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Abstract: The vast majority of fire-related deaths occur in residential buildings. Until recently, the
fire risk for these buildings was only considered through static risk assessments or period-based
assessments applying to certain periods of the year, e.g., Christmas holidays. However, for homes with
indoor wooden panelling, especially in the ceiling, a dynamic fire danger indicator can be predicted
for cold climate regions. Recognising the effect of fuel moisture content (FMC) of indoor wooden
panelling on the enclosure fire development allows for the prediction of a wooden home fire danger
indicator. In the present study, dry wood fire dynamics are analysed and experimental observations
are reported to support in-home wooden panel FMC as a suitable wooden home fire danger indicator.
Then, from previous work, the main equation for modelling in-home FMC is considered and a generic
enclosure for FMC modelling is justified based on literature data and supported through a sensitivity
study for Norwegian wooden homes. Further, ten years of weather data for three selected locations
in Norway, i.e., a coastal town, an inland fjord town and a mountain town, were analysed using
a three-dimensional risk matrix to assess the usability of the fire risk modelling results. Finally, a
cold climate wooden home fire danger index was introduced to demonstrate how the risk concept
can be communicated in an intuitive way using similar gradings as the existing national forest fire
index. Based on the generic enclosure, the findings support FMC as a fire risk indicator for homes
with interior wooden panelling (walls and ceiling). Large differences in the number of days with
arid in-home conditions were identified for the selected towns. The number of days with combined
strong wind and dry wooden homes appears to depend more on the number of days with strong
wind than days of in-home drought. Thus, the coastal town was more susceptible to conflagrations
than the drier inland towns. This aligns well with the most significant fire disasters in Norway since
1900. In addition, it was demonstrated that the number of high-risk periods is manageable and can
be addressed by local fire departments through proactive measures. In turn, the fire risk modelling
and associated index respond well to the recent changes in Norwegian regulations, requiring the fire
departments to have systems for detecting increased risk levels. Testing the modelling for a severe
winter fire in the USA indicates that the presented approach may be of value elsewhere as well.

Keywords: risk modelling; risk analysis; wooden home fire risk indicator; cold-climate fires

1. Introduction
1.1. Fire Risk in Cold Climates

Fire results in more than 300,000 deaths annually, making it one of the most significant
causes of accidental injury and a worldwide threat [1]. In many areas of society and
industry, attempts are made to dynamically model the imminent risk from fires or fire-
related events, enabling situational awareness and sound risk management. Typically,
dynamic fire risk modelling is applied to industries and areas where potential consequences
of an unwanted event could involve major economic losses and potential fire phenomena
receiving public attention, such as boiling liquid expanding vapour explosions (BLEVEs),
vapour cloud explosions, jet fires, forest fires, etc. A common feature for industrial dynamic
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risk modelling is safety barriers and the associated condition monitoring, where system
status or plant risk is considered through indicators based on the status of specific safety
barriers [2]. Such an approach is only possible for systems where safe operation relies on
safety systems. For systems such as forests or built environments, dynamic risk modelling
cannot rely on safety barriers in the same way, and needs to be based on the status of the
system itself. For forest fires, this is a well-known principle. When modelling vegetation
fire risk, a generic approach is chosen for areas of similar vegetation, where typically soil
and fuel moisture content (FMC) are correlated with the observed and predicted weather.
This enables indications of vegetation fire risk based on how the modelled moisture content
affects experienced flammability and fire spread rates. However, while statistics suggest
that residential fires cause 83% of fire-related deaths [3], dynamic fire risk modelling
depicting the imminent fire risk for the built environment has been lacking. The reasons
for this relate to the extent of structural fires, usually affecting a single structure such as a
single-family home, i.e., limited consequences and attention. More importantly, the lack
of dynamic risk modelling for single-structure homes is thought to relate to the random
nature of the problem, not recognizing the possibilities for a generic approach for certain
types of homes, as used in forest fires.

In cold climate regions, it is well known that the fire frequency in homes increases
during the winter months [4]. For Norway, from where examples are drawn in the present
study, the fire frequency is highest during December and January [5]. However, a calendar-
based approach to house fire risk may be insufficient to support proper risk and resource
management. This approach may be too simple in an ever-changing environment where
climate and cities continue to develop, posing new challenges for sufficient and safe
operations and continuously stretching the limited resources of local fire departments.
Hence, knowing days of high single-home fire risk could allow for proactive measures
to be taken and for better risk management within a changing environment. According
to the recently updated Norwegian fire safety regulations [6], the fire departments shall,
from 2022, have systems to detect significant changes in the risk picture and develop plans
to deal with these high-risk situations. If necessary, the fire department shall increase its
emergency preparedness accordingly. Hence, tools for identifying high-risk events have
become a new requirement from the Norwegian authorities as of 2022.

The cause of the increased winter fire frequency involves a combination of factors, e.g.,
(1) the extended use of candles during the dark season and holidays (a source of ignition),
(2) the extended use of heat sources such as a fireplace or electrical ovens (ignition by
flame or increased electrical loads, including chimney fires), (3) more time spent indoors,
(4) alcohol consumption (Christmas holidays), and (5) dry indoor conditions favouring fire
establishment and development. This latter climatic condition was identified in 1956, when
the ambient dew point was suggested to explain the increased fire frequencies during the
winter in cold climate regions in the USA [7]. The dry indoor conditions are especially
evident in wooden homes with internal wooden surfaces, which are widespread and
characteristic for wooden houses in Norway, as well as in other cold climate regions [8].
Generally, a wooden home refers to a structure with a load-bearing system and possibly
external cladding made of wood. Nonetheless, in the current context, it is always assumed
that wooden homes have some fraction of in-home wooden surfaces/panelling, such as a
wooden ceiling and some or maybe all of the interior walls.

In recent years, increased attention from researchers towards cold climate fires has
resulted in the rediscovery of the wooden home cold climate fire risk [9]. Severe confla-
grations in wooden towns have been found to relate to very dry indoor and/or outdoor
conditions in combination with strong wind. When indoor wooden surfaces in heated
homes dry during the winter, they may highly affect fire development and the time to
flashover (TTF) in the case of an enclosure fire event [10]. In turn, this leaves less time for
safe escape and for the fire brigades to intervene, as well as more intense fire development
post flashover and increased probability of involving new homes in the blaze.
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It is evident from fire dynamics [9], statistics [5], and the literature [11–13] that wooden
home fire risk (WHFR) in cold climate regions is not a static quantity. On the contrary, the
WHFR is highly dynamic, changing both with the seasons and within the high-risk months
of the year [11,12]. Just as heathland fire risk can become high during spring and forest fire
risk during summer, the WHFR reaches a peak period during winter. It is generally known
that indoor conditions become dry during the winter, as evident from gaps in parquet
flooring, wooden doors sliding differently etc.; however, until recently, it was not known
when this in-home drought occurs and to what extent.

Following the rediscovering of the cold climate fire risk, efforts have led to the DY-
NAMIC research project [14,15], which among other things emphasises the development
of a WHFR and possible conflagration warning system. Herein, a model predicting indoor
relative humidity (RH) and fuel moisture content (FMC) of indoor wooden surfaces was
developed and validated [11] based on the findings and concepts developed in [4,16].

The present study emphasises WHFR based on indoor conditions and the associated
wooden home conflagration risk. While the previously developed model for predicting
indoor RH and FMC has undergone essential validation, it lacks a justified generic approach
to the many Norwegian wooden homes. In addition, the WHFR indicator has not yet been
justified, and the practicability of output from existing models has not been assessed. The
present paper takes a step back from previous work to underpin the WHFR indicator in
order to justify a generic approach and to show that explicit modelling of indoor wooden
home fire risk is possible and identifies a manageable number of high fire risk events for
the considered locations. In addition, the wrapping of the existing national forest fire index,
in combination with the WHFR, makes an intuitive risk communication concept. The
present study may serve as a guideline with respect to parameters and aspects that need
consideration if attempts are made to implement the model in other cold climate regions.

1.2. Related Work

Despite little effort in dynamic fire risk modelling for homes, increased efforts have
been undertaken in the field of building fire safety through fire risk quantification and
assessment for structures. Rahikainen and Keski-Rahkonen [13] considered a statistical
determination of ignition frequency of structural fires in Finland. As part of performance-
based fire safety design, such frequencies are important variables in probabilistic quanti-
tative fire risk assessments. The ignition frequency was considered as a function of floor
area for different class structures. Periodic distribution of fire alarms was considered for
the months, weeks, days, and the time of the day for 1994–1995. The results indicated
that December, and particularly weeks 51 and 52, had increased alarm frequency. Another
general observation was the occurrence of fire events in the afternoon, from 1500–2000,
when people are at home.

