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Abstract 
 
A new methodology for testing acute smoke toxicity has been developed in co-operation 
between SP Fire Technology and Karolinska Institutet. The method consists basically of 
the combination of a small-scale combustion equipment with the ability to produce a 
steady-state combustion atmosphere and an isolated, perfused and ventilated rodent lung 
model previously used for investigating potentially toxic and asthmatic substances. The 
data reported is the result of the two first experimental set-ups, where in the first case 
smoke from a burning PVC floor covering and in the second case a gas mixture of 
hydrogen chloride in air, were used as test gases for exposure of the lung model. 
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Preface 
A unique cooperative project between SP Fire Technology and Karolinska Institutet has 
resulted in the development of a method for evaluating the acute toxic effects of irritants 
in fire smoke. The method involves the exposure of isolated lungs from small mammals, 
such as guinea pigs or rats, to fire gases and investigations of how the tissue reacts. The 
method is completely pain-free for the animal, which is killed by an overdose of 
soporifics before the heart and lungs are removed and the experiment is started. This 
method has previously been used for toxicological investigations as well as 
asthma/allergy research of substances such as terpenes and isocyanates. The technique is 
used in order to avoid potential suffering that would be caused by direct exposure of the 
animals to toxic substances.  
 
In this project, a small-scale fire test method based on a Purser furnace and the test 
method defined by ISO TS 9700, was used in order to obtain smoke data under known 
and well-defined ventilation conditions. 
 
This project has obtained financial support from the PLUS-project (financed in equal 
parts by Chalmers Technical University, Borealis and SP) Europacable and FROCC.  
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Summary 
An isolated and perfused guinea pig lung model has in this project been used together 
with a small-scale test method for smoke toxicity investigations. Thereby, it has been 
possible to introduce gases from well-known combustion conditions and study its 
influence on the isolated rodent lung. The guinea pig lung is an interesting object for such 
investigation as it has been shown to have a sensitivity and reaction pattern similar to that 
of a human lung1. The perfused lung model has for a long time been used for 
toxicological investigations as well as for asthma/allergy research of substances such as 
terpenes and isocyanates. The method is completely pain-free for the animal, which is 
killed by an overdose of soporific before the heart and lungs are removed and the 
experiment is started.   
 
In this project, isolated, perfused and ventilated guinea pig lungs have been exposed to 
two different inhalation atmospheres: 
 

• Combustion gases from PVC-material 

• A gaseous mixture of HCl and air 
 
The gases for exposure of the lung were in both cases taken from the mixing chamber of a 
small-scale tube furnace test method (ISO TS 19700). The PVC-smoke was obtained 
through direct combustion in the furnace and the HCl-gas was taken from a gas bottle 
with HCl/N2. Both gases had an HCl concentration of approximately 3 000 ppm after 
mixing with air in the mixing box of the tube furnace. 
 
In the experiments, HCl and PVC-smoke inhalation caused an acute effect on the 
perfused lung, shown as a rapid (< 10 minutes) decline in the lung physiology parameters, 
conductance and compliance. Further, for the PVC-tests, particulate material was found at 
different levels in the lung tissues and chemical species from the smoke gases were found 
in the artificial blood solution in the lungs used in the experiments.  
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1 Background 
 
Internationally there has been an increasing interest in smoke toxicity, largely triggered 
by fire disasters such as the King’s Cross underground fire in London2 and the more 
recent subway fire in South Koreai where the smoke played a key-role in the disaster. 
This interest can be traced to numerous reports but it is also mirrored in the international 
standardisation work, e.g. by ISO/TC 92/SC3: “Fire threat to people and the 
environment”. 
 
Risk evaluation, e.g. estimating egress time from buildings at fire is also of major interest. 
Fire safety engineering requires knowledge of the fire gases that are generated, which in 
turn depends on the fire scenario and materials involved3. Some materials will produce 
very large amounts of particles and dangerous gaseous substances4 5 6 7 in a fire. This 
information needs to be included in a proper risk evaluation.  
 
Knowledge of the capability of a material to generate smoke gases and the toxicity of fire 
gases relative to different materials is of importance from both a toxicological and an 
ecological perspective. 
 
1.1 Toxicity from fire smoke 
 
The toxic gases produced from a fire are normally categorized into one of two groups 
based on the effects on humans, asphyxiant gases and irritant gases.  
 
The asphyxiantii gases, also referred to as narcotic gases, cause confusion and loss of 
consciousness followed by death from hypoxiaiii when a large emnough dose has been 
inhaled8. The most important gases belonging to this group are: carbon monoxide (CO) 
and hydrogen cyanide (HCN); but carbon dioxide (CO2) and (lack of) oxygen (O2) or 
hypoxia, should also be included.  
 
The irritant gases cause sensory irritation to the eyes, nose and upper respiratory system. 
For sensory irritation the effects do not depend on the dose but are largely concentration 
related.  In large doses, however, these gases can cause lung inflammation and oedema 
which might result in death long time after exposure. Irritant gases include inorganic acid 
gases, e.g. hydrogen chloride (HCl), and organic irritants, e.g. aldehydes. 
  
 
1.1.1 Calculation example 
 
The document ISO-TS 135719 describes methods for evaluating toxic hazards in fires 
(see Appendix). The document supports the idea that both irritants and asphyxiants 
should be considered in a smoke hazard analysis. The fact is, however, that irritants are 
rarely considered lethal. Up till recently only intoxication by carbon monoxide was 
considered as a cause of death in fire victims in that only carboxyhaemoglobin levels 
were investigatediv. For some years now post mortem analysis made in Sweden also 
includes HCN as a possible cause of death but not yet the effects of irritants. 
 

                                                      
i http://www.banverket.se/upload/6115/PM_Korea.pdf 
ii Asphyxia: Suffocation, decrease in the oxygen content, and increase in the carbon dioxide 

content of the blood. 
iii Hypoxia: Reduction in the amount of oxygen available for tissue respiration. 
iv  This statement refers to Swedish conditions but it is probably true also for most other countries 
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Fire tests made in small scale as well as in large scale have, however, shown that the 
concentration of irritants in fire smoke indeed might be very high4 6 7. In a reconstruction 
of an arson hospital fire16 where a PVC-based floor covering, a PUR (polyurethane) based 
mattress and upholstered furniture where the main fire constituents, it was found that the 
amount of HCl in the fire smoke was almost equal to the CO concentration at flash-over. 
The finding was confirmed by analysing soot from the hospital where samples were 
found to contain up to 10 % by weight of chlorine. In the reconstruction it was further 
found that the isocyanate concentration was very high in the smoke, due to the PUR 
material involved in the fire. The presence of isocyanates in the hospital fire smoke was 
confirmed by lung tissues samples taken from the two fire fatalities.. Both had TDI 
(toluene-diisocyanate) metabolites in their lungs16.   
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Figure 1 Concentration of carbon monoxide and hydrochloric acid in smoke from 

reconstruction of arson hospital fire16. The fire was extinguished after flashover at 
about 600 s. 

