particularly difficult a more in-depth analysis, 
justification, and optimal calibration of the presently adopted numerical modeling 
assumptions. Interestingly, Figure 5 shows that when material degradation is consid-
ered for the EVA encapsulant, the measured temperature on the exposed glass surface 
presents a marked drop at about 5′ of fire exposure, which recalls the experimental 
trend in time. Anyway, additional studies, inclusive of experimental analyses on BIPV 
materials and components, are necessarily required.

Finally, it is important to observe that at the experimental time of the first glass 
breakage for the examined BIPV sample, the average temperature in the furnace was 
measured at about ≈600°C, where the latter represents an average hoven tempera-
ture only. Notably, in alignment with the average CNS time-temperature curve of 
Figure 3, the numerical analysis resulted in a furnace temperature of ≈585°C after 
6′17″ of fire exposure, which fits well with the experimental evidences of Huang et al. 
[8]. At the same instant, the numerical temperature in the BIPV components was 
found highly sensitive to the presence of the frame and the embedded solar cells, with 
a maximum peak of about ≈430°C on the exposed surface (Figure 6).

4.2 Glass failure detection

According to Section 2 and Figure 6, it is clear that the temperature distribution 
in FE components is of primary importance for failure detection, based on simplified 
methods. Accordingly, a preliminary attempt was carried out to predict the corre-
sponding thermal gradient and compare it to limit values of Table 1. The calculation 
was numerically carried out by considering—both on the exposed and unexposed 

Figure 6. 
Temperature scenario in the model components after 6′17″ of fire exposure, for the examined BIPV specimen 
(legend values in °C).
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surfaces of glass—a control point in the centre of glass and a control point at the top 
glass corner (behind the frame). The so-obtained results are proposed in Figure 7.

It is important to note that due to the lack of thermal gradient experimental 
evidences for the selected control points and time interval, some numerical consid-
erations can be only carried out on the basis of the earlier validation of Figure 5. As 
shown, the present modeling assumptions resulted in thermal gradients that rapidly 
increase with time. For the unexposed glass layer, this gradient was quantified at 
about ≈100° after 7′ of exposure, which is still associated with safe/non-critical tem-
perature ranges for tempered glass (Table 1). In the case of the exposed glass panel, 
however, the conventional limit value of 200°C for tempered glass was numerically 
exceeded after 5′47″ of fire exposure, which represents a less than ≈30″ underestima-
tion, compared to the reference test for “Type I BIPV” sample.

Such a quantified scatter, which is on the conservative side, could derive from 
possible uncertainties on the calibration of material properties (i.e., that are currently 
based on input features from literature) that do not reflect the thermo-physical and 
mechanical properties of the tested BIPV sample [26]. This is especially the case of 
EVA encapsulant and its possible thermal instability with temperatures higher than 
150°C (Figure 4). Another justification for such a scatter for the expected failure time 
due to thermal shock could derive from the real fire exposure of the BIPV specimen 
during the furnace test, which was numerically assumed as perfectly uniform, over 
the whole exposed surface of the FE model, but in real systems can be affected by 
some variations (i.e., Figure 3), both in the elevation and in the width specimens [27].

4.3 Temperature effects on material properties

The effect of material sensitivity to the progressive temperature modification 
was finally pointed out. The comparative results showed that disregarding the 

Figure 7. 
Numerically predicted thermal gradient, and simplified detection of glass failure on the exposed surface of the 
examined BIPV specimen.
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modification of material parameters with the increasing temperature can have major 
effects for the transient analysis of similar systems, especially for glass failure detec-
tion. Typical results can be seen in Figure 8.

In the case of exposed glass panel, the numerically predicted thermal gradient was 
found to increase with constant material properties, compared to the reference model. 
Such an effect—while on the safe side—underestimates the load-bearing capacity 
and can have major consequences, especially in terms of mechanical performance 
assessment in fire. For the unexposed glass layer, even more pronounced effects were 
observed in terms of corresponding thermal gradients. Also in this case, the reason 
derives from the progressive heat propagation in the BIPV thickness, where multiple 
components (glass, EVA, cells) contribute to the thermal scenario on the unexposed 
surface.

5.  Conclusions

The thermo-mechanical performance of photovoltaic (PV) and building inte-
grated photovoltaics (BIPV) is a well-known challenging task, given that multiple 
aspects and technical knowledges should be properly taken into account, on the 
electrical, engineering, and even architectural side.

Fire safety issues are particularly challenging and crucial for BIPVs, where thin 
composite sections are assembled with glass covers, EVA encapsulants, and embedded 
solar cells. The integrity and functionality of BIPVs are strictly related to the load-
bearing capacity of glass covers, which are commonly subjected to a combination of 
thermal and mechanical loads.

In this chapter, the use of Finite Element (FE) numerical models, in combination 
with simplified strategies of literature, was taken into account to preliminarily assess 
their potential in predicting the initiation of first cracks in the exposed glass layer, due 
to thermal shock.

The comparative analysis for a full-scale BIPV specimen in a standard furnace 
test setup of literature was based on original numerical simulations carried out 

Figure 8. 
Effect of input material properties on the numerically predicted thermal gradient and simplified detection of glass 
failure on the exposed surface of the examined BIPV specimen.
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in ABAQUS/Standard. A full 3D solid model was described, in which all the BIPV 
constituent components were properly reproduced based on nominal geometrical 
features and literature material properties.

The analysis of numerical results towards literature experimental data showed 
that—even extremely challenging—the estimation of failure time and first crack 
initiation in the exposed glass cover can be somehow captured by numerical simula-
tions. Besides, the description of thermal and mechanical boundary conditions for the 
reference experimental setup may have major effects on numerical results and should 
be possibly supported by much more details as possible. The number and position of 
sensors and instruments for the experimental analysis, moreover, should be in general 
maximized to facilitate both the local and global comparative analysis of numerical 
estimates, in order to obtain a more robust validation of simulation outcomes. Among 
the major simplifications of the present numerical investigations, a uniformly distrib-
uted, average time-temperature curve for simulating the fire exposure of the BIPV 
specimen was taken into account, and this assumption can be responsible for a not 
fully realistic description of the thermal scenario inside the test furnace. Major gaps in 
the prediction of thermal shock and failure time for the exposed glass panel may also 
derive from the detailed calibration of the constituent materials, particularly their 
sensitivity and possible degradation with increasing temperatures.

In any case, the present preliminary study showed promising results and a good 
correlation (on the safe side) of the expected failure time, for the examined BIPV 
experiment. Further studies will be carried out by taking into account multiple geo-
metrical and mechanical configurations of practical interest, as well as fire scenarios, 
that will be investigated both experimentally and numerically, to derive possible 
guidelines and practical rules for the calibration of efficient FE modeling strategies.
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