Samson et al. [17] considered the ignition frequency of structural fires in Australia for
different class structures, as in the previously mentioned study. The authors suggested
a new coefficient for the generalised Barrois model based on statistics from Australia.
A somewhat lower fire frequency was obtained than the similar study in Finland [18].
A possible explanation promoted by the authors is the widespread use of wood as a
construction material in Finland, compared to wood and concrete in Australia, with the
widespread use of gypsum (plasterboard) as interior surfaces. It should be mentioned that
Finland and Norway are neighbouring countries in a cold climate region, both of which
are known for a high number of wooden homes which internally become very dry in the
wintertime due to the cold climate.

Many structural fires originate outdoors, either due to activities within the property
or due to conflagration events such as wildland–urban interface (WUI) fires. A framework
and implementation of a spatial incident-level fire risk model for wildfire to residential
structures at the WUI was proposed by Abo et al. [19]. They argued that understanding
the wildfire impact on structures in WUI areas is necessary for planning emergency and
mitigating measures. Their impact assessment on structures included evaluating hazard,
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inventory, exposure, and impact. The implementation was presented through a case study.
The framework requires knowledge on structural vulnerability, such as the wildfire vul-
nerability index for buildings proposed by Papathoma-Köhle et al. [20]. They considered
building surroundings and characteristics, such as ground inclination, surrounding vegeta-
tion and ground covering, type of structure, roofing, and building material and shape when
developing a physical vulnerability index (PVI) for buildings subjected to wildfires. These
parameters were formed into an index using a random forest based automated feature
selection to weight relevant indicators based on data from the documented Mati fire in
Greece in 2018, which killed more than 100 people.

These studies have in common that they consider static single-structure fire risk
through specific external building characteristics, as well as the ground and the vegetation
around the structures. The present study emphasises dynamic modelling of in-home fuel
conditions, which change with outdoor conditions.

The remainder of this paper is organised as follows. In Section 2, depth is added
to the problem domain, before considering dry wood enclosure fire dynamics from the
theoretical and experimental perspectives. Then, the model is briefly explained and key
model parameters are qualitatively considered. Section 3 presents the sensitivity analysis of
the key parameters to support the generic approach. Ten years of weather data are analysed
for three selected locations in Norway in order to analyse whether the risk modelling
provides a possible basis for evaluating proactive measures. The wooden home fire danger
index is then presented by combining the wrapping of the existing national forest fire
index with the WHFR. The findings are discussed in Section 4, while Section 5 sums up the
main conclusions.

2. Materials and Methods
2.1. Wooden Homes

A characteristic of Norway is the widespread use of wood as external and partly
internal panelling [8]. Nowadays, only Canada and the USA have an equal fraction of
wooden homes compared to the remaining building mass [8]. While still widely used,
internal wooden cladding is especially evident in older wooden houses. Norway has over
200 densely built wooden home heritage sites [21], which manifest a long tradition and
several hundred years of constructional engineering development. By definition, these sites
contain a minimum of 20 wooden single-structure homes with less than eight meters of
separation. In addition, the buildings should primarily be constructed before the 1900s [22].
Norway does not have a tradition of high-rise buildings. Thus, low-rise single-structure
wooden homes dominate how people live. Even today, wood is the primary construction
material for low-rise homes [23]. While older wooden homes used wood for all internal
surfaces, nowadays it is common to combine materials, and gypsum boards have become
quite popular in recent years. Recently, the use of decorative wooden wall laths has gained
popularity and reintroduced wood as a modern internal cladding material. In the coming
years, it is not unlikely that wood as an interior building material will be increasingly used
for new and refurbished homes as increased attention is brought toward its potential health
effects as an indoor humidity buffer [24] and as a sustainable material. Figure 1 presents
parts of a wooden home heritage site in Bergen, Norway (top), as well as a typical modern
Norwegian neighbourhood in Haugesund (bottom). While both pictures present wooden
homes, the old homes in Bergen are situated closer together and with can be expected
to have widespread use of wood as interior panelling. The newer homes in Haugesund,
while being wooden homes, are more likely to vary with respect to the indoor materials. In
general, such wooden heritage sites are far more susceptible to conflagration events due
to the short separation distance and use of wood as both an exterior and interior material.
Additionally, many heritage sites and other wooden towns and villages are in areas without
permanently manned fire stations, resulting in quite long deployment times.
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Figure 1. Parts of a wooden home heritage site in Bergen, Norway (top, photo by Silje Marie Hatlestad,
reproduced with permission) and a typical Norwegian neighbourhood in Haugesund (bottom).

2.2. Conflagrations

Town fire conflagrations involving several homes or other structures can originate from
different scenarios contributing to fire spread. Every conflagration starts with an initiating
event involving ignition, which can be separated into structure-related or vegetation-related
initiating events, referring to the object or area where the initial fire originated. Structure-
related events might be a house on fire, typically a fire starting within the structure,
spreading to the building envelope, and then spreading further to new objects. A vegetation-
related initiating event could be, e.g., a grass fire initiated by a grid failure causing sparks.
Despite the initiating event, the fire may spread within a combination of vegetation and
structures, i.e., a WUI fire, or only within one of the two, i.e., a wildfire or a town fire, as
evident from many historical fires. Two critical factors associated with the formation of
a conflagration event appear to be (1) dry fuel conditions and (2) strong wind [9,25]. The
latter factor is related to wind strong enough to cause flame spread by ember transport
(firebrands) or flame impingement on nearby structures or objects. This discontinuous
fire spread mechanism has been a dominant fire spread mechanism for many town fire
conflagrations, such as the wind-driven fires in London in 1666, Grand Forks in 1997, and
the more recent Lærdal fire in 2014 [25,26].

A conflagration is imminent when the fire spreads over horizontal distances faster
than firefighters can respond, quickly outgrowing the available resources. As stated in [25],
“Conflagrations occur generally when strong winds drive a fire to overwhelm human
suppression efforts.” This concerns vegetation fires and rapid fire spread in, e.g., cured
grass, and relates to the spread of resources over larger areas as well. Flame spread by
firebrands from structure-to-structure (wooden home to wooden home) was in the Lærdal
fire recorded at above 200 m distance [9]. During the more recent Sotra fire in Bergen 2021, a
fire spread about 270 m across a fjord to the vegetation on the opposite side [27]. Such large
leaps have been recorded for previous conflagrations as well, such as the crossing of the
Chicago River during the 1871 Chicago Fire or the San Diego Freeway during the 1961 Bel-
Air Fire [25]. Such rapid fire spread over large distances causes significant challenges for the
fire brigade with respect to resources and resource redistribution. Typically, a conflagration
event is of such an extent that it is not stopped or controlled by human interaction. It ends
when the line of fuel ends or when the dominating mechanism for fire spread reduces
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in potential, e.g., reduced wind strengths or precipitation. Figure 2 illustrates potential
scenarios following an initiating fire event, possibly towards a conflagration.

Figure 2. Illustration of possible developments following an initiating fire event.

The Lærdal fire in Norway in January 2014 is an example of a wooden town con-
flagration where the fire spread from structure to structure during strong wind. Over
60 buildings were damaged, of which at least 40 were lost [9]. The first home to catch fire
was next to the fire station. When the part-time firefighters passed this home upon muster-
ing at the station, 90–120 s after the emergency call, flashover had already occurred and the
external wooden sidings were already burning [9]. Within an hour, two-story buildings
burned to the ground. The fire risk for Lærdal at the time was reported as non-existent [28].
This reported risk was related to vegetation fire, however, and had nothing to do with the
fire risk of the wooden homes in Lærdal at the time. However, in the aftermath of that fire
it was found that the houses had very dry external and internal wooden panelling [9,26].

More recently, the Marshal fire in Boulder County, USA on 30 December 2021, was a
wildland–urban interface (WUI) conflagration. The fire initially spread through vegetation
and then secondarily from structure to structure. Estimated losses exceeded a thousand
buildings, including homes and shopping centres. A moist spring and dry summer had
resulted in abundant cured grass. This, combined with snow-free ground and wind gusts
reaching 50 m/s on the day of the fire, resulted in large amounts of dry fuel, rapid fire
spread into the town area, and loss of many wooden structures [29].

