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Abstract. This study aims to assess the effects of using wood stoves on indoor
air quality (IAQ) regarding fine PM, ultrafine PM, CO2 and relative humidity
in Norwegian residential houses. Measurements were performed in an old natu-
ral ventilated house and a new mechanical ventilated house. Three locations for
PM measurements were selected: close to the stove opening, in the middle of
the room and at the supply air inlet, with original installed stoves typical for the
buildings' time of construction. Each measurement lasted 3 hours, which in-
cludes monitoring of the background concentration, the light up process, the
burning and the refill processes.

The results show peaks of fine and ultrafine PM emissions during the light
up and refill phases, connected to opening of the wood stove door. The ultrafine
PM peaks were higher and occurred more frequently than the fine PM ones, in-
dicating that not only the opening of the wood stove door caused these PM
peaks. Significant differences were found between the two houses regarding the
relative distribution between fine PM and ultrafine PM. Peak concentrations of
ultrafine PM took longer time to fall back towards background levels compared
to the fine PM concentrations. No clear correlations were found between the
load of the stove and PM emissions, and further research is required to assess
why. Yet the situation was not alarming as the 24-hour mean PM2.5 concentra-
tion in both houses was below the WHO guideline. CO2 emissions in both
houses were on average always at a healthy level.
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ter pollutants; Ventilation; CO,

1 Introduction

The airtightness of new buildings is the outcome of the search for energy savings and
emission reductions. However if the airtightness is not compensated by a proper ven-
tilation system, deficiencies in IAQ (Indoor Air Quality) may occur. Products of hu-



man activities, as PM (Particle Matters) in high concentration can influence health:
SBS (Sick Building Syndrome), respiratory system (asthma, etc.) [1] and cardiovascu-
lar diseases [2]. It has already been concluded that ventilation rate and IAQ are related
[3, 4]. A higher ventilation rate leads to a higher air exchange rate in the room and
thus a better dilution and faster removal of the pollutants. In Europe, all building
codes have requirements regarding the ventilation rate in order to ensure a reasonable
TAQ. The actual ventilation rate requirements in Nordic countries [5-8] are gathered
in Table 1.

Table 1. Nordic ventilation rate requirements

Air flows
General Kitchen hood Bathroom Toilet Laundry
3 3 3 Bedroom 3
(supply) m’ /h (ex- m’ /h m’ /h (extract) Room m’ /h
m’/h.m” tract) (extract) (extract) extrac (extract)
In Not
in / / / / /
use
use
26 m’ /h
Norway 1.2 0.7 108 54 36 per 36
person
Sweden 1.26 | 0.36 / / / / /
Finland 1.8 / 90 36 36 1.8 3.6
’ m’/(h.m?) | m’/(h.m?)
Denmark 1.08 / 72 51 51 / 36

Those requirements are the minimum to ensure a good IAQ in the dwelling and pre-
vent health issues. It corresponds usually to an air exchange rate [4] of 0.5 h™. Nordic
countries have stricter requirements: 0.5 h™' compared to 0.3 h™' in other European
countries. Those requirements are relevant if no special human activities disturb the
indoor environment. Indeed, main sources of indoor particle emissions are from inside
the house: the bathroom (shower, bath), the kitchen (cooking) or from heating sys-
tems like wood stoves in living rooms. It is therefore hard to manage all activities
with the ventilation system to ensure a good IAQ because the concentration of PM
varies a lot. In Nordic countries, the use of wood stoves for heating is quite common,
both in old houses and new low energy houses. In 2012, about 12% of the population
used wood as a main source of heating [9]. The popularity of this heating device is
due to the low price of the wood compared to oil and to its environmental-friendliness
[10]. Yet wood stoves could influence occupants’ health, as wood incomplete com-
bustion produces several pollutants such as particulate matter (PM10, PM2.5), ul-
trafine particles, carbon monoxide (CO), nitrogen dioxide (NO,), several aldehydes
(HCHO), polycyclic aromatic hydrocarbons and other free radicals [11][12]. In the
wood smoke, emissions of fine PM are up to 9.5 g/kg of wood burned, emissions of
CO around 130 g/kg of wood burned, and emissions of aldehydes up to 4.45 g/kg
[13]. If several studies have shown the relationship between IAQ and wood stoves,
the impact of each PM characteristic (size, composition, concentration, etc.) on occu-
pants’ health is still not precisely quantified [13]. The spread of those pollutants in the
indoor environment is influenced by the air infiltration rate, the balance of the ventila-
tion and the tightness of the stove envelope [12]. Also experience in lighting the stove



does not necessarily significantly impede the formation of particles, but rather con-
tribute to improved particle burnout.