 
A group of highly toxic irritants that were measured in the reconstruction experiment is 
isocyanatesv (see Figure 2). These measurements were made by post-analysis of 
cumulative samples collected throughout the whole experiment and hence, only average 
values for the total time of sampling are known. Other gas concentrations, shown in 
Figure 1 and Figure 2 were measured on line by an FTIR-instrument (see SP Report 
2005:2916).  
 
The specie concentrations measured during the fire reconstruction as depicted in Figure 1 
and Figure 2, were used as input to calculate the incapacitation limit values (see the 
Appendix) for irritants (FEC) and asphyxiates (FED). The results shown in Figure 3 are 
obtained. A critical FED or FEC value is=1 and it is clear from the graphs that the ISO 
document model predicts the irritant gases in this scenario to be the most dangerous, i.e., 
the compounds fastest to provide incapacitation conditions.  

                                                      
v Organic compounds with functional group -NCO 
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Figure 2 Concentration of hydrogen cyanide and isocyanates in smoke from reconstruction 

of arson hospital fire16.  The isocyanates were sampled in an impinger bottle and 
analysed after the experiment, i.e. only mean values for the time of sampling were 
obtained. 

 

Incapacitation FED-FEC values from reconstruction experiment
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Figure 3 Incapacitation FED and FEC values calculated according to ISO-TS 13571 (see 

appendix) 
 
 
ISO-TS 13571 uses a set of substance specific factors, “F-factors”, in order to weight 
different species concentrations with regards to their estimated toxic effect, i.e. the 
standard uses the expression 

i

i

F
C

 



10 
 
 
 
 

to obtain incapacitation contribution from a specific substans “i” in the fire smoke (see 
appendix). However, no such factor is defined for isocyanates, and generally speaking, 
only few isocyanate toxicity limit values are found in literature. Limit values found 
usually relates to TDI (Toluene-diisocyanate) or MIC (methyl isocyanate). 
 
The F-factors found in ISO-TS 13571 are defined, according to the document, based on 
“toxicological judgment”. According to ISO-TS 13571, one of the bases for the defined 
set of data is the American AEGL-system (Acute Exposure Guidelines Level) developed 
by EPA, the U.S. Environmental Protection Agency. In this system, three different gas 
concentration levels are defined: “non-disabling” (AEGL-1), “disabling” (AEGL-2) and 
“lethal” (AEGL-3). Further, these measures are given for different times of exposure (10 
min, 30 min, 1h). If the F-factors in ISO TS 13571, given in Table 1, are compared to 
AEGL-2 values it can be seen, that, e.g., HCl and HBr have values 10 times the 10 
minutes disabling level. However, comparing the remaining compounds for which F-
factors are given in ISO-TS 13571 gives completely different ratios. The basis for the 
specific F-factors for irritants seems thus to vary for individual compounds. The reason 
for this is not clear from the document. 
 
Table 1 Comparison between F-factors in ISO-TS 13 571 and AEGL-2 values 
Substance, i Fi ( μl/l) 10 minutes AEGL-2 ( μl/l) 
HCl 1 000 100 
HBr 1 000 100 
HF 500 95 
SO2 150 0.75 
NO2 250 20 
acrolein 30 0.44 
formaldehyde 250 14 
isocyanates - TDI=0.24, MIC=0.4 
 
In Figure 4 a more detailed calculation than that shown in Figure 3 of the FED and FEC 
values from the hospital fire reconstruction, is given. It is interesting to note in Figure 4 
that both SO2 and HCl provides faster incapacitating conditions than the asphyxiate gases. 
It is also noteworthy that the incapacitation FED-contribution from CO is relatively low. 
 
A hypothetical FEC value for isocyanates is included based on the concentration given in 
Figure 2 and an F-value of 4. It must be emphasized that this value is a pure construction 
based on the TDI - MIC 10 minute AEGL-2 values in Table 1 and the quotients found in 
the right column for most substances, i.e. a number between 10 and 20. The calculated 
data in Figure 4 show that isocyanates could very well have a significant influence on the 
incapacitation conditions for a room fire. 
 



11 
 
 
 
 

Detailed incapacitation FED-FEC values from reconstruction experiment
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Figure 4 Detailed FED and FEC values calculated for several gases according to ISO-TS 

13571. F-factor used for isocyanates = 4 μl/l. N.b. that the isocyanate curve is based 
on mean values. 

 
 
The standard ISO 1334410 provides the possibility to estimate lethal fire smoke conditions 
as described in the Appendix, and calculations were made in order to compare with the 
incapacitation data obtained using ISO-TS 13571. In the calculations, a 30 minute rat 
LC50 value is supposed to be used as a normalisation factor together with the 30 minute 
interval, i.e. the explicit form for the expression in the calculation should be: 

[ ] dt
LC

tC
LC

CFED
i i

i

i i

i ∑∫∑ ==
,50,50

30/
 

Since, no 30 minute rat LC50 values were found for isocyanates, a 1 hr value (for MIC) 
was used instead, i.e. the expression (Cit/60)/LC50 were used together with the 1 hr LC50 
value under the time integral at the right hand side of the above equation.  

Data used for the calculations are given in Table 2 and the results are shown in Figure 5. 
It is interesting to note that the situation is opposite to the incapacitation estimates shown 
in Figure 3 and Figure 4 as the asphyxiate species now pose the most pressing danger, i.e. 
they attain the critical FED first signifying, in this case, lethal concentrations. As before it 
is difficult to know exactly what influence the isocyanates have but it is once again clear 
that the substances should be included in the estimation of the overall smoke hazard. 
 
Table 2 Rat LC50 30 min values used for the calculation of  FED-values in Figure 5 

Specie CO10 HCN10 HCl12 SO210 Isocyanates (MIC, 1 hr)11 
LC50-value  5700 165 4700 1400 43 
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"Lethal" FED values from reconstruction experiment
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Figure 5 Lethal FED values calculated according to ISO 13344 (see Appendix) 
 
The HCN lethal FED gas concentration from Figure 5 and the HCl incapacitation 
concentration from Figure 4 are given in Figure 6. The graph suggests a possible situation 
where a fire victim is incapacitated by an irritant gas and subsequently killed by a more 
lethal asphyxiate gas. In such a hypothetical situation it is probable that the post mortem 
analysis would find the cause of death to be from the routinely analysed asphyxiant and 
that the effect of the irritant gas would be ignored.  
 
