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Foreword 
 

Concern for the health of the natural environment is growing as human population grows and as new levels 
of contamination of scarce resources are revealed.  Current efforts to improve the sustainability of buildings 
focus on increasing energy efficiency and reducing the embodied carbon.  This overlooks the fact that a fire 
event could reduce the overall sustainability of a building through the release of pollutants and the 
subsequent re-build. 
 
Most fires occurring in the built environment contribute to air contamination from the fire plume (whose 
deposition is likely to subsequently include land and water contamination), contamination from water runoff 
containing toxic products, and other environmental discharges or releases from burned materials.  The 
environmental impact also has economic consequences for communities and regions and while the direct 
and indirect costs of fire on a community can be devastating, they are not usually reported at a local scale 
beyond an account of the human deaths and injuries and the amount of property destroyed or damaged. 
 
As a start to calculate the true cost of fire to society, the Foundation undertook a study that developed a 
research road map identifying needed research to be able to quantify the environmental impact of fire from 
the built environment and its economic consequences.  This study identified the need to develop updated 
emissions factors (EF) for atmospheric emissions and couple this to the development of acceptable EF for 
emissions to water and soil considering both pure substances and relevant mixtures.  Therefore, the goal of 
this project was to update existing EFs for a range of fire conditions and develop new EFs for relevant building 
materials to produce a database that can be built upon with future research. 
 
The Fire Protection Research Foundation expresses gratitude to the report authors: Margaret McNamee and 
Joakim Åström, Lund University; Benjamin Truchot and Guy Marlair, INERIS; and Brian Meacham, Meacham 
Associates.  The authors also wish to acknowledge the technical panel of the project for their support and 
guidance throughout the work conducted.  The authors would also like to thank all the participants of the 
project workshop.  Special thanks are expressed to the National Fire Protection Association (NFPA) for 
providing the project funding. 
 
The content, opinions and conclusions contained in this report are solely those of the authors and do not 
necessarily represent the views of the Fire Protection Research Foundation, NFPA, Technical Panel or 
Sponsors. The Foundation makes no guaranty or warranty as to the accuracy or completeness of any 
information published herein. 
 
About the Fire Protection Research Foundation 

The Fire Protection Research Foundation plans, manages, 
and communicates research on a broad range of fire 
safety issues in collaboration with scientists and 
laboratories around the world. The Foundation is an affiliate of NFPA.  
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Presently, available emission factors (EFs) are dated and typically only available for a small number 
of species, e.g. CO and CO2. Thanks to the adoption of measurements technologies such as FTIR 
(Fourier Transform InfraRed) spectrometers as mainstream measurement technology in many fire 
tests, more and more gaseous species, mainly acute toxic pollutants, are nowadays quantified in fire 
smoke. Very little of this data, however, is made publicly available as EFs. Further, such measurements 
are not suitable for large organic species in fire gases and therefore very little data exists regarding 
chronic pollutants such as PCDD/F, PAH or particles despite the fact that such products might be 
responsible of the main part of the environmental impact and potential decontamination cost. This 
report summarised work to update existing EFs for a range of fire conditions and materials and 
explores methods to develop EFs. The work has been conducted with funding both from the Fire 
Protection Research Foundation (FPRF) of NFPA and the French Ministry in charge of the 
environment (in the context of the INERIS annual funding).  
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Summary 

In a recent report aiming to propose a research roadmap relating to evaluation of the environmental 
impact of fires, the need to develop updated emission factors (EFs) was identified. Work on EFs has 
the added advantage that even a small project has the potential to provide significant improvements 
over the present state-of-the-art of knowledge and work that cannot be encompassed in such a small 
project can easily be put aside for later study. Given that quantifying the environmental impact, both 
in terms of health and impact on ecosystems, requires having some information about EFs, any 
improvement of existing knowledge will have potential repercussions for our ability to model 
environmental impacts.  

In light of the above, this project aims to bring together existing knowledge of emission factors (EFs) 
from historic fire experiments and develop some new EFs using small-scale and large-scale 
experiments. Further, the project aims to investigate scaling properties of EFs, to identify important 
knowledge gaps, and to develop a methodology to determine EFs using available data and in those 
cases where information is missing.  

This report provides information concerning updated EFs for a range of fire conditions and materials 
and explores methods to develop some new EFs. Details of which material have been studied was 
determined through a combination of factors, including typical materials used to describe buildings 
in LCA models, materials identified in a separate French research project (funded by the French 
Ministry of the Environment in the context of the annual funding for INERIS), and a database of 
prior experiments characterising a number of existing materials. 

Special focus was placed on scaling to investigate the predictive capabilities of small-scale test methods 
for development of EFs for large-scale conditions. This report provides details of large-scale and small-
scale experiments conducted at INERIS (France) and small-scale experiments conducted at Lund 
University (Sweden), in 2019-2020 spanning a period of approximately 18 months. In addition to 
conducting experiments to confirm existing data and develop new data, a database of existing 
experimental data relevant for the development of EFs has been created containing some 90 products 
and materials. This database represents the first up-to-date published resource with a collation of 
emission factors for a broad variety of species to the best knowledge of the authors. Emission factors 
presented in the database, and an evaluation of typical material included in a building using an 
assessment of typical life-cycle inventory data from the Athena Impact Estimator for Buildings, 
provided an initial list of material for further testing in small and large-scale. The list was evaluated 
and supplemented by input from the FPRF Project Panel. Based on this input a selection of material 
for small and large-scale testing was made.  

Results from more than 30 large-scale tests conducted in the 80 m3 room are presented. The majority 
of large-scale tests (18) were conducted with the minimum measurement battery including: a load-
cell to continuously evaluate the sample weight during the fire tests; NDIR analysers for CO and 
CO2; a paramagnetic analyser for O2 measurement and oxygen consumption calorimetry; and an 
FTIR spectrometer to analyse, e.g. acid gases and HCN. The remainder (14) of the large-scale tests 
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were supplemented with a sampling system for laboratory analysis using dedicated filters for the 
cumulative collection and subsequent analysis of: metallic particles, PAH, PCDD/F and PBDD/F, 
and soot particles.  

A series of exploratory tests are presented for the cone calorimeter (CC) and fire propagation 
apparatus (FPA) showing heat release rate (HRR), CO and CO2 emissions for all tests. A method for 
the development of EFs for CO and CO2 was presented and a comparison made between EFs 
developed in all three scales (CC, FPA and 80 m3 room). In this comparison, a preliminary division 
into different fire stages was made for each scale. The comparison shows promising results concerning 
comparability of EFs between the three phases and for all fire stages identified. The work outlines a 
methodology for future EF development that could open for the broad use of small-scale methods for 
the development of real scale EFs. There are, however, numerous questions still to be explored, e.g.; 

• While comparison of CO and CO2 EF between the three different scales studied indicates 
promising results, the production of a variety of other chemical species needs to be explored 
to ensure that such species are also well represented, e.g. large organic species and metals.  

• The experiments conducted as part of this project were largely well-ventilated. The impact 
of different levels of vitiation on the predictive qualities of the small-scale experiments should 
be explored in future projects.  

• The question of the impact of carbon black surface treatment of samples on EFs developed 
in the FPA needs to be explored.  

• Most fires take place in complex mixtures of fuels rather than in single material. There is a 
need to investigate whether EFs developed for single material can be combined in a simple 
way to numerically develop EFs for complex mixtures. A parametric approach to EF 
development would reduce the number of complex experiments needed for EF development. 

• A combination of modern methods for fuel load development, e.g. based on data mining 
using artificial intelligence, should be combined with parametric methods for EF 
development to establish EFs for different fire regimes for buildings. This would facilitate 
the rapid calculation of the potential environmental impact of fires in the future.  
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1. Introduction 

1.1 Background 

In a recent report aiming to propose a research roadmap relating to evaluation of the environmental 
impact of fires, several main gaps were identified (McNamee et al., 2020). These gaps covered a range 
of topics from data needs to modelling and application needs. Considering the various steps in an 
environmental impact quantification, the most pressing gap to fill in an initial study is the 
development of new and updated emission factors (EFs). In this context, emissions factors are 
typically yields (mass/mass) of species based on the amount of material burned unless otherwise stated. 
Work on EFs has the added advantage that even a small project has the potential to provide significant 
improvements over the present state-of-the-art of knowledge and work that cannot be encompassed 
in such a small project can easily be put aside for later study. Given that quantifying the environmental 
impact, both in terms of health and impact on ecosystems, requires having some information about 
EFs, any improvement of existing knowledge will have potential repercussions for our ability to model 
environmental impacts.  

Presently, available EFs are dated and typically only available for a small number of species, e.g. CO 
and CO2, as illustrated in the FMRC report written by A. Tewarson, “Generation of heat and fire 
products” (Tewarson, 1995). Thanks to the development of new measurements technologies, such as 
FTIR (Fourier Transform InfraRed) spectrometers, more and more gaseous species, mainly acute 
toxic pollutants, are routinely quantified in fire smoke. Most work, however, concentrates on a one 
specific phase of the fire and does not consider the influence of ventilation or suppression on the EFs 
developed. Furthermore, very little data exists regarding large organic species produced from under-
ventilated fires, e.g. chronic pollutant such as PCDD/F, PAH or particles, despite the fact that such 
products might be responsible of the main part of the environmental impact and potential 
decontamination cost. 

