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Abstract: Severe wooden home conflagrations have previously been linked to the combination of very
dry indoor climate in inhabited buildings during winter time, resulting in rapid fire development and
strong winds spreading the fire to neighboring structures. Knowledge about how ambient conditions
increase the fire risk associated with dry indoor conditions is, however, lacking. In the present work,
the moisture content of indoor wooden home wall panels was modeled based on ambient temperature
and relative humidity recorded at meteorological stations as the climatic boundary conditions.
The model comprises an air change rate based on ambient and indoor (22 ◦C) temperatures, indoor
moisture sources and wood panel moisture sorption processes; it was tested on four selected homes
in Norway during the winter of 2015/2016. The results were compared to values recorded by indoor
relative humidity sensors in the homes, which ranged from naturally ventilated early 1900s homes to
a modern home with balanced ventilation. The modeled indoor relative humidity levels during cold
weather agreed well with recorded values to within 3% relative humidity (RH) root mean square
deviation, and thus provided reliable information about expected wood panel moisture content.
This information was used to assess historic single home fire risk represented by an estimated time to
flashover during the studied period. Based on the modelling, it can be concluded that three days in
Haugesund, Norway, in January 2016 were associated with very high conflagration risk due to dry
indoor wooden materials and strong winds. In the future, the presented methodology may possibly
be based on weather forecasts to predict increased conflagration risk a few days ahead. This could
then enable proactive emergency responses for improved fire disaster risk management.
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1. Introduction

Fires represent a threat worldwide. Fires in cars, for example, develop when non-hygroscopic
plastic-based products or fuel is involved in combustion. These fires generally develop very fast [1].
Modern products are in general more dangerous than products used in previous periods [2]. This is
also the case for industry processing hydrocarbons. Initiatives are therefore taken to detect the fire
risk early, that is, before leaks can develop into dangerous situations [3]. Homes may also be involved
in fires, and in several areas homes are traditionally made of wood based materials. While concrete
dominated the home constructions for many years, the emerging focus on sustainability increases the
popularity of wood constructions including sustainable safety measures [4].

In Norway, there is a rich tradition regarding wooden constructions, which dominate many town
centers and suburban detached home developments. This stems from the availability of high-quality
lumber from abundant forests covering large lowland areas, including areas also north of the
Arctic Circle. Edifices such as the remaining 28 Viking Stave Churches, which are 800–900 years old,
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and the ancient Viking ships preserved in sea mud or at burial sites, underline the deeply rooted wood
construction traditions. Most buildings were, however, subject to neglected maintenance and repair
and lost to the deterioration processes associated with a generally humid climate. However, since
wood burns, structures and even whole villages and towns were also lost through the centuries in
devastating conflagrations [5].

The building fire frequency is highest during winter time in Norway, partly due to the use of open
flames, for example, candles, during the Advent, Christmas and New Year celebrations, that is, late
November to early January. However, the use of fireplaces, wood burners and candles continue during
January and February in the dark and cold winter. Electricity is the most common heating mode.
During cold periods with excessive electricity consumption, old electrical wiring is known to start
fires due to overheating [6]. Chimney fires also result in increased fire frequency during winter time.
Low ambient temperatures, with low dew point, have also been acknowledged as a factor contributing
to the high winter time fire frequency, as explained by Pirsko and Fons [7], based on selected low
temperature areas in the USA. Babrauskas [8] assumed that the connection between low dew point
and high fire frequency would probably also be valid for modern buildings.

In Norway, the temperatures during the winter may drop to well below −30 ◦C inland. Along
the west coast, wind from the west brings humid air from the Atlantic Ocean. Wind from the east
brings adiabatically heated (but often subzero) dry air plunging down from the central Norwegian
mountain plains. Windy weather often follows dry, cold periods. The conflagrations in Norway
during the period from 1900 to the present day generally occurred during winter time. The most
well-known is the Ålesund fire on 23 January 1904. In storm strength winds, 850 structures were
lost, resulting in 10,000–12,000 homeless. One person died in this conflagration [9]. A fire in Bergen,
during 15–16 January 1916, resulted in two fatalities, 380 lost structures, 2700 homeless and 1000 people
unemployed [5]. On 7 April 1923, a conflagration in Hemnesberget, just south of the Arctic Circle,
destroyed 250 buildings [5], making it the most severe conflagration in Norway the last 100 years.
In recent years, the 18–19 January 2014, fire raging through Lærdalsøyri destroyed 40 buildings,
and ten days later, the Flatanger fire, just 100 km south of the Arctic Circle, destroyed 61 buildings,
demonstrating that large winter fires in Norway are not just events of the past [10]. The fire spread
mechanism in these two recent fires was identified as spotting ignition [11]. In combination with
very strong winds, the severity of these fires may be explained by climatic conditions associated with
subzero dry air and drying of indoor wooden materials [6,9]. These fires clearly demonstrate that
conflagration risk should not be underestimated by the modern society.

Single structure fires may also be partly explained by climate conditions. The devastating fire at
Résidence du Havre nursing home, L’Isle-Verte, QC, Canada, 23 January 2014, resulted in 32 fatalities
and 15 injured [12], serving as an example. Adiabatically heated, dry, and still very cold, air further
heated to indoor conditions resulted in a dry wooden structure very susceptible to fast fire development.
This left the firefighters with very limited possibilities for fire intervention [13]. Official investigations
of the mentioned three 2014 fires did, however, not mention the dry state of indoor combustibles as
a risk factor [10,12]. The increased fire risk associated with very dry indoor wood apparently does not
seem to be recognized.