2.3. Dry Wood Fire Dynamics

It is necessary to consider the involved fire dynamics in order to understand the
modelling approach for the indoor wooden home fire risk, which may be associated
with the risk related to initiating a conflagration event. It is assumed that the reader is
familiar with enclosure fires and how these fires may develop very differently depending
on variables such as HRR, type of fuel, orientation of fuel with respect to ignition, location
of fuel, ignition source, layout, volume and height of the compartment, and ventilation
conditions, to mention a few. Nevertheless, the basics are provided here.

An enclosure fire typically develops through four stages [30]. The initial stage, involv-
ing ignition, lasts until the fire has been established. In this phase, average compartment
temperatures are low and the heat transport is dominated by convection from hot gases
and conduction within the solid materials involved. When the fire has been established, it
enters the second phase, the growth phase. Heat radiation from the smoke layer becomes
increasingly dominant within the growth phase, as it is proportional to the absolute tem-
perature to the 4th power. As the fire grows in size and the temperature of the smoke layer
trapped beneath the ceiling increases, a rapid, severe, and self-induced acceleration in fire
development may occur, i.e., flashover. The flashover phenomenon marks the transition
from the growth phase to the stage of a fully developed fire. Typically, at this stage the HRR
within the enclosure becomes controlled by ventilation and all combustible surfaces become
involved in the fire [31]. There are several criteria used for flashover, e.g., average smoke
layer temperatures at about 550–600 °C, heat fluxes at floor level at about 20 kW ·m−2,
or visible flames escaping through compartment openings (indicating insufficient oxygen
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supply within compartment). Quite often all of these criteria are met within a short period.
The last phase is the decay phase, where the fire intensity declines. This phase is not
considered further in the present context.

The HRR is considered the most important parameter characterising fire behaviour [32].
It may be expressed as [30]

Q̇c = A f · ṁ
′′
f · χ · ∆Hc (1)

where A f is the fuel surface area (m2), ṁ
′′
f is the mass flow per unit area from the fuel

surface (kg · s−1 ·m−2), χ is the combustion efficiency, known to be less than unity, and
∆Hc is the heat of combustion (J · kg−1).

A heat balance for the production of volatiles for gas phase oxidation may be expressed as

Q̇
′′
F + Q̇

′′
E − Q̇

′′
L = ṁ

′′
f · LV (2)

where the net heat fluxes to the surface involve the heat flux from flames Q̇
′′
F (W ·m−2),

any external heat supply Q̇
′′
E (W ·m−2), i.e., the hot smoke layer, and heat lost from water

evaporation and other heat transport mechanisms is provided by Q̇
′′
L (W ·m−2), and LV

(J · kg−1) is the latent heat of vaporisation and pyrolysis.
The following briefly describes an enclosure fire developing inside a living room where

walls and ceiling are covered with untreated wooden panels. A potentially established fire
will produce hot gases rising towards the wooden ceiling. The convective heat release is
typically described by

Q̇con = χcon · Q̇c (3)

where χcon is the convective fraction of the heat released by combustion. Most of the heat
released interacts with the wooden ceiling, followed by the wooden walls post formation
of the smoke layer. It is not unlikely that the walls are involved in a very early phase,
as many fires originate close to the walls due to, e.g., electric apparatuses, socket short-
circuits, candles, old fireplaces, or stove fires. The moisture content of the wooden panels
interacting with the hot gases influences fire development. In principle, the wooden
panels may either restrict fire development or contribute to a more rapid fire development
(ignoring a possible neutral state). Restricting fire development is consistent with high FMC
values. For such a scenario, the heat of combustion ∆Hc and the combustion efficiency χ
presented in Equation (1) decrease as a function of increasing water content in the panels [9].
This reduces the HRR and provides less external heat flux Q̇

′′
E and preheating. Increased

water levels increase the heat loss Q̇
′′
L, through increased thermal conductivity as well as

increasing the latent heat of vaporisation and pyrolysis LV , as energy is consumed in the
evaporation of water. Further, the evaporated water increases the heat capacity of the
smoke layer and dilutes oxygen. Hence, increased FMC values reduce temperatures, and
may result in prolonged time until flashover. Although this brief description emphasises
wooden panels, it relates to other fuels with hygroscopic properties as well.

If the wooden panels contribute to fire development through low FMC, the wooden
surfaces participate in the production of volatiles and thereby increase the net energy
released within the compartment at an early stage. This would increase the smoke layer
temperature and thereby the external heat flux Q̇E, causing increased preheating and
potentially further accelerating the fire growth rate.

It should be mentioned that post-flashover combustion within the compartment is
usually restricted by air access. Uncombusted hot gases exiting the ventilation openings
burn on the outside of the vent openings. These external flames then represent a strong
ignition source for neighbouring buildings, in addition to further accelerating fire spread
on the initial structure. The drier the compartment wooden fuel is, the more combustion
generally takes place outside the vent openings.

Many factors influence an enclosure fire, and any attempt to describe a possible fire
scenario development would require a case-specific consideration. However, supporting
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the presented theory, it has been shown through experiments that for enclosure fires with
indoor wooden panels the TTF is highly dependent on the FMC of the wall and ceiling
panels [10]. This has been shown for different sizes of compartments and HRRs. The most
recent experiments performed within the DYNAMIC research project were one half-scale
ISO-room size experiments involving 12 mm wooden pine panel cladding. The one half-
scale ISO-rooms were conditioned in a climate chamber three rooms at a time and burned
successively. The initial HRR was kept constant, and the only parameter intentionally
varied was the FMC. The FMC values ranged from 10% to approximately 18% by dry
weight. The time to flashover for the wooden compartments ranged from less than 4 min to
more than 18 min for the low and high FMC values, respectively. An observation from this
experiments is that when the FMC is high, preheating new fuel (especially wooden ceiling
panels) takes much more time (energy), as previously described, causing the currently
involved wood to char to depths where the fuel becomes thermally insulated and the
production of pyrolysis products is significantly reduced. This causes the fire to decrease in
size, and it takes time before it increases again in intensity, resulting in the large differences
in observed TTF. The intensity increases after a time when the humidity of the wood panels
was removed, and the wooden surfaces were sufficiently heated to produce pyrolysis
products. In the case of dry wooden compartments, very thin layers of char (less than
0.5 mm) were observed for large areas of the compartment, typically the whole ceiling and
upper walls. These results indicate that when the wooden panels are dry, energy is mostly
consumed by heating and pyrolysis. The fire spreads across the wooden panels faster than
thermally insulating char develops, causing a rapid temperature increase and full room
involvement at a much earlier stage. This experimental work is reported for the first time
in the present study.

From the presented theory and experimental observations, it is evident that the FMC
is expected to highly influence fire development for enclosure fires involving wooden
interior surfaces (ceiling and walls). Nonetheless, despite high FMC values, the initial
fuel and fire spread may be fast enough to cause rapid fire growth and flashover. Hence,
large variations in fire development will be observed despite the modelled FMC indicator.
Figure 3 illustrates this through skewed normal distributions. The respective distributions
illustrate the variation in observed TTF for the many different wooden homes; however,
depending on the FMC level, different average TTF probabilities exist. It is these expected
values that are being implicitly modelled when computing the wooden home fire risk
indications. In similar fire scenarios where the only difference is the FMC value of the
wooden panels, lower FMC values generally result in faster fire development towards
flashover and more severe fire development post-flashover.

Figure 3. Skew normal distributions illustrating the probability of flashover as a function of time and
fuel moisture content.
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2.4. Modelling In-Home Fuel Moisture Content

Considering that the FMC is a reasonable WHFR indicator and may be used for
indicating wooden home conflagration events, it needs to be modelled. From previous
efforts, a model predicting indoor relative humidity (RH) and FMC of in-home wooden
surfaces was developed and validated in [11]. The indoor FMC was then correlated with
the TTF according to the findings in [10] and further validated in terms of producing
reasonable output [12]. The model uses outdoor RH and outdoor temperature to compute
the indoor RH and FMC of ceilings and walls from first principle mathematics and physics.
Previous model versions have been implemented as a cloud-based microservice [12,33],
as well as in a mobile application using edge computing [34]. The model does not need
sophisticated tools to run and can simply be implemented and tested on a spreadsheet;
however, it is the continuous (dynamic) operation of the model that requires a more
advanced implementation. Using historical and predicted (forecasted) weather data, the
indoor RH and FMC can be computed for the present and near future. Predictions are
shown reliable for the upcoming 2–3 days [33]. The uncertainty in the predictions depends
highly on the uncertainty of the weather forecast, that is, forecasted versus occurring
weather. Reliable weather data for Norway are supplied by the Norwegian Meteorological
Institute and made available through the application programming interfaces (APIs) of
FROST [35] and MET [36].