It must be underlined that the above reasoning is highly speculative but the intention is to 
point to an area where our knowledge is lacking, i.e. what is the relation between the 
influence of asphyxiate gases and irritants in a real fire situation. One important reason 
for this lack is the difficulty to measure and to observe the influence of fire smoke on a 
living organism under well controlled conditions. A dangerous gas can obviously not be 
tested on humans and animal tests are unwanted for ethical reasons.  The new 
methodology developed and reported in this work contains a suggestion on how to 
improve the current situation. 
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Figure 6 Comparison between calculated incapacitating HCl (based on ISO-TS 13571) and 

calculated lethal HCN (based on ISO 13344) values in the reconstruction experiment 
 

2 A new test methodology 
 
A cooperative project between SP Fire Technology and Karolinska Institutet has resulted 
in the development of a method for evaluating some acute toxic properties of fire smoke. 
It involves the exposure of rodent lungs, such as guinea pigs or rats, to fire gases and the 
investigation of the response of the tissue. The method is completely pain-free for the 
animal, which is killed by an overdose of soporific before the heart and lungs are 
removed and the experiment is started. This method has previously been used for 
toxicological investigations as well as asthma/allergy research of substances such as 
terpenes and isocyanates, and it is used in order to avoid exposing animals to the 
suffering that would be caused by direct exposure to toxic substances. 
 
The work reported here is a first step to combine the method from Karolinska Institutet 
with the new Purser Furnace based ISO standard23 and to develop a methodology for 
measuring immediate effects on the respiratory system after exposure to different fire 
smoke contents. Test substances used in this project were a hydrogen chloride/nitrogen-
air mixture and smoke from well-ventilated combustion of a PVC floor covering. In all 
tests, the HCl content was kept at around 3 000 ppm. The main reason for choosing 
3 000 ppm being that the 1 hour rat LC50 value is 3124 ppm12 and that previous well-
ventilated Purser furnace fire experiments with a PVC floor covering16 were conducted at 
that level. It is obviously of interest to investigate smoke toxicity at other concentration 
levels and to compare with smoke from other substances. In this test series, however, 
focus has been on investigating and developing the test method and to compare the 
impact of pure HCl in air with HCl in PVC-smoke.  
 
An recent study on smoke toxicity from various materials has been reported13 where 
similar smoke producing equipment to that used in our investigation, was used in order to 
perform experiments on human epithelial lung cells in vitro. The following relative 
smoke toxicity was demonstrated (abbreviations explained in Table 3): 
 

PVC>PE>PP>FRP-10>PC>FRP-16>MFP 
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Table 3  Materials tested on human lung cells by Lestari et al.13 

PVC polyvinylic chloride  
PE high density polyethylene 
PP polypropylene 
FRP-10 fibreglass reinforced polymer (commercial product)
PC polycarbonate 
FRP-16 fibreglass reinforced polymer (commercial product)
MFP melamine-faced plywood 
 
 
Their investigation showed a “total lethal concentration” for the human epithelial lung 
cells of 8.2 mg/l (PVC smoke concentration) after a 30 min exposure, whereas in our 
case, the lung was “dead” after 8-10 minutes with an HCl concentration of 4-5 mg/l, i.e. 
the isolated (guinea pig) lung seems to be more sensitive to the smoke. However, our 
exposure model is closer to a true model of the in vivo situation, as different types of lung 
cells are present and in their correct position. Exposing cultured cells for an air mixture is 
difficult as there is always an intermediate layer between the exposure air and the cells. 
Another limitation with cultured cells is that only one cell type is exposed, in this case 
epithelial cells which means that normal interaction between epithelial cells and 
macrophages, can not be observed. However, it would be very interesting to compare the 
toxicity scale given above in tests with the same materials in the isolated, perfused lung 
model and we hope to be able to do this in a future study. 
 
 

3 Method 
 
3.1 Lung model 
 
An isolated and perfused guinea pig lung model has been developed at Karolinska 
Institutet. It is a compromise between in vivo and in vitro and has many advantages; the 
whole organ is intact, the cells have their “correct” neighbours, one can study the direct 
effects on the lung, there are several exposure routs e.g. inhalation, instillation, bolus 
injections and constant perfusion. The isolated lung model is very useful for mechanistic 
studies of toxic substances as different enzyme inhibitors, receptor antagonists etc. can be 
added to the perfusate before the real exposure. Moreover, the guinea pig lung has been 
shown to have a sensitivity and reaction pattern similar to that of the human lung1. 
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Figure 7 Schematic picture of the isolated perfused lung set-up. 
 
Briefly, the heart/lungs are removed from the animal and then placed in an artificial ‘rib-
cage’, consisting of an airtight container to which a pump is connected (Figure 8), which 
creates an alternating negative pressure in the container and thereby causes the lungs to 
expand or contract.  The lungs, in their turn, are in contact with the ambient air via a hose 
in the trachea, through which they can be exposed to (for example) fire smoke from 
different materials. 
 
 

 
Figure 8 Heart/lungs in the artificial rib-cage. 
 
During the experiment, a buffered salt solution containing albumin is pumped through the 
blood vessels by single pass perfusion under hydrostatic pressure and with the help of a 
pump, enabling substances and metabolites to be investigated in the solution. The 
distensibility, resistance and volume of the lungs can be measured constantly during the 
experiment, providing a measure of the contraction of the airways. On conclusion of the 
experiment, the lung tissue can be dissected and investigated. 
 

Lung 
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3.2 Gas sample preparation 
 
HCl-containing gas was prepared in two different ways: 
 

1) burning a PVC sample (floor covering material) under well-ventilated conditions 
in the Purser furnace. 

2) simply mixing HCl in nitrogen taken from a gas tube with air. 
 
The experimental set-up for a Purser furnace is based on a tubular furnace where a quarts 
tube is fixed in a static furnace. The sample is placed in a sample “boat” in the tube and it 
is slowly moved into the furnace during the experiment. The oxygen flow in the tube is 
controlled by the primary air intake and the smoke is transported to a mixing chamber 
where secondary air is added.  
 

 
Figure 9 Schematic picture of a Purser furnace. 
 

Figure 10 The Purser furnace from the front end (left photo), showing the quartz tube and 
primary air intake (plastic tube) and the back side with the mixing chamber (right 
photo). 

 
 

4 Experiments 
 
Two sets of experiments were performed. In the first series, only Draeger tubes were used 
to confirm that the HCl concentration in the mixing chamber (see Figure 10) was 
approximately 3 000 ppm. In the second series, an FTIR-instrument was used to measure 
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gas concentrations continuously during the test. In the descriptions below, the main focus 
is on the results from the second set of tests. 
 
4.1 Lung model 
 
The lungs are prepared from guinea pigs of the Dunkin-Hartley strain, weighing between 
325-450 grams. The animals were anesthetized with pentobarbital (Mebumalum Vet., 
Nord Vacc, Sweden), 120 mg/kg injected intraperitoneally, (i.e. injected within the 
peritoneal or abdominal cavity). The lungs were then surgically removed as described by 
Kröll et al.14 and treated as described by Låstbom et al.15. The lungs were perfused with 
Krebs-Ringer buffer pH 7.4 (composition in mM: NaCl 118.0, KCl 4.7, CaCl2 2.5, 
MgSO4 1.2, NaHCO3 24.9 and KH2PO4 1.2) containing 12.5 mM Hepes, 5 mM glucose 
and 2% bovine serum albumin fraction V.  
 