This report provides information concerning updated EFs for a range of fire conditions and materials 
and explores methods to develop some new EFs. A range of materials were considered but, as the 
number of potential candidate materials is virtually infinite, the species investigated were perforce 
limited. Special focus was placed on scaling to investigate the predictive capabilities of small-scale test 
methods for development of EFs for large-scale conditions. The work was conducted with funding 
both from the Fire Protection Research Foundation (FPRF) of NFPA and national funding from the 
French Ministry in charge of the environment (in the context of the INERIS annual funding). This 
report provides details of large-scale and small-scale experiments conducted at INERIS (France) and 
small-scale experiments conducted at Lund University (Sweden), in 2019-2020 spanning a period of 
approximately 18 months. The impact of the on-going COVID-19 pandemic was to eliminate the 
potential for travel between the two research sites. Therefore, while material was shared between the 
two facilities and test planning and results were discussed, it was not possible for the researchers from 
Sweden to visit France or vice versa during the project period as had previously been planned.   
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In addition to conducting experiments to confirm existing data and develop new data, a database of 
existing experimental data relevant for the development of EFs has been created. This database is 
described in chapter 4 with more detail available in Appendix 1 (a separate excel file).  

Details of which material have been studied was determined through a combination of factors, 
including typical materials used to describe buildings in LCA models, materials identified in a separate 
French research project (funded by the French Ministry of the Environment in the context of the 
INERIS annual funding), and a database of prior experiments characterising a number of existing 
materials. 

1.2 Project Aim 

This project aims to bring together existing knowledge of emission factors (EFs) from historic fire 
experiments and develop some new EFs using small-scale and large-scale experiments. Further, the 
project aims to investigate scaling properties of EFs, to identify important knowledge gaps, and to 
develop a methodology to determine EFs using available data and in those cases where information 
is missing.  

In light of the above aims, this report contains: 

a) A first draft database of existing EFs 
b) An overview of LCA materials typically used in an inventory analysis for a building 
c) A description of experimental methodology and results from small and large-scale testing to 

develop new EFs, including a comparison for EFs for CO and CO2 developed in the Fire 
Protection Apparatus (FPA), the Cone Calorimeter (CC) and an 80 m3 room.  

1.3 Project Tasks  

This project involves the following tasks/steps: 

Task/step 1: Literature re-evaluation – The objective through this task was to identify existing EFs 
sources for various products using the literature review presented in the report by McNamee et al. 
(2020) on a Research Roadmap for the Environmental Impact of Fires. All emission were considered, 
i.e. acute toxic products and chronic emissions (PAH, PCDD or particles), to benefit in the broadest 
manner the assessment of environmental impact of fires onto flora and fauna eco-systems: water, air 
and soil. Available EFs were re-evaluated in terms of the fire conditions for their evaluation and the 
relevance of the emissions based on material uses today and added to a database. In addition, an 
overview of typical building materials was conducted (e.g., based on LCI data for different buildings) 
as a basis for selection of interesting building materials.  

Task/step 2: Experimental Design – Based on the findings from task 1, the most relevant products 
and ventilation conditions to be considered experimentally were selected. The selection criteria were 
discussed with the technical panel who followed and guided the study. 
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Task/step 3: Experimental evaluation – The products and ventilation conditions selected were used 
to define a range of EFs using mainly small-scale testing supplemented by a small number of larger 
scale tests. The large-scale testing was conducted at INERIS, and small-scale testing was conducted 
at both INERIS and Lund University. 

1.4 Limitations 

The literature re-evaluation was limited to experiments where the project team had ready access to 
detailed experimental information. The database collation represents a starting point which can be 
added to over time as more detailed experimental information becomes available. It should be noted 
that the existing body of data is continually being expanded and no matter when the database is 
published it will almost certainly always be incomplete. The authors can add additional data and 
make this public in the future (contingent on resource availability). Researchers with additional data 
should contact the main author Prof. Margaret McNamee at margaret.mcnamee@brand.lth.se for 
more information.  

The majority of experiments conducted in the large-scale have been limited in the number of gases 
characterised in the fire emissions. Only a small number of tests, conducted late in the series, have 
included large numbers of species for characterisation. This selection was to optimise resources used 
for expensive species characterisation.  

The small-scale experiments, based on the FPA and CC, have been exploratory to identify whether it 
is possible to scale emissions between the different small-scale apparatuses and the large-scale scenario. 
Tests on additional materials are needed to validate the initial findings. Further, an investigation of 
the impact of ventilation is pending and is outside of the scope of this project.  

1.5 Project and Report Structure 

In order to prepare the tasks given above, the project has been structured in a series of steps which 
approximately correlate to the chapters of this report as illustrated in Table 1.  

Table 1: Description of project and report structure 

Task/step CHAPTER 

Literature re-evaluation and collation of 
existing EFs Chapter 2: Literature review 

Chapter 3: LCA inventory analysis 

Chapter 4: Database of existing EFs 

Experimental design Chapter 5: Large-scale Experiment 
Chapter 6: Small-scale Experiments 
Chapter 7: EF methodology 
Chapter 8: Conclusions and Future work Experimental evaluation 

  

mailto:margaret.mcnamee@brand.lth.se
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2. Literature review  

2.1 Methodology 

As part of this project, a scan of the literature was made starting from the more detailed review 
conducted as part of a recent study by the authors for the Fire Protection Research Foundation: 
Research Roadmap: Environmental Impact of Fires in the Built Environment. Final Report. The present 
project is particularly interested in whether additional experimental data could be found in the 
literature apart from what had already been included in the roadmap study. 

The literature review presented in this chapter was based on three main methods: 

1. Review of the Final Report from the environmental roadmap developed by McNamee et al. 
(2020) 

2. Collation of published and unpublished work by the Consortium Partners into a database 
of emission factors  

3. Traditional literature review based on a selection of search strings in the LUBsearch function 
offered by the Library at Lund University and using the INERIS literature databases.  

The search strings that were investigated in all cases were: 

• “emissions from fire” OR “fire emissions” 
• “emission factor” AND “fire” 
• “emissions from fire” AND “fire water runoff “ 
• variations of the above, including searching references within identified articles. 

2.2 Results  

The results of the search are presented below, including information concerning species emissions 
and reference (where available). Products and materials where emission factors were found are 
included in Table 2. Details of Emission Factors are given in Chapter 4. 

Table 2: Summary of products and materials where emission factors were found or developed from 
existing literature. 

Product/ Material 
burned 

Fire Scenario Emissions measured Reference  
(if published) 

Car, Megane Free burning, no 
extinction  

CO, CO2, NOx, HF, 
HCl, SO2, VOC, 
PCDD/F, PBDD/F, 
PCB 

Geurin and Collet 
(2019) 

 

Car, six experiments Free burning, no 
extinction  

CO, CO2, NOx, HF, 
HCl, SO2, VOC, 
PCDD/F, PCB 

Truchot et al. (2018) 

Lönnermark and 
Blomqvist (2006) 

Fiani (2013) 

Seats from car Free burning, no 
extinction  

CO, CO2, NOx, HF, 
HCl, SO2, VOC, 
formaldehyde, 

Truchot et al. (2018) 
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PCDD/F, PBDD/F, 
PCB 

Tyres Free burning, no 
extinction 

CO, CO2, NOx, HF, 
HCl, SO2, VOC, 
formaldehyde, 
PCDD/F, PCB 

 

Tyres Free burning, no 
extinction 

CO, CO2, NOx, HF, 
HCl, SO2, VOC, 
PAH, PCDD/F 

Lönnermark and 
Blomqvist (2005) 

Tyres Free burning, 
extinction with water 

CO, CO2, NOx, HF, 
HCl, SO2, soot, 
VOC, PAH, 
PCDD/F 

Lönnermark and 
Blomqvist (2005) 

Cables Free burning, no 
extinction 

CO, CO2, NOx, HF, 
HCl, SO2, VOC, 
PCDD/F, PBDD/F 
PCB 

Andersson et al. 
(2004) 

Clothes  CO, CO2, NOx, HF, 
HCl, SO2, VOC 

Previously 
unpublished, INERIS 

Household appliances Free burning, no 
extinction 

CO, CO2, NOx, HF, 
HCl, SO2, VOC, 
formaldehyde, 
PCDD/F, PCB 

Simonson et al. 
(2000) 

Blomqvist et al. 
(2004) 

Geurin and Collet 
(2019) 

Plastics Free burning, no 
extinction 

CO, CO2, NOx, HF, 
HCl, SO2, VOC, 
PCDD/F, PCB 

Truchot et al. (2018) 

TV-sets Free burning, no 
extinction 

CO, CO2, HCN, 
HCl, SO2, VOC, 
PAH, PCDD/F, 
PBDD/F 

Simonson et al. 
(2000) 

Blomqvist et al. 
(2004) 

Wood crib Free burning, no 
extinction 

CO, CO2, NOx, HCl, 
SO2, VOC, 
formaldehyde 

 

Various hydrocarbon 
fuels 

Free burning, no 
extinction 

 Truchot et al. (2018) 

Some previously 
unpublished 

Sofa Free burning, no 
extinction 

CO, CO2, NOx, HF, 
HCl, SO2, 
formaldehyde 

Andersson et al. 
(2003) 

Lithium ion batteries Free burning, no 
extinction 

CO, CO2, NOx, HF, 
HCl, SO2, soot, 
formaldehyde 

Willstrand et al. 
(2020) 
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3. LCA Inventory Analysis 

3.1 Introduction  

Life cycle assessment (LCA) is a methodology that was developed in the 1960’s and 1970’s to 
investigate, estimate, and evaluate the environmental burdens caused by a material, product, process, 
or service throughout its life span (Hunt and Franklin, 1996; Guinée et al., 2011). An LCA is typically 
conducted in compliance with the procedures specified in the International Organization for 
Standardization (ISO) standards ISO 14040 and ISO 14044 (ISO, 2006a, 2006b) or similar 
standards issued for specific applications (see e.g. EN15978 CEN (2011)). At the focus of an LCA is 
a functional unit, i.e. the material, product, process or service to be studied. Therefore, an LCA 
ostensibly gives a complete picture of the functional units’ environmental impacts.  This allows 
identification of which parts of its life cycle create the most negative impacts the environment, e.g. 
the life cycle of an electronic product consumes much more energy during the use phase (Simonson 
et al., 2000).  Likewise, an LCA helps to identify which impacts are the most significant across the 
life cycle, e.g., pollutant emissions to water may not be the worst impact at any individual stage of a 
product life cycle, but when summed across all stages may in fact have the largest impact.  