Worldwide, recent major Wildland–Urban Interface (WUI) fires and large urban fires, for example,
after earthquakes, have resulted in increased attention to large scale fires. An international effort to
identify similarities in fire development and fire spread and suggest a roadmap for future research to
mitigate such fire risks has recently been initiated [14,15]. These WUI fires have normally been observed
in warmer and drier climate zones. However, the very dry 2018 spring and summer, with many forest
fires, put drying of potential wildland fire fuel on the agenda in Norway.

There is a strong relationship between fire service response time and the outcome of fires [16,17].
In general, the faster the firefighters get involved in active firefighting, the better the outcome of their
efforts will be. Given a constant response time, a comparably faster fire development will result in
a more developed fire when the emergency responders arrive on scene. Studies of vertical flame spread
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in wooden corners revealed a much faster fire spread for low moisture content wood than more humid
wood [18]. It has also been demonstrated that the time needed for a 2.5 kW fire to give flashover in 1/4

scale wooden (pine) test rooms was highly dependent on the wood fuel moisture content (FMC) [19].
For 9 wt % (weight percent) FMC, corresponding to about 50% relative humidity (RH) [20], the time to
flashover was just over 8 min. For 4.5 wt % FMC, corresponding to 20% RH, the time to flashover
was reduced to 4 min. Taking into consideration turnout time and time to get water on fire (WOF),
the available transport time from a fire station to get WOF before flashover is dramatically reduced
during dry conditions. Shorter available travel times significantly reduce the fire station coverage
area before a fire is threatening to the inhabitants as well as to the neighbor structures. During windy
conditions, wooden home flashovers may result in longer transport distances for glowing embers and
firebrands igniting distant structures. This makes firefighting efforts extremely challenging [9,21,22].

A future forecasting system for dry wood materials fire risk based on recorded weather parameters
from professional weather stations combined with weather forecasts may be a valuable approach
for contingency planning [23] and resource allocation [24]. Since it is the dry indoor climate that
eventually leads to dry indoor wood materials, the indoor relative humidity needs to be monitored
or modeled in such an approach. Indoor RH is usually recorded and modeled for a number of other
reasons than fire risk. Too high humidity levels may potentially lead to deterioration of wooden
constructions [25,26]. It is central regarding energy optimization [27,28] and represents an important air
quality parameter [29,30]. Indoor temperature and humidity stability was studied by Kalamees et al. [31]
for detached homes with varying ventilation systems and building fabrics in Finland. By continuously
recording temperature and relative humidity in bedrooms and living rooms, they concluded that
ventilation had more effect on the indoor climate than the types of buildings and the properties of the
building fabric. Textiles and furniture were also recognized as playing a significant role in indoor
relative humidity dampening, together with window airing, etc. Although it is influenced by several
parameters, the indoor relative humidity is a key to assessing moisture content of indoor wood-based
potential fire fuel.

The purpose of the present study was to develop a cold climate fire risk model for the first home
involved in fire based on modeled indoor relative humidity and transient drying of wooden wall panels.
The research focuses on inhabited (heated) wooden homes in densely built towns areas in Norwegian
regions historically associated with severe winter time conflagrations. The modeled indoor relative
humidity, based on ambient weather data, is compared with recorded indoor relative humidity for
selected homes. The modeled indoor wood panel moisture content is considered as an independent
building fire risk contributor due to its influence on the estimated time to flashover. The article is
organized in parts describing the theoretical background, modeling methodology and model input
parameters, the model results compared to recorded indoor relative humidity, and the strengths and
weaknesses of the model in predicting single home fire risk and conflagration risk. In retrospect,
the model was used to evaluate whether any days during the winter 2016 were associated with high
conflagration risk in the area studied. The potential of using the model in combination with weather
forecasts for predicting individual home conflagration risk a few days into the future for possible risk
based emergency responses is also discussed. No similar previous work has been identified in the
research literature.

2. Theory and Model Description

2.1. Gas Phase Water Vapor Concentrations

The equilibrium (saturated) water vapor pressure is nearly an exponential function of temperature,
Tc (◦C), and may be calculated by [32]

Pw,sat = 610.78·e(
17.2694·Tc
Tc+238.3 )(Pa), (1)
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The saturation concentration of water in the gas phase at a given temperature T (K),
i.e., Tc + 273.15 K, is obtained by

Cw,sat =
Pw,sat·Mw

R·T
(kg/m3), (2)

where Mw (0.01802 kg/mol) is the water molecular mass and R (8.314 J/K·mol) is the gas constant.
The relative humidity represents the actual concentration of water in the air relative to the saturation
concentration, that is, RH = Pw/Pw,sat = Cw/Cw,sat.

In the Western Norway coastal areas, the ambient water vapor concentration varies considerably
during the year. Ambient temperature and relative humidity for Norwegian meteorological stations
may be retrieved for free from www.eklima.no. The ambient water vapor concentration based on data
recorded at the Haugesund Airport meteorological station (N 59.3448, E 5.2107), that is, Cw = RH·Cw,sat,
from 1 July to 30 July 2015, is shown in Figure 1. It is seen that the water vapor concentration was
especially low during periods in the winter.
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Figure 1. Ambient water vapor concentration (24 h average) for Haugesund Airport, July 2015
to June 2016. (Temperature and relative humidity data from www.eklima.no).