While the mentioned model has undergone essential validation, it lacks a justified
generic approach to many Norwegian wooden homes. In order to quantify the general mod-
elling parameters, the principle of the modelling and a short discussion on the sensitivity
of key parameters are presented.

The final equation to solve in order to determine the indoor water concentration, and
consequently the FMC [11], is

dC
dt

=
ṁsur f + ṁac + ṁsupply

Vh
(4)

where C (kg ·m−3) is the water vapour concentration in the indoor air used to calculate
the indoor RH, ṁsur f (kg/s) is the mass transfer of water vapour across wooden surfaces,
ṁac (kg/s) is the mass transfer of water vapour through air changes induced by either
a ventilation system or natural ventilation and leaks, ṁsupply (kg/s) is the water vapour
production through everyday use such as cooking, showering, and respiring, and Vh (m3) is
the enclosure volume. A principal sketch of the terms in Equation (4) is shown in Figure 4.
It can be seen that the water concentration of the bulk air within the enclosure changes as a
function of (1) humidity exchange between wooden surfaces and bulk air, (2) air changes
caused by ventilation, and (3) humidity supplied from in-home activities.

Figure 4. A principle sketch of the parameters influencing the in-home relative humidity and FMC of
wooden panels.
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The ṁsur f depends on the area of indoor wooden surfaces available for humidity
exchange. For old wooden homes, all interior surfaces may be covered by wood; however,
for newer or refurbished homes wood is more likely to be only part of the room. The
fraction of wooden surface area is considered through the AV ratio, which is the ratio of
the wooden surface area available for vapour exchange to the room volume ratio. The
ṁac primarily depends on the ventilation principle, herein taken as natural ventilation.
For natural ventilation, variations occur due to pressure differences caused by wind or
temperature differences, i.e., the stack effect. The quantity ṁsupply depends on the intended
use of the considered enclosure. In the following, these terms are briefly considered with
respect to the existing literature.

2.5. Model Input

There are probably no generic wooden homes, at least not considering the modern
building mass. Nonetheless, it may be argued that a generic home is more reasonable for
modelling older wooden homes at heritage sites. However, for the modelling of indoor
FMC the generic home is not needed per se; when modelling the risk indicator, the layout
and exact content of the house are not very important, as the key influencing factors for
the FMC described in Equation (4) either account for potential effects, i.e., hygroscopic
properties, or are independent of these specific house-related variables. Instead of a generic
home, the model uses a generic wooden home enclosure to compute a representative FMC
value. Statistics from Norway show that kitchens and living rooms are the enclosures of
fire origin in about 40% of all single-home fires [5]. Expanding these statistics to comprise
dwellings, which might include apartments and multiple units (multiplex) houses, in which
the latter may be wooden heritage townhouses, the share of fires in kitchens and living
rooms increases to 50%. Compared to other compartments or areas of fire origin, kitchen
and living room fires are highly representative, as can be seen from Figure 5. Hence, for
modelling the FMC it is reasonable to take these enclosures as the basis. Note that fires
originating from outside the building envelope are the third largest reported place of fire
origin. Hence, the modelling of FMC for external wooden panels is an important topic and
a part of a future conflagration warning system combining interior and exterior fire risks;
however, it is not addressed in the present study.

Concerning the modelling of the FMC, the key parameters from Equation (4) and
associated sub-terms are considered from statistics for a generic living room and kitchen.

Figure 5. Fire origin in investigated fires from 2016–2023, as reported in [5].

2.5.1. Enclosure Base Area

When determining the area of a representative enclosure, it is important to consider
the effects of the enclosure base area when modelling the FMC. An increased base area
generally results in increased enclosure volume and increased surface area for humidity
exchange. It may be assumed that the ratio between the humidity exchange area, i.e.,
wooden surfaces, and the enclosure volume is constant. Then, increasing the enclosure base
area will result in reduced FMC values as the volume increases relative to internal humidity
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production. The opposite is true when decreasing the base area. Then, higher FMC values
are achieved if the humidity production is kept at a constant level. The connection between
these parameters is associated with a larger base area typically housing more inhabitants,
causing larger humidity production. Therefore, these parameters must be seen in context.

The enclosure base area for the model is determined based on field studies and the
literature. A general trend for dwellings is combining the kitchen and living room into one
enclosure. This modern trend affects new as well as refurbished older homes in Norway.
For old wooden houses, the kitchen is typically adjacent to the living room, though with
different degrees of openness between the rooms. Hence, humidity production within
the kitchen likely affects the living room, and vice versa. By taking this into account and
considering the larger enclosures to generally provide a lower FMC, a general area for
the kitchen and living room can be determined. According to more recent Norwegian
guidelines [37], the minimum combined kitchen and living room area for a four-room
dwelling is 35 m2. However, field observations and expert opinion suggest a 40–60 m2 range.
Therefore, the present study assumes a value of 50 m2 as quite representative. Combined
with a standard room height of about 2.4 m, the compartment volume becomes 120 m3.

2.5.2. Humidity Production

As mentioned, humidity production must be seen in context with compartment size.
If considering the suggested 50 m2 combined living room and kitchen to house a family
of five, the moisture supply from respiration and sweating during five hours is in the
range of 1.2 kg (Distribution; father = 70 g/h, mother = 60 g/h, Children 1 and 2 = 40 g/h
and Children 3 = 30 g/h) [8]. Then, cooking and dishwashing for five persons adds
another kilogram of moisture to the indoor air, adding up to at least 2 kg/day of humidity
production. However, only a part of the humidity supplied to the indoor air reaches
equilibrium with indoor materials, with a large portion being ventilated away before the
temporarily increased humidity levels can reach a new equilibrium with the surroundings.
Currently, the assumption has been that 50% of the supplied water vapour stays within
the room while the remaining vapour becomes ventilated. Field measurements from old
wooden homes combined with modelling efforts support a 1 kg/day humidity production
distributed evenly throughout the hours of the day [11]. This even humidity distribution
allows for smoothing of the FMC development, avoiding unnecessary fluctuations.

2.5.3. Air-Volume Ratio

The humidity exchange area to the enclosure volume ratio, or AV ratio, is another
important aspect of the generic enclosure. Increasing the wooden exchange area for a
set enclosure base area prolongs the time until equilibrium is reached, as more mass is
available as a humidity buffer. In turn, a smaller wooden exchange area results in more
responsive modelling, as the wooden enclosure more rapidly adapts to outdoor conditions.
This latter observation might be part of a conservative modelling approach taken to ensure
that dry indoor periods are identified early. The AV ratio should stay above 0.4 to ensure
that wooden panels cover at least an exchange area consistent with the enclosure roof.
Based on refurbishments and the identified lag (if too large wooden areas are assumed), it
is suggested to keep the AV ratio in the range of 0.4–0.6, with a recommended value of 0.5.
The suggested value corresponds to at least the ceiling (most importantly) and about one
wall being covered with wooden panels.

2.6. Natural Ventilation

Regarding ventilation and the associated ṁac, older homes are unlikely to have bal-
anced ventilation systems, and, as previously mentioned, natural ventilation is assumed.
When considering ventilation, the air change rate per hour (ACH) expresses the fraction of
the building or enclosure volume being replaced in an hour. In the model, the ACH is a
function of temperature differences (stack effect). The specific ACH then depends on the
temperature difference between outdoor air, indoor air, and a ventilation factor γ used to
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match proper ventilation rates, as described in [11]. For the considered climatic region, the
literature suggests an average ACH for naturally ventilated single homes equal to 0.32 [8].
This translates into a recommended γ in the range 350–400, with a suggested value of
380 based on an experimental best fit approach.

The ranges and recommendations of the key parameters related to Equation (4) in
the modelling of the FMC are summarised in Table 1. While the model parameters can be
altered to describe a particular case, the recommended values should be used for a general
FMC calculation, e.g., for a town or city.

Table 1. Recommended values for key parameters used in the modelling of in-home RH and FMC.