Once suspended in the thoracic chamber, the lungs were ventilated at 60 breaths/minute 
by creating an alternating negative pressure (-0.32 to -0.58 kPa) inside the thoracic 
chamber using an animal respirator (model 7025, Ugo Basile, Biological Research 
Apparatus, Varese, Italy) and a vacuum source connected to the thoracic chamber. The 
tracheal airflow and pulmonary pressure were measured with a heated pneumotachograph 
(Hans Rudolf Inc, Kansas City, MO, USA) and the data were recorded on a computer 
using the IOX 6.1a data acquisition system (EMKA, Paris). The collected data was used 
to calculate lung conductance (Gaw) and dynamic compliance (Cdyn). Lung conductance is 
a measurement of how easily the air moves in the upper airways, and lung compliance is 
a measurement of the elasticity of the lower part of the lung. The perfusion flow was 
measured manually. 
 
The lungs were allowed to stabilize for 20 minutes with single-pass perfusion buffer 
containing albumin before the experiment was started. The model lung was exposed to 
normal air for 5 minutes and then exposed via the air passage to HCl/N2-gas, PVC-smoke 
or control air. The pneumotachograph was taken away during the exposure and put back 
after the exposure in order to obtain values of the conductance and compliance 
measurements. The reason for this was that the instrument probe consists of a fine silver 
net that most probably would have been blocked by particles or effected by the acid gases 
used in the experiments. 
 
The perfusate was collected during the exposure and used for GC-MS-analysis. 
Immediately after the end of the experiment the lungs were fixated with formalin and 
taken for histological analysis. 
 
4.2 Combustion model 
 
From previous experiments16 it was known that the well-ventilated Purser furnace 
experiments on the particular PVC floor covering investigated, would give a 
concentration of approximately 3 000-3 500 ppm HCl in the furnace mixture chamber 
(see Figure 9) from which the sample gas was taken. During the experiment, a primary 
airflow of 10 l/min and a secondary airflow into the mixing chamber of 40 l/min were 
used. Further, was a fuel feeding rate of 40 mm/min was used, providing a fuel/air ratio of 
~100 mg material / l air. The furnace temperature was approximately 650ºC (for more 
experimental details, see SP Report 2005:2916.  
 
In order to create equivalent experimental conditions when using the HCl/N2-gas mixture 
and the PVC-floor covering fire gases,, the HCl-air mixture was prepared by introducing 
a 1.75 % (by volume) gaseous HCl in nitrogen at approximately 10 l/min primary flow in 
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the Purser furnace and a ~40 l/min flow of secondary air, which from a pure mass balance 
would produce similar HCl concentrations in the mixing chamber as in the PVC floor 
covering combustion experiments. Also, the furnace was kept at the same temperature 
(650 ºC) as for the combustion case. During the experiments the HCl-content was 
measured in the mixing box by FTIR.  
 
4.3 Experimental set-up 
 
The sample gas was produced in the Purser Furnace, either by combustion of sample 
material or by mixing a concentrated HCl-gas with air in the mixing box. The gas sample 
was taken from the mixing box, in parallel, to the perfused lung and to an FTIR 
instrument that continuously measured the concentration of different inorganic gases, e.g. 
the HCl content. In the mixing box, the temperature was relatively modest: ~30-40 ºC, 
and the tubes connecting the box to the lung (1.5 m Teflon tubes) and FTIR (2.5 m Teflon 
tubes) were heated to 180 ºC in order to avoid condensation. However, a sufficient length 
of unheated tubing was allowed before introducing the gas into the lung in order to ensure 
a suitable gas temperature for the lung exposure. A schematic view of the test set-up is 
given in Figure 11.  
 
The animal respirator provides a small pressure variation (close to the ambient pressure) 
over the lung which is sufficient for sucking ml-sized gas samples from a flow that 
continuously passes the lung. However, it is possible to run into problems if there is a too 
low pressure in the tube connecting the box to the pump, i.e. if there is a blockage of 
particles along the way which forces the pump to work harder.  The tube diameter must 
therefore be “large enough” for the system to function at a constant pressure. Similarly, it 
was not possible to put a filter in the flow to protect the pump since this would have 
induced a pressure drop in the tubes as the filter cake grew. Without a filter the pump 
itself was blocked (valves, tubes) by particles after a while and had to be adjusted in order 
to keep a steady flow. This did not, however, have an significant impact on the total 
pressure in the tubes. The adjustment was done manually with the assistance of a flow 
meter situated after the pump. The FTIR instrument was equipped with efficient filters 
and did not run into such problems. 
 

 
Furnace 

Mixing 
box 

Pump 

Lung 

FTIR Pump 

Respirator 

1 l/min 

4 l/min 

60 breaths/min 
180 ºC/~30 ºC 

180 ºC 

Flow 
meter 

 
Figure 11 Schematic drawing of the experimental set-up for the second set of experiments. In 

the first set, no FTIR was used. 
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5 Results  
 
5.1 FTIR-analysis 
Time resolved measurements of the concentration levels of HCl, CO and CO2 in the 
mixing box of the Purser furnace were obtained using a BOMEM MB 100 FTIR 
spectrometer. The analyser was equipped with a heated gas cell (volume = 0.92 l, 
path-length = 4.8 m, temperature = 150°C). A spectral resolution of 4 cm-1 was used, with 
4 averaged spectra (based on 3 full scans) recorded per minute. The smoke gases were 
continuously drawn to the FTIR with a sampling rate of 4 l min-1 using a stainless steel 
probe with a ceramic filter. Both the filter and gas sampling lines (4 mm i.d. PTFE) were 
heated to 180 °C. The proper function of the FTIR equipment was verified by 
measurement of a calibration gas. Average concentrations for the two exposure periods in 
each experiment are given in Table 4. 
 
Table 4 Mean concentrations in mixing box during the two exposure periods, 0-4 min / 4-8 

min. Measurements by FTIR. 
Experiment no Type of experiment HCl (ppm) CO (ppm) CO2 (ppm) 
L22* PVC-smoke ~3 000 - - 
L28 PVC-smoke 3110 / 3120 2570 / 1690 1.44 / 1.94 
L29 PVC-smoke 2770 / 2750 1760 / 1300 1.14 / 1.54 
L30 PVC-smoke 3470 / 3380 2170 / 1780 1.11 / 1.77 
L31 PVC-smoke 3560 / 3700 1240 / 1320 1.19 / 1.68 
L32 PVC-smoke 2850 / 2920 2450 / 1320 1.05 / 1.62 
L33 PVC-smoke 3440 / 3240 1760 / 1350 1.07 / 1.71 
L34 Control 2 / 0 - - 
L35 HCl-air 3680 / 3840 - - 
L36 HCl-air 3260 / 3310 - - 
L37 HCl-air 2730 / 2780 - - 
* In the L22 experiment, only a draeger tube was used for HCl concentration measurement 
 
 
Isolated guinea pig lungs were exposed 2 x 4 minutes to either air (control), HCl 
containing gas, or fire smoke from a PVC-floor covering. The lung physiology 
parameters conductance and compliance decreased rapidly in the HCl and PVC-smoke 
exposed lungs. In the control experiments the conductance and compliance remained 
stable during the 8 minutes of exposure. 
 