When low temperature ambient air at, for example, −10◦C is ventilated into, or penetrates into,
an inhabited building, it is heated to a temperature associated with a significantly higher water vapor
saturation concentration. Additionally, the entrained air expands according to the ideal gas law and
the water concentration of the entrained air becomes

Cin = Cout
Tout

Tin
(kg/m3), (3)

where Tout (K) and Tin (K) are the outdoor and indoor temperatures, respectively. The relative humidity
of the entrained air is given by

RHin = RHout(
Psat(Tout)

Psat(Tin)
)(

Tout

Tin
) (4)

Inside the building, the entrained air then mixes with the indoor air. There are usually internal
sources of moisture supply,

.
ms (kg/s), for example, individuals breathing and perspiring, cooking,

pets and plants, etc. releasing humidity. The number of occupants present in any given home may
vary from families where most of the members stay indoors, to single dwellers hardly spending any
time there. The occupancy may also vary greatly within the course of each day and between work
days and weekends. Furthermore, when considering a ground floor living room, people may sleep

www.eklima.no
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in an upstairs floor. The stack effect during cold weather then results in a minimum of humidity
transport down to the living room. Much work has been done regarding average moisture supply in
homes [31,33,34] and it should be noted that an average building or an average user probably does
not exist. Assuming a moisture supply on the order of 1 kg/day in the living room seems reasonable,
unless other information indicates otherwise.

The number of air changes per hour (ACH) is normally used as a measure of the air ventilation rate.
The relative air dilution due to a known air exchange rate (ACH) may be expressed as

β = 1− exp (−ACH·∆t/3600 s) (5)

Building codes have changed much over the years, and may significantly influence the building
envelope air tightness [28]. The build quality may also differ. The codes and regulations have gradually
been improved to ensure proper ventilation to prevent fungi development, rot, etc., as well as to ensure
proper indoor air quality. A typical requirement for modern homes with balanced ventilation is 0.5 ACH.
In calm weather, and under moderate indoor-to-outdoor temperature differences, a significantly lower
air change rate may be observed in naturally ventilated homes. In such buildings, the air change rate
generally increases with temperature differences giving stack effects and/or wind speed. Window airing
may significantly increase the average ventilation rate. For older wooden homes, a proper guess may
be to assume half the number of ACH compared to balanced ventilated buildings, that is, 0.25 ACH.

2.2. Wood Equilibrium Moisture Content (EMC)

Dependent on the previous exposure, cellulose based materials, such as clothing, furniture, wooden
wall panels, floors and ceilings, may release or adsorb humidity from the indoor air. Wood and other
cellulose based materials display a very complicated molecular structure with free hydroxyl groups.
This results in hysteresis when exposed to cycles of humid and dry air [35,36]. However, given long
time, that is, t→∞, the corresponding wood EMC may typically be calculated by [20]

EMC =
1800

W

{
Kh

1−Kh
+

K1Kh + 2K1K2K2h2

1 + K1Kh + K1K2K2h2

}
(6)

where
W = 349 + 1.29T + 0.0135T2

c

K = 0.805 + 0.000736Tc − 0.00000273T2
c

K1 = 6.27− 0.00938Tc − 0.000303T2
c

K2 = 1.91 + 0.0407Tc − 0.000293T2
c

where h is the relative humidity fraction (%/100). The EMC for wood, according to Equation (6), at 22 ◦C
is shown in Figure 2. The inverse curve is presented in Figure 3.

For modeling purposes, in the present work, fourth order polynomials were fitted to the data
presented in Figures 2 and 3 for the relative humidity range of interest in the study, that is, 10% RH to
80% RH, respectively, giving

FMC = 0.0017 + 0.2524·RH− 0.1986·RH2 + 0.0279·RH3 + 0.167·RH4 (7)

RH = 0.0698 + 1.258·FMC− 125.35·FMC2 + 809.43·FMC3 + 1583.8·FMC4 (8)

The regression coefficients for Equations (7) and (8) were very close to unity. For simplicity,
assuming that the hysteresis does not dominate the wood sorption processes, Equations (7) and (8) can
then be used to model the transport of humidity between the wooden surfaces and the indoor air in
direct contact with the wood surface.
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2.3. Transport of Humidity in Wood

Fires in wooden homes often involve the walls during fire development towards flashover [37].
Tests, for example, the ISO 9705 Room Corner Test [38], are therefore arranged to analyze ignition
and involvement of the wall materials under given floor level heat release rates. In order to test
the modeling of humidity transport in representative wood products, wall panels were selected as
a representative fuel. For simplicity, it may be assumed that the diffusion coefficient is independent
of the wood water concentration for the range of interest in the present work, that is, 20% RH to 50%
RH at a constant indoor temperature, for example, 22 ◦C. The diffusion of humidity in the wood may
then be described by Ficks law:

∂C
∂t

= Dw,s·∇
2C (9)

where C (kg/m3) is the wood water concentration and DW (m2/s) is the water diffusion coefficient
in the wood. The convective transport of humidity from the wood surface to the indoor air may be
expressed by

.
mwall = A·

Dw,a

δ
·∆C (10)
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where A (m2) is the exposed surface area of the wood panel, Dw,a (m2/s) is the diffusion coefficient
of water vapor in air and δ (m) is the boundary layer thickness. ∆C (kg/m3) represents the concentration
difference between the wood panel surface air water concentration based on Equation (8) and the
indoor bulk air water concentration. The parameter Dw,a/δ is equivalent to the convective heat transfer
coefficient, h = k/δ (W/m2 K), in heat transfer, that is, where k (W/m K) is the air thermal conductivity.
When studying diffusion through paper, Mortensen [39] demonstrated that under normal conditions
the air resistance is of less importance than two layers of 190 g/m2 paper (about 0.4 mm total thickness).
It is, therefore, not expected that the modeling in the present work would be very dependent on
the boundary level thickness, δ, when selected within reasonable limits. Utilizing the heat transfer
equivalent, and assuming a comparably low heat transfer coefficient of 2.6 W/m2

·K and an air thermal
conductivity 0.026 W/m·K, the boundary layer thickness turns out to be in the order of 0.01 m.
This boundary layer thickness, that is, δ = 0.01 m, was therefore used in the present work for the wall
to air water vapor exchange.