A standard LCA study is structured to have four major components: Goal and Scope Definition, 
Inventory Analysis, Impact Assessment, and Interpretation of results, see Figure 1. The development 
of an LCA is therefore, typically an iterative process where each component is revised as new 
information from other components is developed, adjusted, and readjusted. 

 
Figure 1: Components of an LCA according to ISO 14040 (ISO, 2006a). 
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The life cycle phases of a product, process or activity are assessed with respect to their impact on the 
environment (both good and bad) within this structure. Typically, this includes the inception of the 
materials acquisition through manufacturing on to use, and end of life, which in turn delivers material 
back to the life cycle.  

The ISO methodology is process-based, sometimes termed P-LCA. In other words, inputs and 
outputs are optimized for every step in the product life cycle. Even for very simple products, this 
process-based approach can quickly include a significant number of “steps”. A further challenge of P-
LCA is related to the question of system boundaries. In essence, we create material, products, 
processes, and services using other materials, products, processes and services. At some point it is no 
longer practicable to include all necessary aspects of production or use and a boundary must be drawn 
for the P-LCA, e.g. to produce a sofa, a factory must be build which in turn is built using other 
machinery and products. The sofa P-LCA should only include all inputs and outputs for those steps 
within the system boundaries. The data requirements of a full P-LCA are significant and a drawback 
often is that data quality is varied across the life cycle. The more complex the product, e.g. in terms 
of a building, the greater difficulty in conducting a full P-LCA. 

In response to the challenges of data management and system boundaries associated with P-LCA an 
alternative approach has been developed is built on input-output tables for industry sectors. The 
methodology was first introduced by the Nobel laureate Leontief (Leontief, 1970) using lessons 
learned from input-output analysis of economic trends. The basis for the method is that all economic 
transactions also have commiserate environmental repercussions. In the words of Leontief, “the 
quantity of carbon monoxide released in the air bears a definite relationship to the amount of fuel 
burned by various types of automotive engines; the discharge of polluted water into our streams and 
lakes is linked directly to the level of output of the steel, the paper, the textile and all the other water-
using industries…”. Input-output analysis describes and explains each sector of a given national 
economy in terms of the level of activities in all other sectors. Such information is regularly stored 
and can be associated with relevant emissions. In the IO-LCA methodology, boundary conditions are 
no longer an issue as whole sectors can now be included. Data requirements are still significant but 
altered as data needs can be bound to economic data that is traditionally tallied (Rebitzer et al., 2002). 
The environmental impact calculated by the IO-LCA model reflects the average consumption and 
emission levels of the sector, and has become a mainstream method for analysing environmental 
impacts at the macro level for a country or industry sector (Chen et al., 2020). 

A variety of tools have been developed to assess the life-cycle of buildings. These all have in 
common the need for input data, independent of the fundamental type of LCA. The scope of the 
life-cycle inventory (LCI) necessary will vary depending on the method used. Since the 
implementation of European Standard EN 15978 (CEN, 2011), building assessment information is 
typically divided into building life-cycle information and supplementary information beyond the 
building life-cycle, see Table 3. 
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Table 3: Scope of a life-cycle according to EN15978 (CEN, 2011). 
Building Life-Cycle Information Supplementary information 

beyond building LC 
A – Product Stage A1: Raw material supply D – Benefits and loads beyond the 

system boundaries.  

• Reuse potential 
• Recovery potential 
• Recycling potential 

A2: Transport 

A3: Manufacturing 

A – Construction 
Process Stage 

A4: Transport 

A5: Construction-Installation process 

B – Use Stage B1: Use 

B2: Maintenance 

B3: Repair 

B4: Replacement 

B – Use Stage 
(cont.) 

B5: Refurbishment 

B6: Operational energy use 

B7: Operational water use 

C – End-of-Life 
Stage 

C1: De-construction demolition 

C2: Transport 

C3: Waste processing 

C4: Disposal 

As part of this project, material needs to be identified that is typical in the built environment. Given 
that LCI data is often available in open databases, it was suggested in the proposal that a good place 
to look for suggestions of material for inclusion in experimental determinations of emission factors 
might be open LCI databases. Input from the reference group indicated that the Athena Sustainable 
Materials Institute’s (Athena, 2019; ASMI, 2020) database could be a suitable source of such data as 
it is specifically designed with building applications in mind. Similarly, open data from NIST’s 
Building for Environmental and Economic Sustainability (BEES) (Lippiatt et al., 2010; NIST, 2020) 
could provide a useful list of material typical in building. Given the format of information from 
Athena, this is the data source for LCI data that has been used in the project.  

3.2 Database description  

3.2.1 Athena Impact Estimator for Buildings (IE4B) 

The Impact Estimator for Buildings is an LCA based tool provided free of charge (for certain 
functionality) by the Athena Sustainable Materials Institute. The software itself is downloadable to 
run on a PC. It can be used together with commercial inventory input data or bespoke user generated 
input data, but some fundamental LCI data is available as a starting point. This LCI data is the type 
that we were interested in within the project to identify most common building material that it is 
relevant to have emission factor data for. Figure 2: Schematic of the Athena Impact Estimator for 
Buildings identifying the Athena LCI database and User input (Athena, 2019). shows the layout of 
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the Athena Impact Estimator for Buildings including identification of the Athena LCI Database and 
required user input.  

 

Figure 2: Schematic of the Athena Impact Estimator for Buildings identifying the Athena LCI database 
and User input (Athena, 2019). 

Table 4 contains a summary of building material from the 2019 version (v.5) of the Impact Estimator 
for Buildings User Manual and Transparency Document (Athena, 2019). 

Table 4: Building materials typically used in LCI using Athena IE4B (v5). 
Data in Athena LCI database Fire Safety implications  

(in terms of fuel load) 
Concrete 

• Canadian and US Cements 
• Ready mix Concrete (over 150 strengths and mix classes) 
• Concrete Masonary Units (CMU), normal and light 

weight 
• Precast products – structural, architectural panels and 

insulated panels 
• Mortar and Grout 

Minor 

Aluminium products Minor 
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Steel Products 

• Nails 
• Welded wire mesh 
• Screws, nuts, bolts 
• Wide Flange sections 
• Open-web joists 
• Reinforcing bar 
• Hollow structural steel 
• Steel tubing 
• Hot rolled sheet 
• Cold rolled sheet 
• Galvanized sheet 
• MBS wall and roof cladding 
• Residential cladding 
• Commercial cladding 
• Galvanized decking 
• Galvanized studs 

Minor 

Wood products 

• Softwood lunber (kiln dried) 
• Plywood 
• Oriented strand board 
• Laminated veneer lunber 
• Glulam beams 
• Wood I-joists 
• Wood bevel siding 
• Wood tongue and groove siding 
• Wood shiplap siding 

Significant 

Claddings 

• Metal cladding residential 
• Metal cladding commercial 
• MBS roof and wall cladding 
• Common clay brick 
• Concrete brick and split faced block 
• Stucco – over porous surface and metal mesh 
• PVC siding 
• Fiber cement siding 
• Natural stone 
• Paint products 
• Gypsum board products (sheet rock) 

o Regular 
o Fire-rated 
o Moisture resistant 

Varied, organic based 
significant  
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o Gypsum fiber board 
o Glass mat gypsum panels 

• Joint compound and paper tape 

Air barriers 

• Various barrier products (NA) 
• Polyethylene vapour barrier 
• Air barrier based on ACC Polypropylene profiles 

Varied, organic based minor 

Insulation 

• Various insulation products (NA) 
• Mineral wool 
• Fiberglass 
• Polystyrene (XPS and EPS) 
• Polyisocyanurate (glass/foil faced) 
• Cellulose 

Varied, organic based 
significant 

Roofing 

• Shingles 
• Organ felt 
• Glass felt 
• Mineral roll roofing 
• Clay tile 
• Concrete tile 
• Roofing asphalt 
• Various membranes (PVC, EPDM) 

Varied, organic based 
significant 

Windows 

• Unclad wood frame 
• PVC frame 
• Vinyl clad wood frame 
• Metal clad wood frame 
• Aluminium clad 
• Double and triple pane glazing 

Varied, organic based 
significant 

3.3 Material selection for experimental work 

Fuel selection for the project was made based on a combination of factors: 

• Fuel that can produce a large quantity of polychlorinated dioxins (PCDD), e.g. cables  
• Fuels that can produce hydrocarbons with a focus on polycyclic aromatic hydrocarbons 

(PAH) and volatile organic compounds (VOC), e.g. oil  
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• Plastics fuels that can produce a combination of VOC, PAH and PCDD in particular, e.g.: 

 Polyethylene (PE), essentially clean carbon-based polymer, mainly carbon and 
hydrogen in the structure. 