Parameter Recommended Value Recommended Range
Recommended Range

as % Change
from Reference

Description

Enclosure Base Area 50 m2 40–60 m2 ±20% –

AV-ratio 0.5 0.4–0.6 ±20% Humidity exchange area
to enclosure volume

Gamma, γ 380 350–400 −8–5% Ventilation factor

Humidity production 1 kg/day 0.8–1.2 kg/day ±20% From respiring,
cooking, plants, etc.

3. Results
3.1. Sensitivity Analysis

The previously discussed key model parameters were assessed through a single-
parameter sensitivity analysis and a lightweight combined-parameter analysis, i.e., chang-
ing more than one parameter at a time. In addition, the outdoor weather data of relative
humidity and temperature collected from external services and used as input data for the
model were analysed.

In previous work, the TTF was correlated with the FMC [10], expressing the WHFR in
units of minutes. The TTF has subsequently been used as a measure for the WHFR as part
of a risk communication concept. For this reason, the TTF is used in the following analysis.

The sensitivity study for the key model parameters of room size, AV ratio, ventilation
factor γ, and humidity production are presented in Figure 6. The results are presented as
the percentage change in the 5th percentile of the computed TTF values versus the relative
change in parameter value compared to the recommended values. The chosen measure
was tested and found to be suitable. It captures the resulting changes at the low TTF
values, a critical model output range. The recommended values, ranges, and corresponding
percentage change in range, as provided in Section 2.4, are presented in Table 1. The latter
can be used to better interpret Figure 6. Most parameters were suggested within a range of
±20% of the recommended value. However, the presented analysis shows a greater range
of change for insight purposes. A parameter is termed sensitive if the 5th percentile TTF
change exceeds 0.5 times a single TTF class. This is further discussed in Section 4.

From Figure 6, it can be seen that the 5th percentile TTF develops nearly linearly
with the relative change in parameter size for both AV ratio and humidity production.
Within the suggested range of ±20% of the recommended value, both parameters appear
with a relatively small slope, resulting in minor changes to the 5th percentile TTF. The
most significant differences can be observed at the boundaries, at ±20%. For the AV
ratio, the corresponding change in 5th percentile TTF is 0.71% to −1.22%. In terms of the
computed TTF values and a reference TTF at 4 min, this translates to TTF values in the
range of 3.96–4.02 min, i.e., insignificant changes. The humidity production has a steeper
slope, and for the same range the changes in the 5th percentile TTF equal 2.5% to −2.5%.
When increasing the range to ±40%, the largest difference in the 5th percentile TTF can be
observed for the humidity production, at about ±5%. Hence, concerning model output,
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the two parameters are not very sensitive within the recommended range. The humidity
production is further considered in Section 4.

Figure 6. Sensitivity analysis of key parameters associated with modelling the in-home RH and FMC
(TTF). A relative change of 0% represents modelling using the recommended values in Table 1.

When considering the room size and ventilation factor γ, less linearity is observed,
i.e., they both appear to have an inverse-like dependency to the 5th percentile TTF when
expanding the axis of relative change, as shown in Figure 7. This is understandable, as
reducing the room size and/or ventilation would increase the in-home RH and FMC. It
is, however, not reasonable to consider these parameters at points far beyond the recom-
mended range. Within this range, the most significant change in the 5th percentile TTF is
observed for the ventilation factor at −20%, an 8.7% increase. This increase equals 0.35 min
for a reference TTF at 4 min, and is not considered significant. Neither the ventilation factor
nor the room size are found to be sensitive parameters within the recommended range with
respect to model output.

Figure 7. Sensitivity analysis of key parameters associated with modelling the in-home RH and FMC
(TTF). A relative change of 0% represents modelling using the recommended values in Table 1. This
figure shows an extended range of relative change compared to Figure 6.

In general, the parameters must be seen in context. When decreasing the enclosure
base area, Figure 7 suggests an increase in the 5th percentile TTF. However, such a reduction
in the base area needs to probably be followed by a decrease in humidity production, as
smaller rooms suggest fewer people and less humidity supply.

The combined effect of all parameters was briefly assessed within the ±40% range,
and it was found that the different parameters can take on different values within the range
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without experiencing any special combined effect on model output. While the percentage
change in 5th percentile TTF cannot be summed for the different parameters, that is, adds
up to the new 5th percentile TTF, it was found that the computed 5th percentile TTF from
random parameter values within the ±40% range (beyond the recommended range) was
within ±5% of the added values. Hence, according to Figure 6, adding the percentage
change to the 5th percentile TTF could be used to estimate the combined effect of changing
the parameters.

The sensitivity analysis for outdoor relative humidity and outdoor temperature is
presented in Figure 8. These parameters are model input data harvested from external
sources comprising historical and predicted data. The results are considered in terms of the
mean (modelled) TTF at relative humidities ranging from 40–90% and temperatures in the
range of −10 ◦C to 10 ◦C. The chosen ranges represent many wooden towns in Norway
during December and January, including the towns of Haugesund, Lærdal, and Røros.
However, the latter town may become significantly colder. For low outdoor temperatures,
the modelled TTF becomes less dependent upon the outdoor RH, as presented in Figure 8.
At −10 ◦C, the mean TTF has a spread of 0.6 min in the range of 40–90% RH. Hence, the
model output is not very sensitive to the outdoor RH at low temperatures. However, the
dependency on the outdoor RH increases with temperature, and at 10 ◦C the spread across
the different RHs corresponds to a mean TTF ranging from 4.6–8.1 min, which is significant.

It is important to note that the outdoor RH and temperature are taken from input
data harvested from high-end weather data sources, such as the Norwegian Meteorological
Institute [35,36]. These results support the need for mathematical modelling to keep track
of the changing conditions.

Figure 8. Sensitivity analysis of outdoor relative humidity and outdoor temperature.

3.2. Practicability

An important aspect of risk modelling is the practicability (usefulness) of the modelled
results. Herein, paying attention to the different users of the modelled WHFR is important.
If only considering the TTF (FMC), predictions can be related to the susceptibility and
consequences of a potential fire developing indoors for a single home, i.e., a responsibility
of the homeowner. Considering the coexistence of dry homes and strong wind, the combi-
nation may serve as a conflagration risk indicator, i.e., a more important concern for the
local fire department.

This section presents an analysis of nearly ten years of registered weather data, for the
period 1 November 2013 to 1 April 2023, i.e., ten winters, for the locations of Haugesund
coastal town (N 59.41°, E 5.28°), Lærdal village (N 61.10°, E 7.48°), and Røros mountain
village (N 62.576°, E 11.386°), a UNESCO World Heritage Monument. The historical weather
data were used as input for the WHFR model to identify days of low TTF and events where
low TTF coexisted with days of strong wind (conflagration indicator). In accordance with
previous work, the FMC risk indicator is primarily expressed by quantifying the correlated
TTF value. The wind and computed TTF values were divided into classes as presented in
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Tables 2 and 3. In the present study, strong wind refers to the classes Medium to High, while
in-home drought relates to the classes Medium-high and High. This is further discussed
in Section 4.

Table 2. The qualitative classification of wind with respect to wind speed.

Class Beaufort Description Wind Speed, U (m/s)

High 9+ Severe gale–Hurricane force 20.8 ≤ U
Medium high 7, 8 High wind, Near–Fresh gale 13.9 ≤ U ≤ 20.7
Medium 5, 6 Fresh–Strong breeze 8.0 ≤ U ≤ 13.8
Medium low 4 Moderate breeze 5.5 ≤ U ≤ 7.9
Low 0–3 Calm–Gentle breeze U ≤ 5.4

Table 3. The qualitative classification of modelled TTF and the associated FMC.