In order to model the transport of moisture within the wood panels, the panels were sliced in N
slabs of thickness ∆x (m). For the wood surface layer N = 1, Equation (9) may be discretized as

C1(t+∆t) = C1(t) +
∆t

A·∆x

{
Dw,a

∂
(RH(t) −RH1(t))Csat,22◦C +

Dw,s

∆x
(C2(t) −C1(t))

}
(kg/m3) (11)

where RH1(t) is calculated by Equation (8) based on C1(t). For the bulk layers from n = 2 to n = N − 1,
the new concentration may be calculated by

Cn(t+∆t) = Cn(t) + Fo·(Cn−1(t) − 2·Cn(t) + Cn+1(t)) (kg/m3) (12)

where

Fo =
Dw,s·∆t

∆x2 (13)

For external walls, a moisture diffusion barrier is introduced in buildings in cold climates to
prevent humidity transport to lower temperature areas, condensation and rot formation [40]. For layer
N, it was therefore assumed that there was no exchange of water at the rear surface, that is, only moisture
exchange with the inside layer (number N − 1):

CN(t+∆t) = CN(t) + Fo·(Cn−1(t) −Cn(t)) (kg/m3) (14)

It should be noted that the integration time interval, ∆t, must comply with Fo < 0.5 to ensure
numerical stability.

According to Baronas et al. [41], typical diffusion coefficients of water in wood are in the range
1–5 × 10−10 m2/s. A value in the center of this range, that is, 3.0 × 10−10 m2/s, was therefore taken as
a representative value for Dw,s in the current study. Norwegian indoor wood lining panels are typically
10 or 12 mm thick. Since there are also usually wooden floor panels of at least 12 mm thickness in these
buildings, a thickness of 12 mm was therefore assumed as representative for the modeling. Paint and
lacquer, linoleum cover on the floors, etc., may act like surface layers limiting the moisture exchange
between the indoor air and the internal wood surfaces. This may be handled by assuming that only
a certain fraction, ξ, of the indoor wood surface area is active in the moisture exchange.

2.4. The Overall Numerical Model

In order to model the indoor air relative humidity, knowledge about air change rate, indoor
volume, water diffusion coefficients in air and in wood, the boundary layer distance, moisture supply,
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and the surface area and thickness of the involved wood panels, is required. Assuming that these
values are known, a mass balance for water in the indoor air volume may be established:

V
dC
dt

=
.

mAC +
.

mwall +
.

msupply (kg/s) (15)

The initial conditions can simply be taken as the values from a representative day a few
days prior to the period of interest in order for the indoor water concentration to adjust to
reasonable values. Then, modeling forward in time can be done based on recorded ambient temperature
and relative humidity.

3. Results

3.1. Testing the Model for a 120 Year-Old Wooden Home

Future fire risk prediction could rely on the pre-existing network of professional weather stations.
This would eliminate any requirement for dedicated weather stations, in need of calibration and
maintenance, in the areas of interest. Thus, the basis for the modeling of indoor relative humidity
in the present work was temperature and relative humidity data collected for free at the closest
professionally maintained meteorological station (www.eklima.no). It has previously been documented
that these stations give results in compliance with outdoor temperature and humidity sensor recorded
in the areas of interest [6]. The temperature and relative humidity recorded by the Haugesund
airport meteorological station for December 2015 through February 2016 are presented in Figure 4.
The recorded wind speed for the same period is presented in Figure 5.

It was decided to test the model for a wooden home built in 1910 in Haugesund town center,
Norway (N 59.4083, E 5.2750). The home, as shown in Figure 6, is a timber frame construction typical
for that time period [40]. The internal walls in contact with the indoor air consist of 10–12 mm wood
linings (pine or fir) on a vapor air barrier. Then, there is a layer of thermal insulation which in homes
of this age were solid wood, 2–3” thick. Following this, there is a wind barrier, a ventilated space and
finally, the external rain protective wood cladding. The home studied has an indoor wood surface
contact area of 100 m2.

The modeled indoor RH (black) and the indoor RH based on Equation (4) (blue) are shown
in Figure 7. The figure also shows the indoor RH (red) in the living room recorded using Netatmo
sensors calibrated to within ±3% RH, as outlined in [42]. Basing the indoor RH at 22 ◦C on Equation (4)
versus the recorded indoor RH resulted in a root mean square (RMS) error of 7.4% RH. This high RMS
error demonstrates that ignoring the humidity modelling and directly applying Equation (4) gives
erroneous results when dynamic changes in ambient temperature and relative humidity is experienced.
Comparing the modeled RH (black) to the recorded RH (red), the RMS error was reduced to 2.5% RH.
The largest positive difference was 6.7% RH. One conspicuous peak in the recorded RH, as seen in
Figure 7, gave a largest negative difference of 14.3% RH.

All the relative humidity sensors were calibrated against inorganic salt atmospheres, as described
in [42] so that their recorded values were well within 3% RH. Any deviations larger than ±3% RH
between the modeled and recorded RH must, therefore, be due to limitations in the model. In Figure 7
it is, however, seen that the modeled indoor RH agrees quite well with the recorded values during the
period December through February. The conspicuous peak in recorded indoor RH on 24 December,
causing the −14.3% RH error, is probably due to the Christmas celebration. There is, however,
a tendency for the modeled RH to systematically deviate from the recorded RH during the driest
indoor periods. In this geographic region, such dry periods during winter time are generally associated
with low outdoor temperatures. The deviation may, therefore, simply be due to a larger air change

www.eklima.no
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rate during these troughs. Assuming that the stack effect is responsible for the inflow of ambient air,
the inflow rate is, according to the Bernoulli principle, proportional to

.
mair ∝ %a

√
(%a − %in)/%a ∝

√
(1/Ta − 1/Tin)/Ta (kg/s) (16)

where %a (kg/m3) is the density of ambient air, %in (kg/m3) is the density of indoor air, Ta (K) is the ambient
temperature and Tin (K) is the indoor temperature. For simplicity, the air change rate was therefore
adjusted as shown in Equation (16), with a constant, γ, to match proper ventilation rates, that is,