 Polyvinylchloride (PVC), carbon, hydrogen and chlorine in the structure, with the 
potential to emit acid gases and dioxins. 

 Polyurethane (PU), contains carbon, hydrogen and nitrogen in the structure, with 
the potential to emit isocyanates. 

 Polyethylene oxide (PEO), used as a solid electrolyte in Li-Metal, combination of 
elements with the potential to produce isocyanates.  

 Nanoparticles in plastics, combination of elements with the potential to emit large 
quantities of nanoparticles. 

• Mixtures of insulation and building materials that can produce a combination of VOC, PAH 
and isocyanates in particular, e.g. 

 Wood + expanded (EPS) and extruded (XPS) polystyrene  
 Wood + PU 
 Innovative materials, e.g. glycerine or other material with phase change around 

ambient temperature   
 Cross laminated timber (CLT) 
 Biomass residue  

• General pallets due to their prolific presence in construction and other applications.  
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4. Emissions database  

4.1 Introduction  

The emission database was drafted based on a compilation of published work by the authors where 
detailed data was available. The aim was to provide initial data that would be made publicly available 
on a variety of species and conditions. This data would then be added to using the experimental 
results generated mainly as part of the French national project run by INERIS.  

The initial version of the database is based on the references in Table 5. 

Table 5: List of references used in development of database. 
# Authors Title Publication 

type 
DOI Other 

reference 
details 
(as 
relevant) 

Year 

1 Sabine Guerin and 
Serge Collet 

Émissions 
atmosphériques de 
dioxines et de furanes 
bromés lors de feux 
accidentels de déchets 
contenant des 
substances bromées 

INERIS 
Report 

 
Ineris-
170785-
00117B 

2019 

2 Anders 
Lönnermark and 
Per Blomqvist 

Emissions from an 
automobile fire 

Journal 
article 

10.1016
/j.chemo
sphere.2
005.05.
002 

Chemos
phere. 
62(7):10
43-56 

2006 

3 Benjamin 
Truchot, Fabien 
Fouillen and Serge 
Collet 

An experimental 
evaluation of toxic gas 
emissions from vehicle 
fires 

Journal 
article 

10.1016
/j.firesaf.
2017.12
.002 

Fire 
Safety 
Journal. 
97:111-
118 

2018 

4 Emmanuel Fiani 
(Ed.) 

Amelioration de la 
connaissance des 
emissions 
atmospheriques liees aux 
brulages de vehicules 
contribution de cette 
source a l’inventaire 
national d’emission 

INERIS 
Report 

 
INERIS- 
DRC-
13-
119925-
05193A 

2013 

5 Anders 
Lönnermark and 
Per Blomqvist 

Emissions from tyre 
fires 

SP Report 
 

SP 
Report 
2005:43 

2005 

6 Petra Andersson, 
Margaret 
Simonson, Lars 
Rosell, Per 
Blomqvist and 
Håkan Stripple 

Fire-LCA Model: Cable 
case study II - 
NHXMH and NHMH 
cable 

SP Report 
 

SP 
Report 
2005:45; 
ISBN 
91-

2005 
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85303-
77-1; 
ISSN 
0284-
5172 

7 Margaret 
Simonson, Per 
Blomqvist, Antal 
Boldizar, Kenneth 
Möller, Lars 
Rosell, Claes 
Tullin, Håkan 
Stripple and Jan 
Olov Sundqvist 

Fire-LCA Model: TV 
Case study 

SP Report 
 

SP 
Report 
2000:13; 
ISBN 
91-
7848-
811-7; 
ISSN 
0284-
5172 

2000 

8 Per Blomqvist, 
Lars Rosell and 
Margaret 
Simonson 

Emissions from Fires 
Part I: Fire retarded and 
non-fire retarded TV-
sets 

Journal 
article 

10.1023
/B:FIRE
.000000
3315.47
815.cb 

Fire 
Technol
ogy. 
40:39-58 

2004 

9 Bror Persson, 
Margaret 
Simonson and 
Margret Månsson 

Utsläpp från bränder till 
atmosfären 

SP Report 
 

SP 
Report 
1995:70; 
ISBN 
91-
7848-
598-3; 
ISSN 
0284-
5172 

1995 

10 Bror Persson and 
Margaret 
Simonson 

Fire emissions into the 
atmosphere 

Journal 
article 

10.1023
/A:1015
350024
118 

Fire 
Technol
ogy. 
34:266-
279 

1998 

11 Per Blomqvist, 
Bror Persson and 
Margaret 
McNamee 

Fire emissions of 
organics into the 
atmosphere 

Journal 
article 

10.1007
/s10694-
007-
0011-y 

Fire 
Technol
ogy. 
43:2013-
231 

2007 

12 Per Blomqvist, 
Margaret 
Simonson 
McNamee, Anna 
A. Stec, Daniel 
Gylestam and 
Daniel Karlsson 

Detailed study of 
distribution patterns of 
polycyclic aromatic 
hydrocarbons and 
isocyanates under 
different fire conditions 

Journal 
article 

10.1002
/fam.21
73 

Fire and 
Material
s. 
38:125-
144 

2014 
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13 Lavric, E. D., 
Konnov, A. A., & 
De Ruyck, J. 

Dioxin levels in wood 
combustion - A review. 

Journal 
article 

10.1016
/S0961-
9534(03
)00104-
1 

Biomass 
and 
Bioenerg
y. 26(2): 
115‑145 

2004 

14 Petra Andersson, 
Margaret 
Simonson, Lars 
Rosell, Per 
Blomqvist and 
Håkan Stripple 

Fire-LCA Model: 
Furniture Study 

SP Report  SP 
Report 
2003:22 

2003 

13 Ola Willstrand, 
Roeland Bisschop, 
Per Blomqvist, 
Alastair Temple 
and Johan 
Andersson 

Toxic Gases from Fire 
in Electric Vehicles 

RISE report  RISE 
Report 
2020:90 

2020 

 

4.2 Database description  

The database is an excel file, containing common yields presented as generic emission factors (EF) for 
specific species relating to specific materials or products. The database at the time of publication of 
this report (2022) is comprised of two sheets: Sheet #1 contains emission factor information; Sheet 
#2 contains reference details. The basic structure of Sheet #1 is shown in Table 6.  

Table 6: Basic structure of Sheet #1 in the Emission Factor Database.  
Product 
name 

Reference 
number 

Brief 
description 
of the fuel 

Mass of 
sample 
burned 

Emission Factors 

e.g. car e.g. #1 e.g. car, 
Megane 

e.g. 1 230 
kg 

e.g. CO [g/kg], NOx [g/kg], HF [g/kg], 
HCl [g/kg], SO2 [g/kg], VOC [g/kg], 
PAH [mg/kg], PCDD/DF [ng/kg], 
PBDD/DF [ng/kg], PCB [ng/kg] 

 

 

 

  



 

16 
 

5. Large-scale Experiments  

5.1 Experimental set-up 

The main step of this study consists of an experimental evaluation of EFs. Current knowledge on this 
topic indicates that tests should be conducted at a large enough scale to mimic real scale species 
production if possible. Since some product formation depends on the temperature variation in the 
smoke cloud, it is important, during these tests, to keep cloud conditions as close as possible to a 
natural fire which could occur in real circumstances.  

To meet the best compromise between large-scale fire tests and small-scale tests, fire tests will be 
managed in the INERIS 80 m3 room and supplemented by small-scale tests. Further, comparisons 
will be made between different test scales. The INERIS 80 m3 room allows fires up to approximately 
1 MW and is connected to a smoke treatment system, see Figure 3. 

 

 

Figure 3: Picture of the 80 m3 room (left hand picture) and smoke abatement system where gas sampling 
takes place (right hand picture). 

In addition to the characteristics of the room itself, it is important to highlight that the ventilation of 
the room is fully controlled using two fans located after the smoke treatment system. A 30 m duct is 
connecting the 80 m3 room with the ventilation system. This duct enables the installation of analysers 
and sampling systems to characterize the smoke composition.  

5.2 Sampling and measurements  

A schematic view of the fire testing room with associated metrology inside the testing room is 
reproduced Figure 4. Sampling apparatus for PCDD/DF, PAH and VOC were placed in the 
ventilation duct, downstream of the fire. 
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Figure 4: Schematic view of the fire testing room with associated metrology. 

The following metrology was installed for this series of tests: 

• Load-cell to continuously evaluate the sample weight during the fire tests; 
• Non-Dispersion InfraRed (NDIR) analysers for CO and CO2 for carbon dioxide gas 

calorimetry; 
• Paramagnetic analyser for O2 measurement and oxygen consumption calorimetry; 
• FTIR spectrometer to analyse, e.g. acid gases and HCN; 
• For some specific tests, a sampling system for laboratory analysis using dedicated filters was 

installed, e.g. for: 
o metallic particles,  
o PAH, 
o PCDD/F and PBDD/F, 
o Soot particles. 