As the probe used for measuring conductance and compliance, the pneumotachograph, 
consist of a fine net that might be adversely effected by acid gas or blocked by particles, 
it was decided that measurements were to take place intermittently at 4 minute intervals. 
The experiment started with a 5 minute continuous measurement of conductance and 
compliance as a sort of “preconditioning” in order to certify a consistent and stable base 
line before the experiment started.  
 
During the preconditioning, the lung was exposed to air from the surrounding 
atmosphere. The probe was thereafter disconnected from the entrance to the artificial lung 
and sample gas was provided to the lung. After four minutes, the sample gas was 
removed and the probe for measuring conductance and compliance was once again 
attached to the system for a ~1 minute continuous measurement against the surrounding 
air. Then another four minutes of sample gas exposure was made followed by a 
pneumotachograph measurement. Experimental results are shown in Figure 12-Figure 17. 
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Figure 12 Guinea pig lung conductance during HCl containing gas experiment 
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Figure 13 Guinea pig lung compliance during HCl containing gas experiment 
 
 
As can be seen in Figure 12 and Figure 13, there is a variation in initial values for the 
lungs that might be attributed to individual differences in lung capacity and behaviour. 
However, it is clear that all lungs are more or less “dead” after 8 minutes of exposure.  
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Figure 14 Guinea pig lung conductance during PVC-smoke experiment 
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Figure 15 Guinea pig lung compliance during PVC-smoke experiment 
 
Guiniea pig lungs that were exposed to PVC-smoke with an HCl concentration similar to 
the previously mentioned HCl-gas experiments showed the same type of behaviour, i.e. 
conductance and compliance decayed rapidly and went more or less to zero in 8 minutes 
(Figure 14-Figure 15). In experiment no 33, the lung capacity of that particular animal 
was significantly lower from the start and as a result, it also lost all function more 
quickly, already within 4 minutes. 
 
In Figure 16 and Figure 17, the conductance and compliance are shown from a control / 
reference experiment during which the guinea pig lung was exposed to air. The air was 
provided by the exact same experimental setup with respect to pumps and furnace (Figure 
11) albeit without HCl-gas or PVC-smoke.  
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Figure 16 Guinea pig lung conductance during control (air) experiment  
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Figure 17 Guinea pig lung compliance during control (air) experiment 
 
 
It is difficult to rank the two sample gases, HCl-air and PVC-smoke with regards to their 
toxic potency towards the guinea pig lung by a visual inspection of Figure 12-Figure 15 
as the individual variations are too great. It is, however, interesting to compare the 
general results from the 8 minute experiments to other reported experiments or existing 
toxicity limit values, such as the 1 hour HCl LC50 value for rats (3124 ppm12). This will 
be further elaborated on in chapter 6 (Discussion). 
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5.2 Analysis of the perfusate solutions 
 
During the isolated lung experiments, the perfusion buffer passing through the heart-lung 
circulation was collected for later analysis of combustion generated compounds that 
might have penetrated into the circulation stream. The solutions were analyzed for the 
presence of selected organic compounds using two different approaches – extraction by 
an organic solvent and a purge-and-trap method using adsorbent tubes. The substance 
selection was mainly based on knowledge of what type of substances that might be 
generated during thermal degradation of PVC. 
 
The perfusion buffer samples (40 ml) were extracted by 2 x 20 ml of methylene chloride. 
Prior to extraction, a set of isotopically labeled internal standards was added to the 
perfusate solution. The combined CH2Cl2 extracts were gently evaporated, using a 
thermally controlled bath, to a volume of approx. 1 ml. After the addition of the injection 
standard, GC/MS was used to analyze the extracts. 
 
The purge-and-trap method was performed using adsorbent tubes with Tenax TA as the 
trapping medium. A stream of dried and purified air was passed through the samples and 
the organic compounds released were collected on the adsorbent tubes. Isotopically 
labeled benzene-d6 was spiked on the tubes as an internal standard. The samples were 
then analyzed using automated thermal desorption and gas chromatography with a mass 
selective detector.  
 
As mentioned previously, two sets of guinea pig experiments were performed. For the 
first set of experiments, only the extraction method was used and the results from this 
analysis are shown in Table 5. As can be seen from the table, organic compounds were 
only found in the buffer solutions from the PVC floor covering tests. A very interesting 
thing to note is the fact that heavier VOC and PAH was found which indicates that 
particulate material has actually passed over to the “blood” side of the system. 
 
Table 5 Results from the first series of tests by the extraction method 

Test no Sample id Analysis, lighter VOC Analysis, heavier VOC and PAH 
12 Control no VOC found no VOC/PAH found 
16 Control no VOC found no VOC/PAH found 
17 PVC-combust yes, benzene yes, C24-C32 
25 PVC-combust yes, benzene yes, C24-C32 
23 HCl-gas no VOC found no VOC/PAH found 
24 HCl-gas no VOC found no VOC/PAH found 
 
The results of the extraction analysis method used for the second series are given in Table 
6, together with an analysis from one sample in the first series (L22). Benzene and 
toluene could be positively identified and quantified in all samples and styrene in one 
sample.  
 
A search for all compounds specified in Table 7 was performed using an “extract ion” 
procedure for tracing compounds normally hidden in the background. In addition to these 
target compounds, some other ones were found in the chromatograms and they are 
presented in Table 8. 
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Table 6 Results from the first series of tests by the extraction method  
sample code ---> L29 L22 L37 L31 

test gas ---> PVC- smoke HCl HCl PVC- smoke

Compound ng/sample ng/sample ng/sample ng/sample 
Benzene  170 60 90 280 
Toluene 290 280 280 880 
Styrene trace trace trace 120 

 
 
Table 7 Target compounds, typically found in PVC-smoke, with their specific MS ions: m/z = mass to 

charge ratio. 
   m/z 
Benzene 78
Toluene 91
Naphthalene 128
Chlorobenzene 112-114-77
1,4-dichlorobenzene 146-148-150
Phenol 94-66
Butenone 55-43-70
Phenylethyne 102
Styrene 104-103-78
Chloro-octadecane 57-55-43-41-71-69
2/4-chlorophenol 128-130-64
Benzene dicarboxylic acid-1,3 or 1,4 149-166-65-121
Benzene dicarboxylic acid-1,2 104-76-50-148
Benzaldehyde 77-105-106
Oleic acid 55-69-41-83-97

 
 
Table 8 Other compounds found in the chromatograms. X means presence in the sample. 
sample code ---> L29 L22 L37 L31 

  
PVC 

flooring HCl HCl 
PVC 

flooring 
2-heptanone   x x   
2-heptanol x x x x 
Decene x       
Benzyl Alcohol x x   x 
Octanol       x 
octanoic acid x x x x 
Dodecene x       
Benzene -bis(dimethylethyl)     x x 
Tetradecene x       
Phenol, 2,4-bis(1,1-
dimethylethyl)-       x 
Hexadecene x       
Octadecene x       

 
 