Class Indoor RH [%] FMC 1 [wt.%] TTF [min]

High RH ≤ 19 FMC ≤ 4.35 TTF ≤ 4
Medium high 19 < RH ≤ 27 4.35 < FMC ≤ 5.75 4 < TTF ≤ 5
Medium 27 < RH ≤ 35 5.75 < FMC ≤ 6.90 5 < TTF ≤ 6
Medium low 35 < RH ≤ 41 6.90 < FMC ≤ 7.85 6 < TTF ≤ 7
Low 41 < RH 7.85 < FMC 7 < TTF

1 Modelled value represents indoor wooden panels at 2–3 mm depth.

The historic annual frequency of the daily mean TTF for the different TTF classes and
areas for the last ten winters is presented in Table 4. Taking these results as a fair estimate
of future expected frequencies, it can be seen that the expected number of days with High
risk TTF (low TTF value) per year is limited to 3.2 days for Haugesund (coast), 26 days
for Lærdal (inner fjord), and 97 days for Røros (inland mountain). Significant differences
are observed for days of Medium high risk, where Haugesund has the lowest frequency
at 31 days while Lærdal and Røros experience 110 and 108 days, respectively. For the
remaining TTF classes, the differences are less substantial. However, because Røros has
a high number of days with High and Medium high risk, there are fewer days of lower
risk, as can be seen by comparing the 165 days of Low risk in Haugesund compared to the
73 days in Røros. The differences can generally be explained by a drier and colder inland
climate for Lærdal and especially for Røros. While Lærdal is not equally cold, it typically
experiences adiabatic heating of descending mountain air for most wind directions during
the winter, which reduces the outdoor RH [9].

Considering the distribution of the daily mean TTF throughout the year, it has pre-
viously been shown that seasonal changes apply and that low TTF values are observed
during the winter months [12].

Table 4. The annual distribution of daily mean TTF for Haugesund, Lærdal, and Røros based on
weather data from 1 November 2013 to 1 April 2023 (ten winters).

Class TTF [min] Haugesund Lærdal Røros

High TTF ≤ 4 3.2 26 97
Medium high 4 < TTF ≤ 5 31 110 108
Medium 5 < TTF ≤ 6 95 71 45
Medium low 6 < TTF ≤ 7 71 31 43
Low 7 < TTF 165 128 73

The risk matrix for Haugesund after analysing the modelled TTF in combination with
recorded wind strengths (2013–2023) is presented in Figure 9. As can be seen, the axis
of the risk matrix is made up of the different classes of wind strength and modelled TTF,
making up the 25 main cells. As it is important to distinguish between the number of hours
with specific wind speeds, each main cell is subdivided into four sub-cells referring to
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the registered duration of the wind. The subdivision of the cells can be seen in Figure 10.
The numbers inside the risk matrix represent the annual frequency of the specific event
registered for Haugesund.

Figure 9. The computed risk matrix for Haugesund, Norway. The numbers within the matrix
represent the annual frequency (days/year) of the specific TTF and wind combination and for a
duration according to the sub-classes specified in Figure 10. The dotted rectangle indicates a risk
level where it is recommended to implement proactive measures.

Figure 10. The sub-cells of the risk matrix refer to four different classes of wind duration (h), i.e., a
single hour of registered wind above the threshold value is ignored.

It can be seen from the matrix that lower-risk events occur more often than higher-risk
events, as expected. The dotted white and black squares indicate the events where, based
on analysis of historic fire incidents, it is recommended to implement proactive measures.
Hence, from Figure 9, events needing risk reducing measures add up to ten events per year
regardless of wind duration. If only emphasising the coexistence of in-home drought and
strong winds lasting more than 12 h, it adds up to 6.8 events per year. For Haugesund, the
historic data shows a manageable set of high-risk events for the local fire department.

The risk matrix for Lærdal is presented in Figure 11. It can be seen that, for a specific
wind speed, the frequencies are not necessarily reduced with increasing TTF classes. Hence,
the frequencies have less spread for a larger portion of the matrix. For Medium-low winds,
the Low and Medium-high TTF classes have quite similar frequencies in the range of 2–12 h
wind duration, while for 13–24 h the Medium-high TTF has a higher frequency. This can
be explained by the high number of days of both Low and Medium-high TTF for Lærdal.
Considering the recommended area of proactive measures, i.e., the dotted rectangle, a
frequency of 1.9 days per year is observed for Lærdal, which is less than Haugesund,
despite Lærdal having a significantly higher number of days with Medium-high and High
TTF. This primarily relates to Haugesund being a coastal town with many days with strong
wind, resulting in more days with coexisting high wind strength and high TTF.



Fire 2023, 6, 377 17 of 26

Figure 11. The computed risk matrix for Lærdal, Norway. The numbers represent the annual
frequency (days/year) of the TTF and wind combination for a duration according to the sub-classes
specified in Figure 10. The dotted rectangle indicates the risk level where it is recommended to
implement proactive measures.

The risk matrix for Røros is presented in Figure 12. Here, similar observations as for
Lærdal can be observed. For the Medium-low winds, the highest frequency can be seen for
Medium-high and High TTF classes. The number of addressable events for Røros equals
10.3, regardless of wind duration. When only considering events where the registered wind
speed lasts 12–24 h, 1.1 events per year are registered. As for Lærdal, the number of events
recommended for proactive measures is relatively low and manageable for the local fire
department. However, notice should be taken of the high number of days corresponding to
the High and Medium high TTF classes. This means that Røros and Lærdal are areas where
the interiors of wooden homes become very dry during the winter. In turn, this means that
an occurring fire may develop rapidly and pose severe risks for both inhabitants and the
buildings, many of which are of high historical value. In addition, despite the low numbers
of coexisting strong winds and high TTF classes, many old wooden homes at the different
heritage sites in Norway are attached. Hence, a fire may spread between structures before
the arrival of the local fire department even during moderate wind speeds.

3.3. Fire Danger Communication

Recent work emphasising user-driven iterative development of a graphical user inter-
face (GUI) for fire risk communication revealed that using the term TTF when presenting
the WHFR may not be suitable [34]. While serving as a measure for quantifying the WHFR,
the TTF risk communication concept needs a new approach. Developing intuitive commu-
nication concepts is challenging; thus, the focus was directed towards existing concepts,
notably the Norwegian forest fire index and how that risk is communicated within Norway.
The Norwegian forest fire risk is communicated as a forest fire danger, not as a fire risk,
with an index of seven classes ranging from No danger to Great danger. The idea here
is to use this well-established terminology in the wrapping of the FMC (TTF) indicator,
thereby communicating the novel in-home wooden fire risk through an established concept.
Adopting such an approach can provide a wooden home fire danger index, with the risk
communicated as far as possible through a similar index with similar colours. Adjustments
had to be made, as the forest fire danger index has a No danger level, which is not applica-
ble for an in-home wooden fire risk indicator considering the year-round risk of imminent
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fire. The Norwegian forest fire danger index and the adopted wooden home fire danger
index are presented in Figure 13.

Figure 12. The computed risk matrix for Røros, Norway. The numbers within the matrix represent the
annual frequency (days/year) of the TTF and wind combination for a duration according to the sub-
classes specified in Figure 10. The dotted rectangle indicates the risk level where it is recommended
to implement proactive measures.

Figure 13. The different levels of danger for the Norwegian Forest Fire Index (Top) and the corre-
sponding suggested levels for the Wooden Home Fire Danger Index (Bottom).

The indexing into the different levels of danger presented in Figure 13 follows from
Table 5. The classification of the modelled TTF is based on the modelling of several historical
fires. After analysing these fires and associated video materials, records, and descriptions
from the fire brigade, knowledge of model performance was obtained, resulting in the
suggested classification. According to the risk matrices presented in Section 3.2, the defined
area where risk reducing measures are recommended to be implemented is associated
with the Great Danger level. The presented indexing has already been implemented in
a second version mobile application, and is ready for testing within selected Norwegian
Fire brigades.

Table 5. Wooden Home Fire Index with associated TTF values and classification.

Index Color TTF Class TTF [min]
Great Danger Dark red High TTF ≤ 4
Great Danger Red Medium high 4 < TTF ≤ 5
Increased Danger Orange Medium 5 < TTF ≤ 6
Increased Danger Yellow Medium low 6 < TTF ≤ 7
Normal Danger Turquoise Low 7 < TTF
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3.4. The Marshall Fire

In this section, the model is applied outside the cold climate region of Norway to
demonstrate the modelling principle for another region. If the model is to be applied to
other areas, the most important aspect is the presence of heated homes with wood as an
internal cladding material, especially in the ceiling. In such cases the modelling principle is
transferable, even to areas less cold than those considered in the present study. However,
as seen in the sensitivity analysis for the outdoor weather parameters, the modelled TTF
would rely more on the outdoor RH in a warmer climate. Despite the modelling results
not necessarily being invalid, warmer climate areas may not be exposed to the same cold
climate fire risk. In addition, such areas may typically have quite different traditions for
constructing homes, and wood as internal cladding may not be widespread. Nevertheless,
without considering the interior of involved building mass, we applied the model to the
area of the recent Marshall fire, Boulder County, Colorado, USA on 30 December 2021 [29].