ACH = γ·

√
(1/Ta − 1/Tin)/Ta (1/h) (17)
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For an outdoor temperature of 6 ◦C, selecting γ = 300 h−1 gives ACH = 0.250 h−1. For −5 ◦C it
gives ACH = 0.338 h−1. Using this value for γ in Equation (17) gave modeled indoor RH closer to the
recorded values, as seen in Figure 8, especially for the cold, that is, dry indoor conditions, periods.
The root mean square (RMS) error was then improved from 2.5% RH to 2.1% RH. The largest positive
difference was improved from 6.7% RH to 4.8% RH. The largest negative difference was not altered,
since this deviation was related to the substantial peak in the recorded indoor RH.

It could be argued that the wind speed should also be taken into account. It is, however, difficult
to know the wind speed within a densely built town environment, and it will certainly be much lower
than at the Haugesund airport, which is located in open terrain along the North Sea at N 59.3448,
E 5.2107. Larger modern buildings in the town area partly shield the wind impact on the lower
old wooden homes. The influence of wind may also depend on the wind direction [43]. Since low
temperatures in this geographic area are also generally associated with low wind speed, as seen in
Figures 4 and 5, it was not attempted to adjust for the wind speed recorded at the Haugesund Airport.

Testing the modelling with a boundary layer distance, δ, of 0.02 m or 0.005 m, that is, double or half
the suggested reasonable value, did not change the results. It was therefore decided that δ = 0.01 m was
a sound estimate. Furthermore, using a wood moisture diffusion coefficient, Dw,s, of 2 × 10−10 m2/s and
4 × 10−10 m2/s, did not change the results significantly. It was, therefore, concluded that 3 × 10−10 m2/s
was a fair estimate for the wood moisture diffusion coefficient.
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Figure 8. Modeled relative humidity (RH) (black) based on the data from Figure 4 and air change rate
based on Equation (16) (γ = 300 h−1), RH recorded in the living room (red) and RH* based on infinite
air change rate (blue) December 2015 through February 2016 for the home built in 1910.

3.2. Testing the Model for a 100 Year-Old Wooden Home

It was decided to test the model for predicting the indoor relative humidity of a wooden home
built in 1917 and located in Haugesund, Norway, at N 59.4166 and E 5.2686, based on the meteorological
observations presented in Figure 3. This home was quite similar to the home built seven years
earlier, with a footprint of about 80 m2 and an indoor wood surface contact area of approximately
100 m2. The air change rate adjusted for stack effect, as suggested in Equation (17), with γ = 300 h−1,
was therefore used for the modeling. The results are shown in Figure 9, including the recorded indoor
RH values. The RMS error of the modeled RH versus the recorded RH was 2.2% RH.
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It can be seen that the modeled results generally agree well with the recorded indoor RH.
Around 10 January, the modeled indoor RH was lower than the recorded values. The Netatmo
indoor units also record the CO2 concentration, though with a quite unprecise self-calibration.
Nevertheless, during this period, the CO2 concentrations recorded by the Netatmo indoor unit were
quite high, indicating either high levels of human activity or low ventilation rates, explaining the
observed deviation. In mid-February, the modeled RH gave some higher relative humidity than the
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recoded values. According to the CO2 concentrations, there seemed to be no human activity at day
43, 44, 48, 49 and 50, and low human activity day 45, 46 and 47. It was later confirmed that the
inhabitants were away from day 42 to 51. This may at least partly explain the deviations between
modeled and recorded indoor RH during mid-February. The model was, however, not designed to take
such variations in human activity into consideration. For this particular home, the average, maximum
positive and largest negative deviation of the modeled indoor RH compared to the recorded indoor RH
was −0.64% RH, 5.4% RH and −18.6% RH, respectively. The largest negative deviation was associated
with the conspicuous peak in RH recorded at the end of the period. This peak was most likely real,
that is, due to high human activity, rather than a spurious recording. The root means square error for
the modeled versus the recorded indoor RH during the period shown in Figure 9 was 2.2% RH.

3.3. Testing the Model for a 55 Year-Old Wooden Home

A 55 year-old wooden home close to Haugesund, located in quite an open landscape at N 59.3717,
E 5.3030, was also selected for testing the model. This home is also a timber frame construction,
but differs from the two older homes in that the wall thermal insulation consists of mineral wool, quite
typical for this time period [40]. This home was much larger than the older town homes, with a footprint
of about 150 m2. Using γ = 300 h−1 in Equation (17) did not give a good fit when modeling the indoor
relative humidity. Using γ = 200 h−1 did, however, give a fair fit, as seen in Figure 10. Selecting a lower
γ value in this case may be justified based on the larger volume to wall area ratio. The building
envelope may also have been less permeable compared to the two homes from the early 1900s.