The determination of benzene, corrected for the recovery of internal standard, by the 
purge-and-trap method is shown in Table 9. One sample was selected for searching the 
target compounds from Table 7; the results are presented in Table 10. 
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Table 9 Determination of benzene concentration in the sample by the purge-and-trap 
method. Second test series. 

sample code ---> L32 L34 L35 L36 

  
PVC 

flooring Control HCl HCl 
Compound ng/sample ng/sample ng/sample ng/sample 
Benzene  336 107 15 42 

 
 
Table 10 Compounds identified in the chromatogram of the sample L32. The compounds 

printed in red are those fromTable 7.  
Retention time 
(minutes) Compound Relative amount by MS area 

3,77 Ethanol 2 
4,05 Isopropyl Alcohol 11 
4,49 Methylene Chloride 56 
5,41 Ethyl Acetate 1 
5,80 Chloroform 1 
6,67 Benzene 65 
7,09 2-Pentanone 1 
8,63 Methyl Isobutyl Ketone 1 
8,84 Pentane, 2,3,4-trimethyl- 1 
9,84 Toluene 1 
10,43 Octane 7 
12,07 2,4-Dimethyl-1-heptene 2 
13,18 Benzene, chloro- 1 
13,55 Ethylbenzene 1 
13,92 p-Xylene 4 
14,29 Phenylethyne trace 
14,40 2-Heptanone 94 
14,76 2-Heptanol 37 
14,98 Styrene 2 
18,44 Benzaldehyde 2 
18,55 Phenol 2 
18,76 Decane 4 
19,02 alkane 2 
19,20 alkane 2 
23,11 2-Nonanone 5 
23,71 Hexanoic acid, 2-ethyl- 1 
26,28 Benzoic Acid 5 
27,03 Dodecane 5 
27,69 Decanal 3 
28,23 Naphthalene trace 
29,08 Benzene, 1,4-bis(1,1-dimethylethyl)- 19 
40,91 [1,1':3',1''-Terphenyl]-2'-ol 2 

 
 
Table 11 The same results as in Table 10 sorted by relative MS area. The compounds printed 

in red are those from Table 7. 
Compound Relative amount by MS area
2-Heptanone 94 
Benzene 65 
Methylene Chloride 56 
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2-Heptanol 37 
Benzene, 1,4-bis(1,1-dimethylethyl)- 19 
Isopropyl Alcohol 11 
Octane 7 
2-Nonanone 5 
Benzoic Acid 5 
Dodecane 5 
p-Xylene 4 
Decane 4 
Decanal 3 
Ethanol 2 
2,4-Dimethyl-1-heptene 2 
Styrene 2 
Benzaldehyde 2 
Phenol 2 
alkane 2 
alkane 2 
[1,1':3',1''-Terphenyl]-2'-ol 2 
Ethyl Acetate 1 
Chloroform 1 
2-Pentanone 1 
Methyl Isobutyl Ketone 1 
Pentane, 2,3,4-trimethyl- 1 
Toluene 1 
Benzene, chloro- 1 
Ethylbenzene 1 
Hexanoic acid, 2-ethyl- 1 
Phenylethyne trace 
Naphthalene trace 
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Figure 18 MS chromatogram of the sample L32. 
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5.3 Lung dissection analysis 
 
Some of the PVC-exposed lungs were afterwards fixated with formaldehyde and used for 
histological investigation. There were particles found in the airways, mainly in the 
bronchious in the mucus layer on top of the epithelial cells. In some lungs there were 
particles in the alveols and it was seen that the number of particles increased when 
moving from the bronchious to the alveolar section. Particles were also found inside lung 
cells. 
 

 
Figure 19 Schematic view of a human lungvi 
 
 
Particles found were both, extra- and intracellular. Extra cellular particles seemed to be 
more common and were often attached to the apical surface of the lining epithelium, 
embedded in the mucus layer, but without any tendency to accumulate in specific sites. 
The intracellular charcoal granules were positioned in intact and desquamated epithelial 
cells and macrophages.  
 
The major part of the particles found had a diameter of less than 1µm but larger 
aggregates of particles were also found. Unfortunately, all animals showed inflammatory 
traces that made the search for oedema caused only by the experimental treatment, 
difficult. However, it is questionable whether the short exposure during the experiments 
(~8 min) is sufficient to induce inflammatory or oedema damage to the lungs. Probably 
the experiments would have to last longer (20-30 minutes) with a lower concentration of 
smoke in order for it to “stay alive” long enough for such reactions to become manifest. 
  
6 Discussion 
 
For many years, only asphyxiate gases in the fire smoke have been considered the main 
threats to people in a fire situation. It is, however, necessary to consider other smoke 
constituents such as e.g. the irritant gases. There is a lack of data on how such gases 
might influence people and their chances to survive in a fire environment. Often, the only 
“hard data” seems to be obtained from post mortem analysis of fire victims and it is not 
necessarily true that the effect of gases other than the asphyxiants are investigated. 
 
The document ISO-TS 13571 provides a method for calculating an estimate of the level 
of incapacitation from either asphyxiate or irritant gases in fire smoke. In this report, 
such a calculation was made based on data from a large scale room fire, a reconstruction 
of an arson hospital fire previously reported16. It was found that the irritant gases (SO2 
and HCl) gave faster incapacitation than the asphyxiate gases (CO and HCN).  
                                                      
vi Picture taken from www.stayinginshape.com/3osfcorp/libv/c02.shtml 
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The international standard ISO 13344 suggests a method for calculating “lethal toxic 
potency” based on rat LC50 data. This standard allows for the calculation of both 
asphyxiates and irritants. When using the calculation method described for estimating 
time to lethally dangerous gas concentrations, the asphyxiate gases are the most 
dangerous.  
 
It was also shown in this report that the amount of isocyanates, mainly stemming from 
PUR materials, was sufficient to have a serious influence on the overall smoke toxicity.  
 
Although ISO documentations such as ISO-TS 13571 and ISO 13344 supports the 
incorporation of irritant gases when investigating fire smoke hazards, there seems to be a 
lack of hard data with regards to the actual influence of irritants. This might be attributed 
to the lack of suitable systems for testing. 
 
In this project, a new methodology has been developed, aiming at direct acute toxicity 
studies of animal lungs (rats, guinea pigs). The idea is to combine an existing method for 
toxicology research (perfused and isolated lung) with a newly developed ISO method for 
small scale smoke toxicity studies, described in the ISO 19700/CD document “Controlled 
equivalence ratio method for tests for the determination of toxic product yields of fire 
effluents”23. 
  
The Purser furnace used in the ISO method is movable. It is therefore possible to first 
perform experiments in a fire lab in order to define suitable experimental conditions 
before moving the equipment to e.g. a medical lab for further tests. 
 