5.3 Experimental design  
Before managing this test series, many older experiments achieved at INERIS were used to build the 
preliminary database and to design the new test series. Among those previous tests, some are briefly 
described hereafter in Table 7. 
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Table 7: Brief description of previously achieved experiments used in the present database construction.  
Fuel Extinction Fire surface [m²] Gas measurements  Comments  
Car No Some m² CO, CO2, NOx + 

FTIR 
Some measurements 
of PAH, VOC and 
PCDD/DF 

Cables  No 0.5 m² CO, CO2, NOx + 
FTIR 

Some measurements 
of PAH, VOC and 
PCDD/DF 

Gasoil No 0.5 to 2 m² CO, CO2, NOx + 
FTIR 

Some measurements 
of PAH, VOC and 
PCDD/DF 

Cotton made 
clothes (hanging) 

No 2 m² CO, CO2, NOx   

Synthetic made 
clothes (hanging) 

No 2 m² CO, CO2, NOx   

Clothes (in 
cardboards) 

No 2 m² CO, CO2, NOx  

Crashed plastics 
from car 

No Some m² CO, CO2, NOx + 
FTIR 

Some measurements 
of PAH, VOC and 
PCDD/DF 

Household 
appliance (fridge) 

No 0.5 to 2 m² CO, CO2, NOx + 
FTIR 

Some measurements 
of PAH, VOC and 
PCDD/DF 

Acetonitrile No 0.5 to 2 m² CO, CO2, HCN, 
NOx 

 

Adiponitrile No 0.5 to 2 m² CO, CO2, HCN, 
NOx 

 

Mix of PU foam, 
wood and PVC 

No 5 m² CO, CO2, NOx + 
FTIR 

 

Pyridine No 0.5 m² CO, CO2, HCN, 
NOx 

Several test with 
various enrichment 
factor 

Thiophene No 0.5 m² CO, CO2, SO2 Several test with 
various enrichment 
factor 

Paintings No 0.5 m² CO, CO2, HCN, 
NOx 

 

Electric cabinet No 2 m² CO, CO2, HCN, 
NOx 

 

Windows No 2 m² CO, CO2  
Wood pallets  Yes and No 10 m² CO, CO2, NOx + 

FTIR 
 

A large series of tests have been conducted, with and without water suppression. These tests have 
included the load-cell, NDIR, OC calorimetry and FTIR. Preliminary results are summarised below. 
During these tests, the convective heat release was also measure using an energy balance. This enabled 
the evaluation of the radiative contribution to the fire.  
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The first series of tests, conducted without PCDD/DF or PAH measurements are summarised in 
Table 8.  

Table 8: Experimental design, main gas emission measurements only. 
Fuel Extinction Fire surface [m²] Gas measurements  Comments  
Acetone  No 0.25 CO, CO2, NOx + 

FTIR 
- 

Ethanol No 0.25 CO, CO2, NOx + 
FTIR 

- 

Heptane  No 0.25 CO, CO2, NOx + 
FTIR 

- 

Oil (15W40 
type) 

No 0.5 CO, CO2, NOx + 
FTIR 

- 

Oil (15W40 
type) 

No 0.5 CO, CO2, NOx + 
FTIR 

Increase of the 
ventilation flow rate 

Oil (15W40 
type) 

Yes 0.5 CO, CO2, NOx + 
FTIR 

Extinction system, 
low pressure 

Oil (15W40 
type) 

Yes 0.5 CO, CO2, NOx + 
FTIR 

Extinction system, 
medium pressure 

Kerosene No 0.5 CO, CO2, NOx + 
FTIR 

- 

Propane (sand 
pool fire) 

No 0.5 CO, CO2, NOx + 
FTIR 

- 

HD-PE No 0.5 (approx.) CO, CO2, NOx + 
FTIR 

- 

PVC No 0.5 (approx.) CO, CO2, NOx + 
FTIR 

- 

Natural wood 
(Pine) 

No 0.5 (approx.) CO, CO2, NOx + 
FTIR 

- 

Natural wood 
(Pine) 

Yes 0.5 (approx.) CO, CO2, NOx + 
FTIR 

Reference extinction 
system 

Natural wood 
(Pine) 

Yes 0.5 (approx.) CO, CO2, NOx + 
FTIR 

Extinction, low flow 
rate  

Natural wood 
(Pine) 

Yes 0.5 (approx.) CO, CO2, NOx + 
FTIR 

Extinction, new 
design 

Chipboard wood No 0.5 (approx.) CO, CO2, NOx + 
FTIR 

- 

Plywood No 0.5 (approx.) CO, CO2, NOx + 
FTIR 

- 

OSB wood No 0.5 (approx.) CO, CO2, NOx + 
FTIR 

- 

Some tests were also conducted with more detailed smoke analysis including: particles, PAH, VOC 
and PCDD/DF. The objective of this series of tests was to obtain order of magnitude for emission 
factors for those compounds compared to the one available on the literature. Testing material for 
the first series of tests is detailed in Table 9. 
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Table 9: Experimental design, gas emission and particles measurements. 
Fuel Extinction Fire surface [m²] Gas measurements  Environmental 

impact quantities 
measurements  

Natural wood 
(Pine) 

No 0.5 (approx.) CO, CO2, NOx + 
FTIR 

VOC, PAH, 
PCDD/DF, particles 

Chipboard wood No 0.5 (approx.) CO, CO2, NOx + 
FTIR 

VOC, PAH, 
PCDD/DF, particles 

Chipboard wood Yes 0.5 (approx.) CO, CO2, NOx + 
FTIR 

VOC, PAH, 
PCDD/DF, particles 

Plywood No 0.5 (approx.) CO, CO2, NOx + 
FTIR 

VOC, PAH, particles 

OSB wood No 0.5 (approx.) CO, CO2, NOx + 
FTIR 

VOC, PAH, metals, 
particles 

Oil No 0.5 (approx.) CO, CO2, NOx + 
FTIR 

VOC, PAH, metals, 
particles  

HD-PE No 0.5 (approx.) CO, CO2, NOx + 
FTIR 

VOC, PAH, particles 

PVC No 0.5 (approx.) CO, CO2, NOx + 
FTIR 

VOC, PAH, 
PCDD/DF, particles 

White spirit No 0.5 (approx.) CO, CO2, NOx + 
FTIR 

VOC, PAH, particles 

Crushed tyres No 0.5 (approx.) CO, CO2, NOx + 
FTIR 

VOC, PAH, particles 
and metals  

Li-Ion cells 
(NMC – 50% 
SOC) 

No 0.5 (approx.) CO, CO2, NOx + 
FTIR 

VOC, PAH, particles, 
metals, phthalates  

Crushed 
informatic 
materials  

No 0.5 (approx.) CO, CO2, NOx + 
FTIR 

VOC, PAH, particles, 
PCDD/DF 

Mix of plastic 
(1/3 PE + 1/3 
PVC + 1/3 
PMMA) 

No 0.5 (approx.) CO, CO2, NOx + 
FTIR 

VOC, PAH, particles, 
PCDD/DF 

Mix of plastic 
(1/3 PE + 1/3 
PVC + 1/3 
PMMA) 

Yes 0.5 (approx.) CO, CO2, NOx + 
FTIR 

VOC, PAH, particles, 
PCDD/DF 
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5.4 Large-scale experimental results  

5.4.1 Nitrogen oxide in the smoke  

One of the first learning from the fire tests is that nitrogen oxide is measured in smoke even for fuel 
that do not contain any nitrogen, such as acetone. The NOx concentration measured is plotted in 
Figure 5. In such a configuration, considering the temperature in the reaction zone, the maximum 
value measured was 700°C, it seems that NOx is created in this case following the prompt NOx 
mechanism (Fenimore, 1979). While the concentration remains quite small, the total quantity for 
such a fire was about 4.41 g.   

 

Figure 5: NO concentration in smoke for acetone 0.25 m² pool fire. 

The total quantity of NO emitted for several tests is summarised in Table 10.  

Table 10: NO emission factor for several fuels. 

Product Peak HRR 
[kW/m²] Burnt mass [kg] Total mass of 

NO [g] 
Emission factor 

[mg/g] 
Wood (Pine) 350  80 38.64 0.48 

HD-PE 1 100 25 23.51 0.94 
PVC (with continuous 

propane burner) 350 10 < 5 - (not relevant) 

Propane     
Heptane (0.5 m²) 1 400 13.63 11.04 0.81 
Heptane (FPA)  0.22 0.038 1.69 

Acetone (0.25 m²) 1 000 8.4 4.41 0.52 

 

The emission factor along time, in mg/m²/s is plotted on Figure 6. This figure also shows that the 
order of magnitude of NO emission is not strongly changed due to the scale effect.  
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Figure 6: NO emission factor for various fuel. 

 

Considering the temperature in the reaction zone, typically for HD-PE, see Figure 7, it should be 
considered that the mechanism that led to NOx creation is that associated with prompt NOx. 

 

 
Figure 7: Temperature in the reaction zone, HD-PE fire. 
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5.4.2 Particles in smoke  

A first interesting aspect of these tests is the diameter distribution, plotted in Figure 8. This curve 
confirms that particle characteristic size is lower than 1 µm. 

 

Figure 8: Diameter distribution for several combustible products. 

A TEM (Transmission Electronic Microscope) analysis of the soot highlights the specific structure. 
An example can be seen on Figure 9. 

 
Figure 9: Example of soot picture obtained with a TEM for PVC as fuel. 
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5.4.3 VOC production  

VOC represents a very large family and contains many products. While some of those products do 
not have any toxic impact on human beings, others have been identified as carcinogenic (IARC, 
2021). During experimental campaigns, total emission of VOC is commonly measured, it is also 
important to quantify proportion of dangerous products among the VOC total emissions but, 
unfortunately, in most of the case, benzene cannot be quantified into emissions. Table 11 contains a 
summary of emission factors from several experiments conducted in the 80 m3 room based on 
cumulative measurements.  