For this particular home, larger deviations were experienced between the modeling and the indoor
results, and for some days the indoor relative humidity was lower than expected, for example, during
the first days of January. It is reasonable that this detached home, located in a rural open landscape,
was to a greater extent influenced by wind than the shielded homes in the town center. Though the
model deviates to some extent during the driest period, that is, in early January, the model still provides
information about quite dry indoor conditions. The root mean square error for the modeled versus the
recorded indoor RH during the period shown in Figure 10 was 2.5% RH.
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3.4. Testing the Model for a Balanced Ventilation Modern Wooden Home

New wooden homes in Norway are generally built with balanced ventilation for better indoor air
quality control and efficient heat exchange between the exhaust air and the supplied air. They are also
timber frame constructions, but have even thicker thermal insulation than the homes constructed in
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the previous years in order to minimize heat losses. They are quite impermeable and operate under
a slight negative pressure to prevent humid air from the indoor environment to penetrate out through
the building envelope. For modeling the indoor RH of a modern home with balanced ventilation,
a home in Lærdal valley at N 61.1003, E 7.4900, was selected. This home is quite typical for modern
wooden homes in Norway, with wooden parquet flooring and gypsum plaster board wall linings.
The balanced ventilation generally overcomes the stack effects, that is, the 0.5 ACH forced ventilation
dominates the ventilation. This constant value was therefore used in the modeling. The result is shown
in Figure 11, including the recorded indoor RH values. The ambient air data were retrieved from the
Lærdal meteorological station (www.eklima.no). It should be noted that the air in Lærdal valley is
generally dry due to being adiabatically heated [9], as seen by the low RH* in Figure 11. The root mean
square error for the modeled versus the recorded indoor RH during the period shown in Figure 10 was
2.4% RH.

The deviation between the modeled and recorded indoor RH 10 days before New Year is most
likely due to humidity released from an open river 80 m north of the home. This was confirmed
by higher outdoor moisture content detected by an outdoor sensor compared to the meteorological
station for that period. The deviation between recorded and modeled RH in early December coexisted
with high indoor CO2 concentrations, indicating either high levels of human activity or reduced
air ventilation.

3.5. Indoor Wood Panels Moisture Content

The modeled wall panel moisture content for the home built in 1910, using Equation (17) and
γ = 300 h−1, is shown in Figure 12. For considering the fire risk associated with dry indoor wood
products, one may argue whether the surface layer moisture content or the average fuel moisture
content (FMC) is most representative. Both are presented in Figure 12, together with the inner
wood panel layer moisture content. It is clearly seen that the wood panels must have been very dry,
and thereby susceptible to intense combustion if involved in fire during periods of the winter 2016.Sensors 2019, 19, x FOR PEER REVIEW 13 of 21 
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3.6. A Possible Wooden Home Cold Climate Fire Risk Proxy

Based on studies of fire development in 1/4 scale wooden compartments, Kraaijeveld et al. [19]
found that the time to flashover was very dependent on the wood moisture content. Given a 2.5 kW
start fire in the corner, and an open door, as in the ISO Room Corner Fire Test [38], the time to flashover
for wood moisture content (WMC) in the range 0.04–0.13 was given by

tFO = 2.0· exp (16·WMC) (minutes) (18)

When the wood panel moisture content is known, as shown in Figure 12, it may be used for fire
risk modeling exemplified by the estimated time to flashover. The calculated time to flashover based
on the moisture content reported in Figure 12 and Equation (18) is shown in Figure 13. It should be
noted that for standardized fire testing, it is usually required that hygroscopic products, for example,
wood, should be equilibrated to 50% RH prior to the fire testing. In Western Norway, the indoor
relative humidity may be well above 50% RH in the summer and fall seasons. The estimated time
to flashover for wood in equilibrium with air at 50% RH and 60% RH are therefore also presented in
Figure 13 as references to representative average conditions.

It is, however, well known that the time to flashover is dependent on the compartment involved [37].
This may be understood by analyzing typical characteristics for a compartment fire approaching
flashover, which are:

• smoke layer temperatures approaching 500–600 ◦C,
• 20 kW/m2 heat flux to the floor level, and
• crumpled paper at the entrance of the compartment self-igniting.

The time to reach flashover is dependent on the heat losses to the compartment boundaries,
the ceiling height and the size of the compartment. A large smoke layer compartment contact surface
would cool the smoke layer more than a smaller contact surface, etc. In order to take such issues
into consideration, it may be better to present the time to flashover associated with dry wooden
materials relative to a standard condition. Since fire testing usually requires the products to be tested
to be acclimatized to 50% RH, this condition may then represent the standard condition. The data
from Figure 13 normalized by the time to flashover at 50% RH is presented in this way in Figure 14.
The dimensionless time to flashover may make it easier to recognize that flashover in a very dry
building may be expected at a fraction of the time associated with normal (50% RH) conditions.
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The relative time to flashover, as presented in Figure 14, may be taken as an indicator of the
single dry wood structure fire risk. Compared to 50% RH conditions, the expected time to flashover
was significantly shorter during winter time, especially for the period 8 January to 20 January 2016.
Assuming that a structure may flashover in 10 min in normal conditions, it would be expected to
reach flashover in 5 min in this period. This information can then be compared to the time required to
detect an ongoing fire, warn the fire station, firefighter turnout time, driving time and the time needed
to roll out fire hoses and get water on fire (WOF). It is quite clear that for some periods of the year,
the fire would have developed beyond flashover, also for fires in structures within a few kilometers
of the fire station. The fire fighters should then expect to arrive at the scene of a significantly more
developed fire. In days with strong winds, the likelihood of fire spread to neighboring buildings
would be very high. Such an analysis reveals that the transport time to reach a home before flashover
is significantly reduced during dry indoor conditions [23].

Though the present work focusses on the first home involved in fire, some comments about the
conflagration risk may be worthwhile. By comparing days of dry conditions (Figures 13 and 14) and
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days of strong wind (Figure 5), it is possible to identify days of particularly high conflagration risk.
By doing this, it may be concluded that in particular, January 9, 14 and 22, 2016, must have been
associated with high conflagration risk in the densely built wooden town area of Haugesund. How high
the conflagration risk was needs to be evaluated against both the wind speed and the relative humidity
of the ambient air governing the likelihood of igniting neighbor structures. However, on, for example,
7 January, based on the dry wood and the weather forecast two days into the future, one could predict
that 9 January would turn out to be a day of considerable conflagration risk. The same goes for
predicting high conflagration risk a few days ahead of 14 and 22 January. To quantify the conflagration
risk properly was, however, outside the scope of the present study.