In our experiments HCl inhalation caused an acute effect on the perfused lung, shown as 
a rapid decline in conductance and compliance. In an animal or in a person, HCl would 
also cause other more indirect damage to the lung. Inhaled HCl would increase the acid 
concentration in the cells and cause metabolic acidosis, i.e. decreased pH in the blood. 
Decreased pH in the blood stimulates the breathing. When very severe, metabolic 
acidosis can lead to shock or death. However, already in an early phase of the exposure, 
HCl will cause irritation to eyes, and the upper respiratory system which might hinder 
evacuation long before the more severe situation described occurs. 
 
It is interesting to compare the fast guinea pig lung response (“dead” in less than 10 
minutes) in the experiments performed with an HCl concentration of about 3000 ppm, to 
recognised toxicity limit values (see Table 12).  
 
Table 12 HCl toxicity limit values 
Type of limit value Limit value (ppm)

AEGL-312 
(lethal exposure limit) 

620 (10 min) 
210 (30 min) 

100 (1 h) 
LC50, 30-min, Mammal8  1 600-6 000 

LC50, 1-hour, rat12 3 124 
IDLH (30 min)22 100 
ISO/TR 9122-117 
5 min. lethal exposure limit 12 000-16 000 

 
As can be seen, the experimental condition used in this project fit nicely into the LC50 30 
minutes mammal concentration-block in Table 12 although the experimental results 
indicate a much shorter time for potential survival than 30 minutes. It is clear that the 
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isolated perfused guinea pig lung during the experiments is not protected by a hydrating 
and particle protecting system, such as a “nose”. However, if a situation is considered 
where a man would be very stressed, e.g. in a fire situation, much of the respiration could 
very well be through the mouth, leading to a short path of transport (and protection) 
before the gases would reach the lungs.  
 
As for the comparison between humans and rodents, it has been demonstrated that 
humans retain much more particulate material in the respiratory tract than a rat both in the 
case of nose breathing and especially in the case of mouth breathing18. 
 
Another important issue is obviously the particle size distribution. It is well known that 
larger particles are more easily filtered out by the nose and upper respiratory tract but that 
smaller particles (< 1μm) easily penetrates down to the alveolar region of the lung 
system. It has previously been shown19  that fire smoke is generally dominated in 
numbers by nano-sized particles and that the mass size distribution have a maximum 
around 0.3 μm for a well-ventilated fire, almost irrespective of what type of material that 
burns. The test equipment used for the investigations mentioned was the cone calorimeter 
(ISO 5660-1) but larger scale tests in the room-corner enclosure (ISO 9705), showed very 
similar results. Unfortunately, no particle size data is available for the PVC floor covering 
used in this investigation. However, measurements made16 in the Purser furnace on 
materials that had previously been tested in the cone calorimeter showed very similar 
results, i.e. gave the same type of particle size distribution as the cone calorimeter tested 
materials with a dominancy of smaller, submicron sized particles, and a maximum in 
mass size distribution around 0.3 μm. It therefore seems probable that the PVC floor 
covering produced a smoke with a mass size distribution similar to the one shown in 
Figure 20.  
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Figure 20 Particle size distribution from experiments in the Purser furnace16 
 
An interesting thing to note is that a gaseous HCl molecule will probably have a very 
high diffusion and collision rate with the mucous membranes in the upper respiratory 
tract, which will stop molecules from reaching the lungs. When the HCl molecule is 
travelling together with soot particles, the gas phase HCl molecules will interact with 
available soot surfaces and the number of gaseous HCl molecules will depend on the 
dynamics of adsorption-desorption on the particle surfaces, i.e. particles might very well 
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act as a media for transport into the deeper regions of the respiratory system. Less of the 
HCl would then be “filtered” out in the upper respiratory tract for HCl-containing smoke 
than for an HCl-gas mixture. Such behaviour is not included by the present study as the 
nose-filtering system is lacking. 
 
Apart from the direct measurement of guinea pig lung parameters, the isolated perfused 
lung model provides the possibility of post analysis of the albumin solution used as 
artificial blood during the experiments. The results show clearly that gaseous content 
from the smoke will be transported further into the body through the blood. Unfortunately 
it was not possible to analyse the solution for HCl uptake due to the NaCl containing 
perfusion buffer. Typical compounds from PVC smoke were found but also other 
compounds. Small amount of combustion products were also found in the control and 
HCl-experiments which could be explained by soot residues in the mixing box and the 
tubes connecting the mixing box to the isolated lung. 
 
The dissection performed of the lungs after the experiments showed particles on every 
level of the lung. The most interesting result was perhaps that particles were found that 
had started to be transported through the lung cells, i.e. were found inside the lung cells. 
 
 

7 Conclusions  
 
In brief, the following conclusions can be made from the experiments with the isolated 
and perfused lung model: 
 

1. Short time exposures (8 minutes) of HCl-gas and PVC-smoke at similar HCl 
concentrations (~3 000 ppm) caused a drastic decrease in the lung function. The 
time is short compared to e.g. LC50 data for rats but more in line with limit values 
given by NIOSH (IDLH22), EPA (AEGL-311) and ISO/TR 9122-117 (se Table 12). 

2. Several highly toxic substances were found in the perfusion buffer used in the 
experiments with PVC. Since the buffer replaces the blood flowing through the 
living system this is a strong indication that such substances will pass over to the 
blood circulation in a mammal exposed to fire smoke.  

3. Carbon particles from inhaled PVC-smoke were recovered in the lung tissue at 
different levels. Long carbon chains were found in the perfusate, indication that 
particles have passed over to the blood side of the lung. 

An important conclusion is also that there is a need for further investigations, e.g. to 
compare the influence of different kinds of smoke on the lung model and also to do some 
kind of lung-sensitivity analysis with regards to concentration levels of different 
substances in the sample gas fed to the isolated lung system. 



Appendix 
 
Determination of smoke toxicity4 
  
Critical concentrations (or doses) for human are not straightforward to determine and data 
found in the literature is in most cases, obtained from tests on animals and is only 
partially applicable to humans. Animal toxicity data is normally expressed as LC50-
values, i.e. concentrations giving a mortality of 50 % for a specific time of exposure 
(normally 30 min) and a certain post-exposure period.  
 
Of the asphyxiant gases, CO and HCN have an adverse effect in that these gases prevent 
the uptake and transportation of oxygen in the body. The toxicity of CO lies in that it 
combines with haemoglobin in the blood to form carboxyhaemoglobin (COHb). The 
HCN differs in toxicity from CO in that it does not follow the Haber’s rulevii. Only very 
low concentrations are required to prompt a toxic reaction. HCN acts by producing 
intracellular hypoxic poisoning through inhibition of the cellular oxidative processes20. 
 
CO2 further increase the breathing rate and thereby increases the uptake of other toxic 
compounds. The effects from CO2 and a low-O2 are partly concentration related and 
partly dose related8. 
 
Limiting values and rodent 30-min LC50-values for the asphyxiant gases are given in 
Table 13.  
 