While the Marshall Fire was a WUI fire initially spreading through cured grass, it is in-
teresting to consider the potential in-home drought of involved wooden homes. Potentially,
such a large outdoor fire could originate indoors as a rapidly developing wooden home
fire. In addition, the FMC of the involved structures is of importance to the post-flashover
fire intensity, which affects further fire spread.

Weather data were collected from the nearby Denver airport and used as input for
the fire risk model. Model-specific parameters were kept at the recommended values
reflecting the generic Norwegian combined kitchen and living room. Figure 14 presents the
modelling results. It can be seen that the wooden homes in the area were becoming drier
at the beginning of December 2021. By about the 10th of December, the wooden homes
had passed the identified critical limit of 4 min, essentially passing into a stage where
fire development is known to be extreme based on historical events [12]. The wooden
homes then continued to dry out, becoming equally dry as the most severe registered
in-home drought conditions, similar to the conditions during the Lærdal fire in Norway
on 28 January 2014. The very dry interior of the wooden homes in the Marshall fire likely
contributed to fast burnout and increased production of firebrands in the strong winds.

This modelling highlights in-home drought as a potential risk influencing factor in
a somewhat different climate than Norway. Further, the area of Boulder County is not
unfamiliar in terms of its high wind strengths [29]. Considering the recent findings on
conflagration risk depending more on days of strong wind than days of in-home drought,
this area likely experiences increased conflagration risk due to the potential combination of
very dry wooden homes and strong winds during the winters.

Figure 14. Modelled TTF for Denver during December prior to the Marshall fire. The fire occurred
on 30 December. Weather data were taken from Denver airport.
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4. Discussion
4.1. The Generic Enclosure

Concerning whether the analysed parameters were considered sensitive or not, a
criterion equal to 0.5 times a single TTF class was used, which means that changes within
the recommended values could not result in a difference in the 5th percentile TTF equal to
more than 0.5 times a TTF risk class. Because the TTF classes are separated into five classes
of one minute per class, this means that if a parameter was considered not sensitive,
the TTF value changed with less than 0.5 min for the considered change in parameter
size. This was the case for nearly all individually considered parameters within ±40% of
the recommended value. The exception, however, was the ventilation factor, which, at
−40% change, slightly exceeded the 0.5-min criteria. A TTF value of 4 min was used to
calculate the percentage deviation, as this has shown to be a critical limit for the low value
of TTF [12]. The idea behind this criteria is that minor changes in parameter size should
not change the predicted risk class. If they do, the parameter must be considered sensitive,
and the issue must be addressed.

While all parameters can be changed beyond the recommendations, this would typ-
ically provide unrealistic representations of the generic enclosure. e.g., if the ventilation
factor was reduced beyond −40%, significant increases in the 5th percentile TTF were
observed as humidity was continuously supplied to the enclosure. Hence, the parameters
must be considered in relation to each other.

Indeed, the considered literature and the performed sensitivity analysis have increased
the credibility regarding the recommended values and range of key model parameters. The
most uncertain parameter, however, is the humidity supply, which appears as a relatively
insensitive parameter within the recommended range. This parameter, however, has been
recommended at 1 kg/day based on field measurements and model analysis [11]. If the
humidity production were changed from 1 to 2 kg/day (100% increase), this would result
in a 13.1% increase to the 5th percentile TTF, or 27.3% at 3 kg/day. The reason why this is
particularly interesting is due to the literature suggesting higher humidity supplies than are
used in the model. Herein, it is important to distinguish between supplied water vapour
to the indoor air and the actual water vapour contributing to a rise in indoor RH and
FMC. Water vapour is lighter than air, and part of the supplied humidity is likely to rise
within the enclosure, escaping (leaking) through small gaps in the ceiling and upper parts
of the walls. In addition, most old wooden homes have a kitchen and living room on the
first floor with bedrooms on the second floor. A fraction of supplied water vapour is likely
to rise within the building through doors and via the staircase to higher-level floors. The
ventilation system or ventilation principle is another mechanism for transporting supplied
water vapour. Hence, there is probably a difference between supplied water vapour and
increased relative humidity and FMC value. For this reason, this parameter was set by
changing its value to best fit the field measurements of indoor RH. In contrast, most of
the other parameters were explicitly set to describe the particular enclosure. It would be
necessary to perform additional field measurements and model analysis to increase the
accuracy of the humidity production levels. However, many of the considered quantities
are variables, and take different values within different homes, e.g., a particular wooden
house with a specific humidity production may be drier than another nearby home exposed
to another humidity production. The important aspect is not to explicitly model each
wooden home; rather, it is to model a representative average and how this would change
with changing ambient temperature and RH. In comparison, the ground and the trees in
a forest could have significant local variations in FMC; nonetheless, a generic approach
is used to describe the conditions over large areas. In general, the sensitivity analysis
performed within this study supports the possibility of computing such an average despite
the local variations.

The chosen parameters were recommended based on literature and field studies. Pa-
rameters were considered from a conservative point of view, e.g., the humidity production,
which is pointed out as the most uncertain parameter, is unlikely to take on much lower
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values than 1 kg/day; however, it might take higher values. By recommending a lower
value compared to a higher value, the model provides lower TTF predictions, indicating
increased risk. This could be a problem if the number of high-danger days were too many.
The presented modelling does, however, show that the number of days with combined
strong wind and low TTF is manageable for all the considered locations, even Røros, the
mountain village, which despite increased humidity production would appear with far
more days of greater home fire danger than the other considered locations.

4.2. Practicability of the Modelled FMC

In the simplest sense, the modelling of the wooden home fire danger results in the
FMC (TTF) indicator of in-home drought, indicating when and to what degree the wooden
interior of homes is in a state where it is likely to increase the susceptibility to and negative
consequences of an initiating or established fire. Homeowners may use such an indication
to implement simple measures, e.g., avoiding candles, deep frying, and unattended electric
apparatuses. Additionally, the indicator may be used to notify family members and others
about increased risk, such as elderly people living alone. For such use, days of high fire
danger may last for several days and occur on multiple occasions. In this case, use is mostly
about raising awareness, and potential measures are simple but important.

The other modelling aspect is the coexistence of very dry homes and strong wind,
where the combination may be understood as a conflagration danger indicator. This is a
major concern of local fire brigades. If the combined occurrence of modelled low TTF and
predicted winds results in too many high-risk events, it might not be possible for the fire
brigades to address these events, even if the model provides a correct picture of the danger.
That is to say, if risk modelling and wind forecasts result in a hundred days of high fire
danger per year, the outcome might not result in proactive risk management but rather
an acceptance of many days of increased danger. However, if abnormal danger levels are
seen, e.g., an expected average of about ten days per year, measures could be taken during
predicted days of high conflagration danger, especially to protect dense wooden heritage
sites. These might typically be a focus area for the different fire brigades, as they are of
historical value and particularly vulnerable; see Section 2.1.

Based on the modelling and the identified manageable number of events needing
risk-reducing measures, it appears that the modelling may serve as a tool for identifying
increased danger levels. Hence, modelling the indoor FMC (TTF) may be an answer to
the Norwegian fire safety regulations supporting a risk-based approach to emergency
preparedness. Such identification of upcoming increased danger levels in dense wooden
house areas may enable improved risk management, in turn allowing proactive measures to
be implemented by the fire departments, e.g., raising awareness among citizens, increasing
emergency preparedness, temporarily increasing staff, temporarily staffing unstaffed fire
stations, and strategically placing equipment and units to reduce the response time.

The presented results identified many days corresponding to High and Medium high
TTF for Lærdal and Røros, i.e., low TTF values. In turn, when considering the coexistence
with strong winds, a substantial number of days with high conflagration danger were
expected. However, it turned out that Haugesund, with far less days of modelled low TTF,
experienced more days of high conflagration danger. This indicates that the number of
days with strong wind and low TTF depends more on the number of days with strong
wind than the number of days with low TTF. Haugesund is a coastal city where periods
with dry in-home conditions occur; when this happens, it is more likely to coexist with
strong wind. Historical records support this observation, as the majority of the largest
peacetime fires in Norway have been coastal town fires [38].