3.7. Future Possibilities

The developed model may in the future be used for modeling single structure fire risk in
representative inhabited single wooden buildings based on the weather forecast. If the conflagration
risk had been understood prior to, for example, the Lærdalsøyri fire [9], mitigating measures could
have been evaluated especially for the windy days. Manning the unmanned fire station during high
risk days could have been considered. This would reduce the time to WOF considerably and increase
the likelihood of containing the fire within the first building and probably prevent a conflagration.
It would also be possible to extend the model for other densely built wooden towns in other cold
climate regions, for example, in Japan, China, Chile, Canada, etc.

4. Discussion

In the present study, a numerical model for assessing the indoor relative humidity for wooden
homes during winter time was developed and tested as a proxy for potential fast fire development.
Ambient temperature and relative humidity recorded at meteorological stations were used as the
external climatic boundary conditions. The model considers air exchange rate, indoor volume,
sources of moisture supply and the transient effects of indoor wooden materials contributing to the
water balance. The indoor wooden materials were represented by 12 mm thick wall panels and the
model was tested for three selected wooden homes in the Haugesund area and one in Lærdal, Norway.

Inspired by the equivalent heat transfer coefficient, it was assumed that the modeling could be done
satisfactorily with a constant air-to-wood humidity transfer coefficient. The humidity transfer from the
wood panel surface to the indoor air was calculated based on a reasonable value for the heat transfer
boundary layer, that is, 1 cm thickness. Testing for larger and smaller diffusion boundary layers did
not influence the modeling. This is in agreement with the results obtained by Mortensen, et al. [39,44],
where the boundary layer only became a limiting parameter when studying humidity transfer from
thin layers of paper to indoor air. For simplicity, a constant moisture supply, dependent on the average
number of inhabitants present in the studied homes, was an input to the model.

The modeled indoor RH was compared to the recorded indoor RH in the selected homes.
The modeled indoor RH fit quite well with the recorded indoor RH for a water in wood diffusion
coefficient of 3 × 10−10 m2/s, that is, in the middle of the range 1 × 10−10 m2/s to 5 × 10−10 m2/s
recommended by Baronas et al. [41]. Testing with diffusion coefficients of 2 × 10−10 m2/s and
4 × 10−10 m2/s did not significantly alter the modeled indoor RH.

Assuming a constant air change rate of 0.25 h−1 gave a fair fit to the recorded indoor RH from
December 2015 to February 2016 for 100+ years old homes in Haugesund. It was, however, observed
that on the coldest days this ventilation rate resulted in the model giving slightly too high indoor RH.
Introducing an air change rate proportional to the ambient and indoor temperatures Bernoulli stack
effect air flow, with a proportionality constant of 300 h−1, produced a better fit, especially for the
coldest days. The Bernoulli stack effect correction is therefore recommended for modeling indoor RH
in old wooden buildings in cold climate, that is, buildings without mechanical ventilation.

For a larger wooden villa built in the 1960s, introducing a proportionality constant γ = 200 h−1

in the Bernoulli controlled ventilation rate, gave a good fit. The lower factor was justified based on
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two features, namely, the larger volume-to-surface ratio and the fact that this newer structure may
have been a comparably less air-leaking construction. For a modern home with balanced ventilation,
the correct constant air change rate, that is, 0.5 h−1, gave a good fit with the recorded indoor RH. Due to
extensive use of plasterboard linings and less wooden surfaces exposed to the indoor air, the response
time for adoption to drier conditions was faster for this home. This is also supported by other studies
as plasterboard is known to be less hygroscopic than wood and thereby adapt faster to changing indoor
RH conditions, that is, possessing a lower dampening effect [45,46].

The presented model did not consider the effects of hysteresis in the wood sorption processes.
One reason for not considering hysteresis is that this effect is known to vary with the wood types
involved [47]. Based on the generally good fit of the model with the recorded indoor RH, the modeling
was evaluated as sufficiently accurate for estimating dry wood fire risk without further investigations
into the complicated hysteresis mechanisms [48,49].

The humidity sensors were all calibrated to well within±3% RH following the procedure suggested
in [42]. Any deviation between the modeled and recorded values larger than this value was, therefore,
a result of limitations in the modeling. The typical maximum positive and the largest negative deviation
of the modeled versus recorded indoor RH was 5% RH and −14% RH, respectively. Large negative
deviation for the studied homes was a result of high human activity. The root mean square error was
within 3% RH.

It should, however, be noted that the indoor RH is highly dependent on the users of the buildings,
their number, and presence as sources of humidity release, etc. Active window airing can also
radically influence ventilation conditions and indoor RH [34]. In the present study, short-duration
peaks in recoded indoor relative humidity levels well above the modeled results were observed for
all the homes studied. These peaks were generally observed together with peaks in recorded CO2

concentration. The opposite was also the case. Lower recorded values of indoor relative humidity
compared to the modeled results were found in cases where the indoor CO2 concentrations were close
to ambient conditions, that is, close to 400 ppm CO2. The close connection between peaks and troughs in
recorded RH compared to the modeling, and synchronized with CO2 concentrations, may indicate high
and low (or non-existent) human activity, respectively. The model presented in the current study was
not intended to reproduce such variations. The modeled results should, therefore, not be taken as the
predicted indoor RH in a particular home, as that may temporarily vary considerably. It can, however,
be regarded as an expected average for selected types of wooden homes based on the dynamically
varying ambient temperature and relative humidity during winter time in Western Norway. For other
countries, with different wooden home building traditions, building age distributions and air tightness,
the factors used for modeling the air change rate may be quite different. It is, however, believed that
the model as such can be adjusted to fit other wooden home building styles and work well also in
other cold climate regions. It would also be interesting to test the model for historical wooden towns
in other climatic regions in Norway. The Røros mountain village, a UNESCO World Heritage Site,
and listed fishing communities in the Arctic areas could serve as sites for testing the model for heritage
buildings in challenging climatic conditions.