A previous study [12] has already been conducted, investigating the effect of wood
stove operation on indoor air quality regarding fine PM emissions. It was performed
in an old natural ventilated house and a new mechanical ventilated one. The wood
smoke particle emissions present a peak in the size distribution between 0.15 pm and
0.4 um and contain a large number of particles less than 100 nm [13]. Thus to broad-
en the investigation to the ultrafine domain (less than 0.3 pm) two Pegasor ultrafine
particles counters were used. This domain needs to be studied more as most of the
particulate pollutants in the air are ultrafine [14] and can influence health as their
sizes allow them to be translocated into the lungs cells [15].

The present study is a continuation work and aims to continue the earlier investiga-
tion on the effect of using wood stoves on IAQ also regarding ultrafine PM, CO, and
relative humidity in residential houses in addition to fine PM.

2 Materials/Method

2.1 Buildings for case studies

The two selected houses are the same ones as in the previous study. The one with only
natural ventilation (named “old house” along the article) was built in 1953, equipped
with a Jotul 606, an old wood stove model. The other one (named “new house” along
the article) was built in 2013 and was equipped with a Jetul F373, a modern wood
stove, and mechanical ventilation according to the Norwegian TEK10 building code.
More detailed information about the buildings can be found in the previous article
[12].

2.2  Measurement setup

Three locations were selected to measure the peak concentration of particulate matter
pollutants: close to the stove opening, the middle of the room and at the supply air
inlet. The supply air inlet corresponded to the window in the old house, and the air
inlet from the mechanical ventilation system in the new house. Three Aerotrak® par-
ticle counters were placed in three locations whereas two Pegasor ultrafine particle
counters were placed at the supply air inlet and in the middle of the room, only.

23  Measurement conditions

The article considers one 3 hours measurement for each house, including monitoring
the background concentration, the light up process, the burning processes, and the
refill processes (two refills). Measurements were done under similar outdoor condi-
tions. The stove run at part load operation i.e. reduced power output, when the air
inlet opening of the stove was set below 50%. Figure 1 shows the wood stove opera-
tion. The wood type used was pine.
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Fig. 1. The wood stove operation with reduced power output

24  Measurement instruments

In this study, three TSI AeroTrak® Handheld Particle Counters Model 9306-v2 were
used. The particle counters measure particles in the range of 0.3 to 10 um with a flow
rate of 0.1 CFM (2.83 L/min). The counting efficiency of this instrument is 50% at
0.3 um and 100% for particles >0.45 um (per ISO 21501-4 and JIS). The three Aero-
Trak counters have been calibrated by the manufacturer [12].

Two Pegasor AQTM Indoor ultrafine particles counters that can measure particles
in the range of 0.01 to 2.5 pm with a flow rate of 3 L/min were used. The resolution is
0.001 mg/m® (with 1 min integration time). Those devices also measure the concen-
tration of CO, (ppm), the temperature (°C) and the relative humidity (%) simultane-
ously.

3 Results and Discussion

3.1 Temperature and relative humidity

For the new house, the temperature rose regularly during the operations from 20°C to
27°C. For the old house, it started at 16°C and reached a maximum of 18.5°C.

The relative humidity was measured at the supply air inlet and in the middle of the
room. At the supply air inlet, in the old house, the humidity decreased during the
measurement almost linearly from 26% to 23% whereas in the new house the humidi-
ty decreased from 31% to 16% with a drop of 5% in the middle of the operation. In
the middle of the room, a similar drop is observed for the new house whereas a con-
siderably smaller drop of 1.5% happened in the old house. The load of the stove
seems to increase the dryness of the room (considering relative humidity).