In the present work, strong winds are associated with the wind classes of Medium to
High. In this sense, strong winds reflect critical classes of wind speed. Any critical wind
speed is scenario-dependent, e.g., it depends on the fuel, HRR, surroundings, etc. In terms
of a city or town fire, the critical wind speed may be winds strong enough to cause flame
impingement on adjacent structures. This wind speed may be lower than the strong winds



Fire 2023, 6, 377 22 of 26

associated with the generation of firebrands and spotting fires. Nonetheless, previous
conflagrations [25] and expert opinions [39] suggest that wind speeds close to 10 m/s may
be challenging. With respect to in-home drought, the present study associates it with the
Medium high and High TTF classes. This is based on observations from Norway, where
fires developing very quickly have been associated with TTF values corresponding to these
classes [12]. When considering the indoor relative humidity and EMC of wooden surfaces,
this corresponds to a wooden surface in equilibrium with an indoor RH equal to or less
than 27%, i.e., an equilibrium water content of 5.75 %.

An interesting observation from the sensitivity study was the dependency of model
output on outdoor temperatures. At −10 ◦C, the modelled TTF varied by only 15.7% when
the outdoor air humidity changed from 40% to 90% RH. This is an integral part of why
Røros mountain village experiences such a high number of days with low TTF values.
Røros has a mean temperature during December, January, and February of −8 ◦C, −11 ◦C,
and −8 ◦C, respectively. Both before and after this period, the monthly mean temperature
can be expected to be −5 ◦C. From the sensitivity analysis of outdoor weather parameters,
Figure 8 shows that these mean temperatures correspond to about three months with a
modelled TTF below 4 min, which corresponds to the High TTF risk class. As a mountain
village with several months of subzero temperatures, there are long periods of arid in-home
conditions; however, the number of days with strong winds during the winter is low.

4.3. Measures of Risk and Risk Communication

In previous work, the FMC was correlated with the TTF to construct an intuitive risk
indicator. The idea was to express the FMC risk indicator through a well known quantity
within the fire safety community. The correlation was based on a series of one quarter-scale
wooden ISO-room experiments [10], similar to the aforementioned one half-scale experi-
ments. Such a correlation becomes relative to the experiments performed, and changing the
experiments, e.g., having a basis in a correlation made from the one half-scale experiments
would make for a somewhat different correlation. Hence, the use of TTF to express the
risk indicator was primarily intended as a practical approach to the communication of the
WHFR. However, recent studies [12,34], feedback, and user tests have raised awareness
concerning possible misconceptions when using such a specific term with units in minutes.
This is especially challenging when model results are compared to historical fires and
associated with an observed time to flashover, as in [12]. It is important to note that while
the risk indicator expresses a TTF, this is generally not an accurate quantity for attempting
to describe the exact time to flashover for wooden homes. Nonetheless, in cases where
an enclosure fire develops from a limited initial fuel source and the wooden walls and
ceilings become the only fuel for further fire spread until flashover, experimental results
suggest that the modelled TTF can indicate the actual TTF, or at least indicate the top point
of a skewed normal distribution of expected TTFs if a number of similar tests are repeated.
However, this is not a realistic scenario, and other fuels will likely be involved in the fire
during the growth phase. In this case, it could be argued that the modelled TTF indicates
fire development within an empty wooden enclosure, and including more fuel and more
extensive initial fuel sources could result in even less time until flashover than indicated by
the model.

Nevertheless, the risk communication approach described in this paper has been
implemented in a mobile application and awaits further testing within fire brigades. The
modelled TTF was thought to benefit from a well-established fire danger concept, i.e., the
wildfire danger system. In turn, this reduces the need for describing and interpreting new
concepts, which is likely to limit the number of misinterpretations and simplify the design
of the graphical user interface.

4.4. Validity of the Risk Modelling

Computing the risk matrices involves handling and arranging significant amounts of
data, e.g., the datasets gathered for a particular location containing outdoor RH, outdoor
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temperature, and wind speeds, may have missing elements and could need to be treated by
handling the associated timestamps. Depending on the duration of the period with missing
elements, interpolation can be used to fill the small gaps for modelling purposes. However,
if too much time passes without proper data recordings it must be computed as separate
series. All handling of data involves the possibility of introducing errors. For this reason,
the Matlab scripts responsible for handling the data were validated through a single-step
procedure. Small parts of the code were considered separately as the scripts for data
analysis were gradually extended by the validated pieces. In addition, two separate scripts
using different approaches and hence code were developed to validate the part where low
TTF and strong winds were found to coexist. This was an essential part of the data analysis,
as the results can support the practicability of the modelling approach. However, handling
large amounts of data over a large temporal scale and performing multiple operations on
the data sets always carries the chance of introducing possible errors.

Further, it is important to mention that when analysing several years of historical
weather data it may be impossible to find the desired combination of weather parameters
registered at the exact location. This was a challenge for Lærdal, where outdoor RH and
temperature were taken from a unit in Lærdal while recordings of wind velocities had to
be taken from Sogndal airport, 20 km west of Lærdal. Considering the local topography,
the wind data from Sogndal probably underestimate the actual winds in Lærdal. It is
not unlikely that some of these events could be associated with higher wind speeds, and
consequently a higher frequency of addressable events. It is important to note that the
fire risk modelling primarily relies on predicted weather data interpolated onto a higher-
resolution grid by sophisticated models. Hence, the predicted weather data, especially for
the near future (hours), are probably more representative of the actual weather at a location
than historical weather records at a distant meteorological station.

4.5. Suggestions for Future Research

At this stage, substantial efforts have been put into developing a wooden home fire
danger and possibly a conflagration danger indicator. However, there are several aspects in
need of further attention and research. More effort should be put into quantifying humidity
production and ventilation rates to ensure that the recommended values are representative.
Then, the model should preferably be tested for a set of wooden homes with interior
wooden panels in the ceiling, and to different degrees on the interior walls. This would
serve as a final validation of the FMC modelling and the chosen generic approach. The
model has already undergone substantial testing and validation in an earlier phase [11,12];
however, testing arranged for validating the model could be better targeted when the
model parameters are known. This could include testing the recorded in-home RH values
versus values predicted solely by weather forecasts, which have only been briefly validated
previously in [11].

The conflagration danger indicator is at an early stage, indicating a possible confla-
gration event by considering an initiating event of a wooden home fire starting indoors.
However, more substantial modelling efforts are needed to describe the FMC of external
wooden panels. When a fire breaches the building envelope and becomes an exterior fire,
the wind strength is the most critical factor for initiating a conflagration event. However,
if all the neighbouring structures have high FMC values and free water on surfaces and
gutters, a conflagration might be less likely to develop. Hence, more research is needed to
consider such conditions.

While only a few related studies have been mentioned, notably studies that emphasise
the structure and immediate surroundings, other studies have considered urban fire risk
from a broader perspective. Noori et al. [40] considered multiple criteria, including static
building information, when mapping urban fire risk. When combined with dynamic fire
danger indicators, such multi-criteria risk maps may serve as promising tools to improve
risk management in the built environment.
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5. Conclusions

To support and justify existing approaches for wooden home fire risk modelling,
in this paper we considered and analysed homes with wooden internal surfaces, the
general concept, input parameters, and model-specific parameters. From a theoretical and
experimental point of view, the modelled FMC, often expressed through the TTF indicator,
was found to be a reasonable fire risk indicator for homes with sufficient in-home wooden
surfaces. An important criterion is that the share of wooden surfaces is managed through
the recommended range of the AV ratio parameter. Further, the recommended values
and ranges associated with the different parameters likely describe a generic combined
kitchen–living room enclosure in a Norwegian wooden home. This assumption was further
strengthened through a sensitivity analysis, which identified all of the key parameters in
modelling in-home FMC to be relatively insensitive to realistic variations. Considering
usability, an analysis of ten years of weather data records revealed that the number of
days with high-risk TTF could exceed the practical limit of addressable events for the
fire brigades while raising awareness among homeowners. However, when combining
days of high-risk TTF with days of strong wind, i.e., conflagration danger, the historical
weather data analysis for the considered locations confirmed the assumption of these
being infrequent events, i.e., typically 2-10 days each winter for the analysed locations.
These days of increased conflagration risk can be addressed by the local fire departments
through proactive measures. The fire risk modelling can then serve as a response to the
new requirements in the Norwegian Fire and Emergency Regulations requiring systems
for identifying days of high risk, in this particular case, risk associated with wooden homes
and heritage sites of historical value. Finally, it appears that coastal towns are more prone
to conflagrations, as conflagration danger depends more on days of strong wind rather
than days of in-home drought. This is in line with the most severe historical fires in Norway
since the 1900s.
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