During flashover, the heat release rate usually increases dramatically, and since the heat release
rate is the single most important parameter in fire hazard [50], early flashover is a major challenge
regarding firefighting efforts versus fire spread. Based on recorded time to flashover in 1/4 scale
wooden test compartments [19], the modeled wood panel’s fuel moisture content was used to estimate
time to flashover as a contributor to dry wooden home fire risk. Though the modeled time to flashover
is based on small scale measurements, it may serve as a fire risk model until full scale results for time
to flashover as a function of wood moisture content are available. The presented methodology is
thereby a first attempt to model wooden homes dry wood fire risk in cold weather. It should, however,
be noted that if, for example, a large sofa with highly combustible upholstery represents the source
of initial heat release, this object may exhibit a heat release rate sufficient to initiate flashover without
involvement of any building materials. However, if this happens when wooden building materials are
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very dry, they will rapidly get involved and further accelerate the heat release rate. With respect to fire
spread from one wooden structure to another, it is usually the building materials that contribute most,
not the initially ignited object.

Modeled time to flashover may be compared with the time requirements for fire
brigade interventions. According to Averill et al. [51] and Reglen and Scheller [52], this includes the
time to verify a fire alarm and inform the alarm central (60 s), alarm-central processing time (60 s),
firefighters turnout time (80 s, that is, for manned fire stations), transport time and time to get oriented,
roll out fire hoses and start firefighting (40 s). The fire fighters’ turnout time, and the time from arrival
at the scene of the fire to applying water on the fire, is known to vary during the day and throughout
the year due to traffic and weather conditions [53]. If the response time for simplicity is assumed to be
constant, the available travel time to reach burning wooden homes before flashover is significantly
reduced when fires develop fast. The area coverage before the fire is threatening neighbor structures,
i.e., theoretically dependent on the travel time squared, is further reduced. In combination with
weather forecasts, especially wind speed and wind direction, the results of the present study may be
used for better understanding potential conflagration risk. Being able to plan staffing and locations
of fire trucks a few days in advance of a particularly challenging combination of dry indoor wood and
high wind strength could turn out to be highly beneficial.

By studying the modeled results for the winter 2015/2016 in Haugesund, it may be seen that
especially 8 to 22 January represented a period of high dry indoor climate wooden home fire risk. In this
period, 9, 14 and 22 January were days with wind speeds of up to 15 m/s. A few days ahead of these
dates, based on the weather forecast, the presented methodology could have been used to predict
significantly higher conflagration risk these days compared to the year average. If ignited, wooden
buildings would have produced excessive flames and firebrands, which could have been transported
long distances involving new homes in the fire [21,22]. As is the case in many different cities, the fire
station in Haugesund used to be in the city center, in close proximity to the wooden home area. It was,
however, relocated in the 1970s to modern and more peripheral facilities. One may question whether
the fire brigades could have arrived sufficiently early to prevent the loss of a number of wooden homes
if a fire broke out in the densely built city center of Haugesund on 9, 14 or 22 January 2016. To evaluate
this further would require modeling of the influence of wind speed and ambient relative humidity as
well as the separation between the adjacent buildings.

Given that the indoor relative humidity can be recorded at a good accuracy, it is in principle always
better to record it than to model it. There is an impressive work going on regarding development
of new methods for recording the relative humidity, for example, see [54–58]. It is, therefore, quite
likely that in the near future there will be very good RH sensors available at a reasonably low cost and
without the need for time-consuming calibration. Then, modeling of the wood moisture content can be
done quite precisely in the individual homes based on recorded indoor air RH. Based on current wood
moisture content, the weather forecasts may then allow for a good fire risk prediction at least for a few
days into the future.

The author hopes that the present work may be used in the future for cold climate fire risk
assessments and, in combination with the wind conditions and the ambient relative humidity, provide
information on conflagration risk. Being better prepared may help prevent losses as experienced
in the Lærdalsøyri conflagration in 18–19 January 2014, and the WUI fire in Flatanger 10 days
later [6,9–11]. Permanent manning of this particular fire station on high risk days, as experienced
in January 2014, would have allowed for a significantly faster response in the case of a fire, and could
have made it possible for the firefighters to contain the fire within the first building, thereby preventing
the conflagration. This is in line with the fleet allocations, as suggested by Pérez et al. [24]; according
to the seasons, although for shorter periods, or even single days, when the fire risk is especially
high as assessed in the present study. Knowing the risk of fast fire development, accompanied by
systems guiding the evacuation, as presented by Zhang et al. [59], may significantly contribute to lower
consequences associated with fires in wooden buildings and densely built wooden town areas.
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5. Conclusions

In order to assess the risk of fast fire development in wooden homes in cold climates, a methodology
for modeling moisture content of indoor wooden home wall panels is outlined. The developed model
was tested for four selected homes in Haugesund, Karmøy and Lærdal, Norway, during the winter
of 2015/2016. By introducing a Bernoulli based air change rate, the model predicted the indoor relative
humidity levels reasonably well and thereby provided information about expected indoor wooden wall
panel moisture content. This information was used to assess single home fire risk, represented by an
estimated time to flashover. In retrospect, it was found that three days of January 2016 was associated
with very high conflagration risk in Haugesund due to a combination of dry indoor conditions and
strong wind. This approach is novel and, based on weather forecasts, the concept may be further
developed to provide information about single object fire risk and conflagration risk a few days into
the future. This could enable risk based proactive emergency management increasing the likelihood
of preventing wooden home fires to develop into conflagrations, i.e., town fires.
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