Table 11: VOC emission factor. 
Product Emission factor 

Natural Wood 1 510 mg/kg 
Plywood 438 mg/kg 

Chipboard wood 588 mg/kg 
OSB 785 mg/kg 

HD-PE 4 200 mg/kg 
PVC 37 500 mg/kg 
Oil 8 800 mg/kg 

White spirit 4 700 mg/kg 
Crushed tyres 54 000 mg/kg 

Lithium ion cells 8 420 mg/kg 
Plastic mix (PE+PMMA+PVC) 21 800 mg/kg 

Crushed informatics 35 000 mg/kg 
Ethanol 760 mg/kg 
Heptane 3 800 mg/kg 

5.4.4 PAH production  

Regarding the environmental impact of the fire, and mainly ground pollution, one of the key chemical 
family is the PAH since some of those products condense during plume transport, that leads do 
droplet deposition. The emission factor for the different products based on cumulative measurements 
is given in Table 12. 

Table 12: PAH emission factor. 
Product Emission factor 

Natural Wood 28.7 mg/kg 
Plywood 23.3 mg/kg 
HD-PE 320 mg/kg 

PVC 526 mg/kg 
Oil 0.55 mg/kg 

White spirit 510 mg/kg 
Crushed tyres 2 120 mg/kg 

Lithium ion cells 40 mg/kg 
Plastic mix (PE+PMMA+PVC) 1 311 mg/kg 
Plastic mix (PE+PMMA+PVC) 

with extinction 360 mg/kg 

Crushed informatics 60 mg/kg 
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To give an order of magnitude of the total PAH produced during a fire, the emissions from the Lac 
Megantic fire where 4 500 t of petroleum products burnt, gives an estimation of 2 475 g of PAH 
emitted. This value should be compared to the total quantity of PAH emitted during transportation 
typically.  

In addition to the emission factor, a crucial aspect for PAH is the individual distribution of each 
compound, see Figure 10. This distribution highlights that, whatever the product is, PAH 
distribution is quite similar with 3 individual species representing more than 50% of emitted PAH. 
Those three main compounds are naphthalene (2B1), phenanthrene (3) and acetnaphthylene (-).  

 
Figure 10: PAH distribution in smoke for various products. 

In addition, it is also important to distinguish between condensable and non-condensable PAH since 
they will have a different behaviour during the fire plume dispersion, i.e. only condensable PAH will 
be deposited on the ground and lead to the environmental impact. The condensable distribution is 
plotted on Figure 11. 

 
1 This number is the IARC (International Agency for Research on Cancer) categorisation, 1 to 3 from 
the most dangerous one to the lowest dangerous one.  
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Figure 11: Condensable PAH distribution in smoke for various products. 

These curves show that, the only PAH ranked 1 on IARC scale, the benzo(a)pyrene, represents less 
than 5% of PAH emissions but about 10% of the condensable emissions for the worst case.  

Another interesting aspect is the PAH distribution evolution between free burning and those with 
cooling due to water impingement. Figure 12 gives an overview of this evolution for the burning of 
plastic mixed fuel. 

 

Figure 12: PAH distribution for plastic mix burning in smoke, with and without the addition of water. 

It is interesting for this last fire test to consider the proportion of PAH in the run-off water. The 
relative proportion of each PAH in the water for this test is plotted on Figure 13. This curve reveals 
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that water pollution depends on both the proportion of the individual in the smoke together with its 
solubility.  

 
Figure 13: PAH distribution for plastic mix burning in water. 

5.4.5 PCDD/DF production  

Another main product to be considered when talking about environmental impact of fire are dioxins 
and furans (PCDD/DF). The emission factors, for each individual fuel, are given in Table 13. 

Table 13: PCDD/DF emission factor. 
Burning product PCDD Emission factor PCDF emission factor 
Natural wood (Pine) 0.12 ng ITEQ/kg 0.7 ng ITEQ/kg 
Chipboard wood 1.8 ng ITEQ/kg 1.3 ng ITEQ/kg 
Plywood 0.5 ng ITEQ/kg 4.0 ng ITEQ/kg 
OSB 1.2 ng ITEQ/kg 7.2 ng ITEQ/kg 
PVC 2 000 ng ITEQ/kg 19 200 ng ITEQ/kg 
Mix of plastic 
(PE+PMMA+PVC) 

22 ng ITEQ/kg 1 420 ng ITEQ/lg 

Mix of plastic 
(PE+PMMA+PVC) with 
extinction 

433 ng ITEQ/kg 3 854 ng ITEQ/kg 

Crushed informatics 300 ng ITEQ/kg 1 400 ng ITEQ/kg 

As for PAH, it is also important to determine the proportion of each congener in smoke for both 
PCDD and PCDF, see Figure 14 and Figure 15 respectively.  
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Figure 14: Respective proportion of each PCDD congeners in smoke. 
 

 
 

Figure 15: Respective proportion of each PCDF congeners in smoke.  
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6. Small-scale Experiments  

6.1 Cone Calorimeter (CC) 

The cone calorimeter (CC) at Lund University was used to test seven materials. All materials were 
tested twice. Four of them were types of wood: Oriented Strand Board (OSB), Plywood, Particle 
board and solid Pine, see Figure 16. The other three were plastics: High-density polyethylene 
(PEHD), and two variations of Polyvinyl chloride (PVC), see Figure 17. Testing in the cone 
calorimeter uses a sample holder, due to the heat induced swelling of the PVC a metal grid was used 
to hold them down. Note that Figure 16 and Figure 17 show the samples in the holders before testing. 

 
Figure 16: The four specimens of wood from the top left in a clockwise direction: OSB, Plywood, solid 

Pine and Particleboard. 
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Figure 17: The three plastic specimens from the top left in a clockwise direction: PEHD, PVC1, PVC2.  

In the cone calorimeter the heat release rate (HRR) is calculated using oxygen calorimetry, which 
measures the oxygen concentration as well as the concentration of carbon monoxide and carbon 
dioxide. HRR for the wood samples are presented in Figure 18. 

  

Figure 18: HRR for the wood samples. External radiation of 50 kW/m2. 
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The wood materials show similar characteristics, most noteworthy are the pattern of two peaks, where 
the second peak is followed by prolonged smouldering combustion. The plastic materials did not 
show a similar pattern. The PEHD had a very high HRR per square meter and is therefore presented 
on its own in Figure 19. 

  

Figure 19: HRR for PEHD. External radiation of 50 kW/m2.  

The PVC materials expanded, and a metal grid was used to keep the surface at a controlled distance 
from the cone heater. Further, the external heat flux of 50 kW/m2 made the PVC pyrolyze heavily 
creating a fuel rich mixture around the spark igniter leading to unpredictable extinction of the sample. 
The heat flux was lowered to 35 kW/m2 which allowed the PVC to ignite more consistently. The 
lower heat flux made the combustion somewhat less stable and PVC2 flamed out and reignited during 
the test. The HRR for PVC1 and PVC2 tests are shown in Figure 20. 
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Figure 20. HRR for PVC1 and PVC2. External radiation shown in the legend for each sample.  

At 50 kW/m2 the PVC1 did not ignite, it only flashed momentarily around 600 s, while PVC2 did 
ignite and burned stablely. At the lower heat flux of 35 kW/m2 the PVC1 ignited and burned while 
the PVC2 ignited, momentarily flamed out and reignited as the spark was reintroduced. The total 
heat released for the 35 and 50 kW/m2 tests of PVC2 is presented in Figure 21. 

 

Figure 21: HRR for PVC2. External radiation is shown in the legend for each sample.  

The figure shows that even if the sample flamed out, the total heat released was about the same as the 
continuous flaming at an external radiation of 50 kW/m2. In addition to the HRR, carbon monoxide 
and carbon dioxide emission was also recorded for all samples. No other toxic species were recorded 
in the small-scale tests as the focus was on the production of a small number of species and comparison 
between the cone calorimeter, the Fire Propagation Apparatus and large-scale results for these few 
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species as a starting point for the analysis of scaling effects. The production of CO from the cone 
calorimeter tests over time is presented in Figure 22-Figure 24. 

  

Figure 22: CO-production from the four wood samples. External radiation of 50 kW/m2. 

  

Figure 23: CO-production for PEHD. External radiation of 50 kW/m2. 
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Figure 24: CO-production for PVC1 and PVC2. External radiation shown in the legend for each 
sample. 

The CO2 production for the samples is presented in Figure 25-Figure 27. 

  

Figure 25: CO2-production from the four wood samples. External radiation of 50 kW/m2. 
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Figure 26: CO2-production for PEHD. External radiation of 50 kW/m2. 

  

Figure 27: CO2-production for PVC1 and PVC2. External radiation shown in the legend for each 
sample. 

6.2 Fire Propagation Apparatus (FPA) 

To provide some comparisons with the cone calorimeter test, FPA was also used to characterise the 
production of CO and CO2. The focus in this report is on the comparison between the cone 
calorimeter, the FPA and the large-scale results and therefore only CO and CO2 have been presented 
for the FPA tests. In this report the comparison is limited to solid Pine and plywood. The Pine 
material was tested twice once using the black carbon additive, called upon in FPA standards, and 
once without. In this chapter the measured HRR and production of CO and CO2 is presented. HRR 
curves for the three wood samples are provided hereafter, Figure 28.  
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Figure 28: HRR curves for wood samples at FPA scale. 

The corresponding CO production is presented in Figure 29. 