3.2  Fine particles

To investigate the influence of the wood stove on the fine PM concentrations in the
room, ratios of fine PM concentrations have been calculated with background meas-
urements taken as the reference:



PM concentration (at time t)

Particles ratio (PR) =

(M

PM concentration (background)

The background concentration was measured for a period of 30 minutes before start-
ing the measurement with the stove.

Table 2. Average background PM concentration in the old house (30 minutes average)

0.3 pm to 0.5 pm [#/m’] 0.5 um to 1 pm [#/m’] 1 pm to 2.5 pm [#/m’]
Old house New house Old house New house Old house New house
22.7E+06 | 3.50E+06 17.2E+05 4.19E+05 1.19E+05 1.85E+05

Table 2 shows the average background PM concentration for each house, sorted by
particle size. The old house contains more than five times the concentration of fine
particles than the new house.

The ratios used in the graphs in Figure 2 are based on the average background con-
centration for the corresponding house and particle size. Each part figure represents a
measurement and is composed of three plots: one measurement close to the stove, one
in the middle of the room and one at the air supply inlet of the room (i.e. the mechani-
cal ventilation supply for the new house, the window for the old house). The different
events that occurred during the measurements are shown on the plots. A particular
case happened in the new house though. Besides the programmed openings, the stove
door had to be opened several times after the light up in order to keep the flame alive.

In both houses PR close to the stove is above 1, which means that fine particulates
have been emitted from the stove. This rise in PM concentration has been observed in
different studies [10, 12, 13]. The other ratios are also above 1, which means that the
fine particulates emitted have been transported through the room, affecting the middle
of the room and even the supply air inlet, which was alimented in fresh air. The con-
centration peaks occurred usually during user actions on the stove: lighting, refills,
other door openings, etc. In the new house, stove door openings led to a small emis-
sion increase. Once the stove door was closed, the concentration in the whole room
tended to return to the background level. However, the intensity of each peak varies a
lot based on the combustion conditions, the time the door is open, etc. and could not
be predicted. In the new house, the first refill seemed to have a greater impact than the
other events, especially at the supply air inlet and in the middle of the room. The rati-
os are much higher in the new house than in the old house (30 to 200 times higher).
Even though the background concentration was higher in the old house it does not
explain such a high amount of particulates in the new house. Thus, the fine PM emis-
sions in the new house were significantly higher during the measurements. One ex-
planation of this difference may be a draft issue of the stove/chimney reported by the
experimenter. Indeed, modern buildings may cause poorer draft for the flue gas, espe-
cially when the stove is cold, releasing much more particles when the stove door is
open.




Fine PR old house
close to stove

‘Liht up

13:35 1400 14226 1452 1518 1544 16:10
Time(hh:mm)

Fine PR old house
supply

12:43  13:09

13:09 13:35 14:00 14:26 14:52 15:18 1544 16:10

12:43
Time(hh:mm)
Fine PR old house
s middle of the room
7
6
5
&
P
£
T

w

i s, S
0

12:43 13:09 13:35 14:00 14:226 14:52
Time(hh:mm)

15:18 15144 16:10

9:14

9:14

9:40

9:40

Fine PR new house
close to stove

Second refill

Door
opened

Door
opened

Time(hh:mm)

Fine PR new house
supply

I
|6

10:06 10:32 10:58 11:24
Time(hh:mm)

11:49 12:15 12:41

Fine PR new house
middle of the room

.

10:06 10:32 10:58 11:24
Time(hh:mm)

—

11:49  12:15 12:41

Fig. 2. Fine particles ratio (PR) in the old house (left) and new house (right)

The WHO 24-hour mean guideline for PM2.5 concentration is 25 pg/m’. The 24-hour
mean have been found seven times lower for both houses, with the old house concen-
tration higher than the new house one. The concentration peaks are however from 7 to
34 times higher than the advised 24-h average values during light up and first refilling
for the new house while they keep under the limits for the old house. The wood
stove/chimney draft issue may be one of the causes of this phenomenon.



3.3  Ultrafine particles

The same method with ratios is used for the ultrafine particles measurements done in
the middle of the room and at the supply air inlet. The background concentration for
the ultrafine PM is much higher than for the fine PM. The background concentration
of ultrafine PM was more or less the same for both houses (Table 3).