Table 13 Limiting values and lethal concentrations from animal tests for asphyxiant gases. 
Compound OELa, 15 min21 IDLH b  22      LC50, 30-min, Rats10 

CO 100 ppm 1200 ppm 5700 ppm 
HCN 4.5 ppm 50 ppm 165 ppm 
CO2 10 000 ppm 40 000 ppm - 

a OEL: Swedish occupational exposure limits. 
b IDLH: Immediate Dangerous to Life or Health Concentrations (NIOSH), generally based on 

30 min exposure. 
 
Data on the effects of the most important inorganic irritants and organic irritants are 
shown in Table 14 and Table 15 respectively. Specific to irritant gases is that two 
different effects need to be considered from a fire safety point of view: Firstly, irritancy 
that may delay escape and, secondly, various physical effects that may lead to death. The 
RD50-values reported below refer to the concentration level that led to a decreased rate of 
respiration of test animals, i.e. when irritancy hindered normal breathing. Concentration 
levels giving severe irritancy for humans are further reported in the tables. 
 
 
 
 
 
 
 
 
 
 
 
 

                                                      
vii Haber’s rule: The principle that toxicity in inhalation toxicology depends on the dose available 

and that the product of concentration and exposure time is a constant. 
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Table 14 Irritant inorganic gases: limiting values, irritant and lethal concentrations from 
animal tests, and sensory irritancy for humans. 

Compound OEL21, 15 
min (ppm)  

IDLH22 
(ppm)  

LC50, 30-min, 
Mammal8 (ppm) 

RD50, 
Mouse8 

(ppm)  

Severe sensory 
irritancy in humans8 
(ppm)  

SO2 5 100 300-500 117 50-100 
NH3 50 300 1400-8000 303 700-1700 
HF 2 30 900-3600 - 120 
HCl 5 100 1600-6000 309 100 
HBr 2 50 1600-6000 - 100 
NO 50 100 - - - 
NO2 5 20 60-250 349 80 

 
 
Table 15 Irritant organic gases*: limiting values, irritant and lethal concentrations from 

animal tests, and sensory irritancy for humans. 

Compound OEL21, 
15 min 
(ppm)  

IDLH22

(ppm)  
LC50, 30-min, 
Mammal8 (ppm) 

RD50, 
Mouse8 
(ppm)  

Severe sensory 
irritancy in 
humans8 (ppm)  

Toluene diiso-
cyanate (TDI) 

0.005 2.5 100 0.2 1.0 

Acrolein 0.3 2 140-170 1.7 1-6 
Formaldehyde 1 20 700-800 3.1 5-10 
Acrylonitrile 6 85 4000-4600 - > 20 
Phenol 2 250 400-700 - > 50 
Styrene 50 700 10000-80000 980 > 700 
* The compounds in this table are all liquids at room temperature but are gaseous compounds in a hot fire 
smoke. 
 
Smoke toxicity by ISO standards 
There is an inherent difficulty in testing of smoke toxicity if the toxicity is to be related to 
a specific fire scenario, e.g. if a flaming or smouldering fire is considered, or if data from 
a well-ventilated or under-ventilated fire scenario is requested. At present, a subgroup 
within the International Standardisation Organisation, ISO/TC 92/SC3, is preparing a new 
small-scaled testing method for fire smoke toxicity23. The method is based on the ”Purser 
furnace”16. The principle and experimental equipment suggested is already used as a 
British Standard (BS 7990:2003) and as an IEC-standard (IEC 60695-7-50) for cable 
materials.  
 
The suggested ISO method and equipment provide the ability for testing all different 
burning scenarios mentioned above and it has been used in this project for producing 
smoke, typical for a well-ventilated fire scenario. 
 
Estimation of incapacitation 
The technical specification, provided by ISO TS 135719 is a document which defines how 
to calculate available time for escape (ASET, Available Safe Egress Time) from a fire 
and how to compare it with the time required for escape (RSET, Required Safe Egress 
Time). In the calculation for fire victims to be able to safely leave the location of a fire, 
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ASET must be grater than RSET. The following model equation is recommended by ISO-
TS 13571 for the calculation of a threshold value, FECviii, based on the total concentration 
of irritants: 
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The measured time averaged concentration, represented by “φ” for each substance during 
a small time interval Δt, is divided by the F-value, “the concentration expected to 
seriously compromise occupants’ ability to take effective action to accomplish escape”9, 
for each substance, (see Table 16). A suitable FEC value to use in order to insure a certain 
safety margin could then be9 FEC = 0.3.  
 
Table 16 F-factors suggested by ISO-TS 13571. 

Substance, i Fi ( μl/l) 
HCl 1 000 
HBr 1 000 
HF 500 
SO2 150 
NO2 250 
acrolein 30 
formaldehyde 250 

 
In ISO-TS 13571 there is also a suggestion for estimating the influence of asphyxiants 
gases, FEDix. The expression has in this case to be time dependent since the effect of 
asphyxiant gases is related to the inhaled dose: 
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The constant ψ represents the critical dose of a given substance. Since the usual 
components attributed to the asphyxiant effect of fire gases are CO and HCN, ISO-TS 
13571 recommends the following general calculation for FED: 
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viii FEC = Fractional Effective Concentration = “ratio of the concentration of an irritant to that 

expected to produce a specific effect on an exposed subject of average susceptibility”Fel! Bokmärket 

är inte definierat.: 
 
ix Asphyxiants, FED = Fractional Effective Dose = “ratio of the exposure dose for an asphyxiant 

toxicant to that exposure dose of the asphyxiant expected to produce a specified effect on an 
exposed subject of average susceptibility” Fel! Bokmärket är inte definierat. 
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The concentrations denoted by a bar at the r.h.s. of the equation represents average values 
over the time interval Δτ. The expression used for HCN has to do with its particular toxic 
effect. 
  
As ISO 13 571 is related to the calculation of the possibility to escape a fire situation, the 
critical FED (=1) is in the same way as the critical FEC is relating to incapacitation 
concentrations. 
 
Estimation of lethal toxic potency 
The international standard ISO 13344, “Determination of the lethal toxic potency of fire 
effluents”, provides an FED-expression that is based on LC50 values for 30 minute 
exposure of rats: 

[ ]∑=
i i

i

LC
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 In the expression, the concentration of substance i, [Ci] is actually a time integrated 
Cit/30 with t given in minutes. 
Models based on rodent data are obviously most useful for predicting the lethality for 
rodents of a chemically analysed fire atmosphere, e.g. in small-scale tests. However, 
according to ISO/TR 9122-5, these types of models could also be used to make some 
predictions about the possible human lethal exposure hazard in large-scale fires where 
measurements of the major toxicant concentrations have been made. This naturally 
implies that the lethal exposure doses in rats are similar to those of humans, which is not 
at all evident. 
 
As long as FED in the above equation is < 1 the prediction is that the death of a human 
being exposed to a fire atmosphere is prevented. However, in the context of tenability, the 
question is not how long death is prevented, but how long a human being will be capable 
of escaping from the fire environment through theirown action. It has been suggested24 to 
use a hypothetical incapacitation level by reducing the LC50 values by a factor of 2 - 4. 
That is, a person will be capable of escaping from the fire as long as the FED value is < 
0.25 - 0.5. 
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