 

Figure 29: CO production [g/s] for the wood samples tested using FPA. External heat flux of 50 kW/m2. 

Finally, the measured production of CO2 is presented in Figure 30. 
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Figure 30: CO2 production [g/s] for the wood samples tested using FPA. External heat flux of 50 kW/m2. 
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7. Emission Factors (EFs) 
7.1 Methodology 

The method of calculating the EF of CO and CO2 is described in this section. The methodology is 
based on the output data available in accordance with the standards for both the cone calorimeter 
and the FPA. The emission of CO and CO2 are dependent on the material but there is also a transient 
component. Four EF were derived in this study. Figure 31 shows an example of how the calculated 
EF are spread over the combustion of the sample. The method of calculating EF based on time from 
ignition is advised against as each sample might behave very different on a transient scale which leaves 
an inconclusive result when comparing materials. 

 
Figure 31: Phases for EF calculations. 

The steady period gives the EF for the time during which the sample produced an almost steady 
stream of emission gas. Flaming is the EF from ignition until the transitioning over to smouldering 
combustion and the EF of the smouldering process is taken from end of flaming until the test is 
cancelled. Finally, a total EF is calculated for the entire sample. The steady and smouldering EF are 
not applicable on all materials, for example the plastics in this study. Definition of the steady state 
used visual observation of the production of emission gas, as shown in Figure 31 for CO. The flaming 
period can be decided for wood using either the ignition and flame out time logged by the technician 
during the test or by looking at the highest rate of change in the CO/CO2 factor, however this is not 
applicable for all materials. Note that the visual observation of flaming was the time that the entire 
surface was flaming. The emission factor was calculated using the mass over time, see the example 
presented in Figure 32, together with the production of emission gas in g/s. 
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Figure 32: Function of weight over time from cone calorimeter test. 

Emission factor is calculated using the following equation. 

𝐸𝐸𝐸𝐸 =
∑(�̇�𝑚𝑥𝑥 ∗ 𝑡𝑡)
𝑚𝑚1 −𝑚𝑚2

∗ 1000 

Where: 

𝐸𝐸𝐸𝐸, emission factor [g/kg] 
�̇�𝑚𝑥𝑥, mass produced of the emission gas [g/s] 
𝑡𝑡, the time under which the production occurs [s] 
𝑚𝑚1, sample mass at the phase start [g] 
𝑚𝑚2, sample mass at the phase end [g]. 

7.2 Emission factors from cone calorimeter 

Using the above-described method is here used to calculate the EF from the cone tests. The calculated 
EF for the wood samples is presented as CO and CO2 in Table 14 and Table 15. Since each material 
was tested twice the values presented are the average of the two measurements. 

Table 14: CO emission factors for wood in CC. 
EF CO [G/KG] PARTICLE BOARD PLYWOOD OSB PINE 
STEADY 4.23 5.30 3.97 4.9 
FLAMING 5.26 6.52 5.55 4.80 
SMOULDER 103.81 165.17 178.03 155.05 
TOTAL 8.91 19.36 16.41 25.5 
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Table 15: CO2 emission factors for wood in CC. 
EF CO2 [G/KG] PARTICLE BOARD PLYWOOD OSB PINE 
STEADY 1168.08 1306.78 1306.78 1311.00 
FLAMING 1217.81 1264.21 1264.21 1305.55 
SMOULDER 2649.26 3114.24 3114.24 2616.00 
TOTAL 1227.14 1414.95 1414.95 1480.40 

The described methodology for deriving EF was created using wood samples. Other materials do not 
exhibit patterns in the same way and therefore deriving an EF can be more difficult. In this study, 
three plastic materials were tested, none of which had a prolonged steady state phase as could be seen 
for the wood samples.  

The PEHD ignited quickly, and flaming stopped when the entire sample was gone and therefore only 
a total EF was calculated. The PVC samples left a residue that burned, but not over the entire sample. 
Therefore, the flaming and total was calculated as two different EF. The PVC samples were tested at 
HF of 50 and 35 kW/m2. The PVC1 did not ignite at 50 kW/m2, except for a short flash at the end 
of the test and therefore no EF was calculated for this test. The PVC2 did ignite at both 50 and 
35 kW/m2, however at 35 kW/m2 the flaming was interrupted. Looking at the graph for the THR of 
the PVC2 material, it is seen that even though the flaming stopped momentarily the total energy 
released was about the same for 35 and 50 kW/m2. This indicates that even if the test had some 
instabilities, the total EF could still be a reasonable representation of expected emissions during 
burning. The EF of CO and CO2 for the three plastic samples is presented in Table 16 and Table 17. 

Table 16: CO emission factor for plastics in CC. 
EF CO [G/KG] PEHD PVC1 35 PVC2 35 PVC2 50 
FLAMING - 64.87 - 82.65 
TOTAL 24.55 73.67 66.62 74.12 

 

Table 17: CO2 emission factor for plastics in CC. 
EF CO2 [G/KG] PEHD PVC1 35 PVC2 35 PVC2 50 
FLAMING - 549.29 - 686.73 
TOTAL 2147.03 700.77 717.28 746.39 

 

7.3 Emission factors from FPA 

Only two wood materials were tested in the FPA. As described in chapter 6.2 the pine was tested with 
and without the black carbon additive. The plywood was only tested with the black carbon. The 
calculated emission factors are presented in Figure 17 and Table 19. 

  



 

41 
 

Table 18: CO emission factor for wood in FPA. 
EF CO [G/KG] PLYWOOD PINE PINE WITH BC 
STEADY 1.07 2.29 2.28 
FLAMIN 1.87 2.39 2.46 
SMOULDERING 189.35 193.61 357.79 
TOTAL 39.07 22.09 12.85 

 

Table 19: CO2 emission factor for wood in FPA. 
EF CO2 [G/KG] PLYWOOD PINE PINE WITH BC 
STEADY 1060.52 1348.97 1266.23 
FLAMING 1139.64 1243.04 1218.18 
SMOULDERING 3239.13 2322.87 5584.73 
TOTAL 1543.98 1352.39 1344.99 

 

7.4 Emission factor from large-scale 

At INERIS large-scale tests were conducted, one such test was conducted using 60.7 kg of pure pine. 
For a comparison the same method as described in the methodology section was used. Figure 33 show 
the phase definition for the large-scale example. This is illustrated to further strengthen the scalability 
of the methodology described in section 7.1. 

 
Figure 33: Phases for emission factor calculations, large-scale. 

At INERIS 6 materials was tested in their large-scale facility. Using the same method as above, with 
a smouldering phase from end of flaming to end of test, the emission factor for CO and CO2 was 
calculated for the materials, see Table 20 and Table 21. 
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Table 20: CO emission factors for large-scale. 
EF CO PEHD PVC PINE OSB PARTICLE BOARD PLYWOOD 
STEADY - - 2.01 1.62 1.96 2.3 
FLAMING - - 8.68 4.25 5.47 4.5 
SMOULDERING - - 177.13 282.36 99.80 81.7 
TOTAL 21.00 69.60 25.94 40.03 21.94 13.9 

 

Table 21: CO2 emission factors for large-scale. 
EF CO2 PEHD PVC PINE OSB PARTICLE BOARD PLYWOOD 
STEADY - - 1338.1 1885.9 1485.03 1654.5 
FLAMING - - 1527.2 1397.2 1296.10 1260.3 
SMOULDERING - - 3187.0 3747.4 3658.12 3726.7 
TOTAL 2919.1 1427.1 1696.8 1699.1 1708.03 1558.7 

The emission factors for the plastics were only calculated as a total, for the PEHD the same reason as 
described in 7.2, for the PVC it seemed as if it had a momentary extinguishment in the middle of the 
test and therefore the phases are undefinable. The wood materials were readily comparable, and the 
phases were determined as described above for pine. 

7.5 Comparison of calculated EF 

A methodology for calculating emission factor has been presented and described. Thereafter, this 
methodology was applied to calculate EF for several materials tested using three different methods. 
Most of the tests were conducted using a cone calorimeter, and for comparison purposes some of the 
same materials were tested using the FPA and in large-scale experiments at INERIS. In this section 
the three test methods are compared to see if the proposed method for calculating emission factor is 
comparable between different methods and most importantly different scales. First Pine is compared 
since its was tested using all of the methods. 
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7.5.1 Pine 
 

 
Figure 34: Emission factor CO for the different phases for the three methods, FPA with and without Black 
Carbon, Cone Calorimeter and Large-scale. 

 

Table 22: CO emission factor for pine, from the three methods FPA with and without Black Carbon, 
Cone Calorimeter and Large-scale. 

EF CO [G/KG] FPA FPA BC CC LARGE 
STEADY 2.29 2.28 4.90 2.01 
FLAMING 2.39 2.46 4.80 8.68 
SMOULDERING 193.61 357.79 155.05 177.13 
TOTAL 22.09 12.85 25.50 25.94 

Figure 34 and Table 22 show that the calculated emission factor for pine is similar for the different 
testing methods, although some deviations can be seen in the FPA Black Carbon (FPA BC) test. For 
FPA BC, the calculated emission factor in the smouldering phase is approximately 2 – 3 times higher 
than the other three methods; and, the calculated emission factor for the total is about half of the 
other methods. The additive is used in the FPA in order for the sample to better absorb the heat flux 
from the tungsten lamps. From this result it sems that this has some effect on the emission factor of 
CO.  
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Figure 35: Emission factor CO2 for the different phases for the three methods, FPA with and without Black 
Carbon, Cone Calorimeter and Large-scale. 

 

Table 23: CO2 emission factor for pine, from the three methods FPA with and without Black Carbon, 
Cone Calorimeter and Large-scale. 

EF CO2 [G/KG] FPA FPA BC CC LARGE 
STEADY 1348.97 1266.23 1311.00 1338.05 
FLAMING 1243.04 1218.18 1305.55 1527.15 
SMOULDERING 2322.87 5584.73 2616.00 3187.03 
TOTAL 1352.39 1344.99 1480.40 1696.82 

Figure 35 and Table 23 present the corresponding emission factor of CO2. Again, the emission factor 
from FPA BC is about twice that of the other methods in the smouldering phase. However, the total 
value is not affected in the same way as for the emission factor for CO. With the exception of 
deviations for FPA BC described previously, it seems that the emission factors are comparable between 
the FPA, CC and large-scale trials. Especially interesting is the fact that the large-scale values are so 
close to the small-scale tests. This provides an interesting basis for future research.  

  

0,00

1000,00

2000,00

3000,00

4000,00

5000,00

6000,00

Steady Flaming Smouldering Total

EF
 C

O2
 [g

/k
g]

EF CO2 from Pine

FPA FPA BC CC Large



 

45 
 

7.5.2 Engineered wood 
In this section the emission factors for the engineering wood materials are compared between small-
scale and large-scale. 
 

Table 24: CO and CO2 emission factor comparison for the engineering wood samples.  
EF CO [G/KG] EF CO2 [G/KG] 

OSB  
CC Large CC Large 

STEADY 4.0 1.6 1306.8 1885.9 
FLAMING 5.6 4.3 1264.2 1397.2 
SMOULDERING 178.0 282.4 3114.2 3747.4 
TOTAL 16.4 40.0 1415.0 1699.1 

PARTICLE BOARD  
CC Large CC Large 

STEADY 4.2 2.0 1168.1 1485.0 
FLAMING 5.3 5.5 1217.8 1296.1 
SMOULDERING 103.8 99.8 2649.3 3658.1 
TOTAL 8.9 21.9 1227.1 1708.0 

PLYWOOD  
CC Large CC Large 

STEADY 5.3 2.3 1306.8 1654.5 
FLAMING 6.5 4.5 1264.2 1260.3 
SMOULDERING 165.2 81.7 3114.2 3726.7 
TOTAL 19.4 13.9 1415.0 1558.7 

 
The largest deviation between large-scale and small-scale is a factor 2 for CO and less than 2 for CO2. 

7.5.3 Plastics 
In this section the emission factors for plastic materials are compared between scale. 
 

Table 25: CO and CO2 emission factor comparison for tested plastic materials.  
EF CO [G/KG] EF CO2 [G/KG] 

PEHD  
CC Large CC Large 

TOTAL 24.6 21.0 2147.0 2919.2 
PVC  

CC Large CC Large 
TOTAL PVC 1 35: 73.7 69.6 PVC 1 35: 700.8 1427.1  

PVC 2 35: 66.6 PVC 2 35: 717.3  
PVC 2 50: 74.1 PVC 2 50: 746.4 

 
For the plastics the agreement for CO emission factor is great. However, the CO2 emission factor for 
the PVC material differ with a factor of 2 even if the small-scale tests are varied both in type of PVC 
and HF. 
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8. Conclusion and Future Work 

The report presents emission factors (EFs) for a variety of material based on existing experimental 
data from the open literature (see Appendix 1 EF Database) and experiments conducted as part of 
this study. The EF Database presently contains EFs for almost 90 products and materials. This 
database represents the first up-to-date published database with a collation of emission factors for a 
broad variety of species to the best knowledge of the authors.  

A literature re-evaluation was conducted to screen published data to quality control EFs entered into 
the database. Emission factors presented in the database and an evaluation of typical material included 
in a building using an assessment of typical life-cycle inventory data from the Athena Impact 
Estimator for Buildings (Athena, 2019; ASMI, 2020) provided an initial list of material for further 
testing in small and large-scale. The list was evaluated and supplemented by input from the FPRF 
Project Panel. Based on this input a selection of material for small and large-scale testing was made.  

Results from more than 30 large-scale tests conducted in the 80 m3 room are presented. The majority 
of large-scale tests (18) were conducted with the minimum measurement battery including: a load-
cell to continuously evaluate the sample weight during the fire tests; NDIR analysers for CO and 
CO2; a paramagnetic analyser for O2 measurement and oxygen consumption calorimetry; and an 
FTIR spectrometer to analyse, e.g. acid gases and HCN. The remainder (14) of the large-scale tests 
were supplemented with a sampling system for laboratory analysis using dedicated filters for the 
cumulative collection and subsequent analysis of: metallic particles, PAH, PCDD/F and PBDD/F, 
and soot particles. Emission factors for the cumulative species are presented together with the 
experimental results in Chapter 5.  

A series of exploratory tests are presented for the cone calorimeter (CC) and fire propagation 
apparatus (FPA) showing heat release rate (HRR), CO and CO2 emissions for all tests. A method for 
the development of EFs for CO and CO2 was presented and a comparison made between EFs 
developed in all three scales (CC, FPA and 80 m3 room). In this comparison, a preliminary division 
into different fire stages was made for each scale. The comparison shows promising results concerning 
comparability of EFs between the three phases and for all fire stages identified. One exception was 
noted, in the case that carbon black was added to the surface of the test sample in the FPA, the EFs 
developed were a factor of 2-3 higher than for the other tests. This indicates that the use of carbon 
black to improve absorption of radiation in the FPA tests reduces the predictability of these tests for 
real scale EFs. Nonetheless, the analysis of EFs at different scales presents some initial support for the 
idea that small-scale tests can be used to develop EFs for real scale fire performance.  

The work outlines a methodology for future EF development that could open for the broad use of 
small-scale methods for the development of real scale EFs. There are, however, numerous questions 
still to be explored, e.g.; 

• While comparison of CO and CO2 EF between the three different scales studied indicates 
promising results, the production of a variety of other chemical species needs to be explored 
to ensure that such species are also well represented, e.g. large organic species and metals.  
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• The experiments conducted as part of this project were largely well-ventilated. The impact 
of different levels of vitiation on the predictive qualities of the small-scale experiments should 
be explored in future projects.  

• The question of the impact of carbon black surface treatment of samples on EFs developed 
in the FPA needs to be explored.  

• Most fires take place in complex mixtures of fuels rather than in single material. There is a 
need to investigate whether EFs developed for single material can be combined in a simple 
way to numerically develop EFs for complex mixtures. A parametric approach to EF 
development would reduce the number of complex experiments needed for EF development. 

• A combination of modern methods for fuel load development, e.g. based on data mining 
using artificial intelligence, should be combined with parametric methods for EF 
development to establish EFs for different fire regimes for buildings. This would facilitate 
the rapid calculation of the potential environmental impact of fires in the future.  
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Appendix 1: Database of existing Emission Factors 
(see separate excelfile) 
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Appendix 2: List of databases in LUBsearch and at INERIS 

Licensed databases in LUBsearch 
• Academic Search Complete (ASC) 
• AMED - Allied and Complementary Medicine Database 
• Art & Architecture Source  
• ATLA Religion Database with ATLASerials 
• Avery Index to Architectural Periodicals 
• Bibliography of Asian Studies  
• Business Source Complete 
• CINAHL Complete 
• Communication Source 
• Criminal Justice Abstracts with Full Text 
• EconLit 
• Economist Historical Archive 
• eHRAF Archaeology 
• ePublications 
• ERIC 
• FSTA - Food Science and Technology Abstracts  
• GeoRef 
• GreenFILE 
• HeinOnline 
• Henry Stewart Talks 
• Humanities International Complete 
• IEEE Xplore Digital Library  
• IMF eLibrary 
• Inspec 
• LGBT Life with Full Text 
• Library, Information Science & Technology Abstracts with Full Text 
• Literary Reference Center 
• MathSciNet via EBSCOhost 
• MEDLINE 
• MLA International Bibliography 
• New Testament Abstracts 
• OECD iLibrary 
• Old Testaments Abstracts 
• Oxford Competition Law 
• Philosopher's Index 
• Political Science Complete 
• PsycCRITIQUES 
• PsycINFO 
• PsycTESTS 
• Regional Business News 
• RILM Abstracts of Music Literature 
• Rock's Backpages 
• SAE Technical Papers 
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• SAGE Video 
• Scopus 
• Short Story Index (H.W. Wilson) 
• SocINDEX with Full Text 
• Sustainable Organization Library (SOL) 
• Teacher Reference Center 
• Urban Studies Abstracts 
• Very Short Introductions Online (Arts and Humanities) 

Open-access databases in LUBsearch 
• Aphasiology Archive 
• Archive of European Integration 
• arXiv 
• British Library EThOS 
• CogPrints 
• Directory of Open Access Journals 
• eScholarship 
• Industry Studies Working Papers 
• LUNA Commons 
• Minority Health Archive 
• Networked Digital Library of Theses & Dissertations 
• OAPEN Library 
• OJS vid Lunds Universitet 
• Open SUNY Textbooks 
• Open Textbook Library 
• Persée 
• PhilSci Archive 
• SSOAR - Social Science Open Access Repository 
• SwePub 

Free Index/Catalogues in LUBsearch 
• Publications New Zealand Metadata 
• SveMed+ 
• Swedish National Bibliography 

INERIS Licensed databases  
• Science direct* 
• EBSCO 
• Springer link 
• Wiley on-line Library 
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