Table 3. Average ultrafine PM background concentration for the old house and the new house

Air supply (30min) Middle of the room (30min)
#m’] [#/m’]
Old house 3.17E+08 3.05E+08
New house 2.94E+08 2.94E+08

The ratios presented in Figure 3 are based on the average background concentration
for the corresponding house and size. Each measurement is composed of two plots:
one measurement in the middle of the room and one at the supply air inlet. The events
occurring during the measurements are the same as presented in the fine PM PR plots.

For each measurement, ultrafine PR ratios in the middle of the room and at the
supply air inlet are above 1, which means that ultrafine particles were produced and
transported across the room during the use of the wood stove. The concentration
peaks are related to user actions with the stove: light up, refills, other door openings,
etc. As for the fine PM, the intensity of the peaks seems to be unpredictable with the
information available. The ratios are much higher in the new house than in the old
house (up to 300 times in this study). The background concentration was about the
same in both houses. Thus, it means that the ultrafine PM emissions in the new house
were significantly higher during the measurements. The draft issue of the
stove/chimney may be one of the causes. Also, for both houses, the ultrafine PM con-
centration is much higher than the fine PM concentration (up to hundreds of billions
particles per m’).

However, differences can be observed between ultrafine particles peaks and fine
particles peaks. For example, in the middle of the room in the old house, a peak corre-
sponding to the light up (at 13:15) appears for the ultrafine particles (ratio of 5) where
no peak is observed for the fine particulates. Thus, an increase of ultrafine particles
concentration may not imply a rise in fine particles concentration and vice-versa. The
peaks seem steeper for the fine particles than for the ultrafine particles. The concen-
tration of ultrafine particulates seems to take more time to get back to the background
level than that of fine particles. Indeed, ultrafine particles are not easily removed by
gravitational settling and therefore could stay airborne and be transported over long
distances [14]. This observation is clearer in the old house than in the new house. This
may be due to the better, constant ventilation provided in the new house. The ventila-
tion was two times 25 m’/h supply air and 36 m’/h exhaust, which complies with the
national requirements (based on 1.2 m*/(h.m%)) and the size of 34.6 m’® of the living
room, giving a requirement of 41.5 m’/h). Then, appropriate constant ventilation may
prevent the airborne effect of the ultrafine particles. Ultrafine particles ratios are ei-
ther in the same range (supply air inlet) or two times higher (middle of the room) than



the fine particles in the old house. In the new house, ultrafine particles ratios are more
than twice higher at the supply air inlet and a bit higher in the middle of the room.
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Fig. 3. Ultrafine particles ratio (PR) in the old house (left) and new house (right)

34 CO, concentration

The CO, concentration was measured at the supply air inlet and in the middle of the
room (Figure 4). Table 4 gathers the average concentration and maximum peak.

Table 4. CO, concentrations in the old and new house

co Air supply (ppm) Middle of the room (ppm)
2 Average Max peak Average Max peak
Old house (old wood 440 457 437 492
stove)
New house (modern 540 668 537 313
wood stove)

In the old house the CO, concentration does not seem to be much affected by the
stove. The average concentration is around 440 ppm for both locations and the peak
never exceeded 500 ppm. In the new house, the concentration seems to increase due
to the light up process and the first door opening to keep the flame alive. The draft
issue may have its consequence also here. A drop of 150 ppm can be observed just



after the first refill. Afterwards the concentration stays more or less around 500 ppm.
In general, the CO, concentration in the new house was higher than in the old house.
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Fig. 4. CO, concentrations in the old house and new house

4 Conclusion

The present study constitutes a preliminary work in the continuation of Cao's [12]
one. The influence of wood stove on the IAQ has been confirmed. Peaks of fine PM
and ultrafine PM emissions were observed during the light up phase, refills phases
and other openings of the door. The ultrafine PM concentrations showed to be much
higher than the fine PM concentrations, and seemed to take longer time to get back to
the background level compared to the fine PM concentrations. Ultrafine PM may stay
airborne longer due to the difficulty of removing them by gravitational settling. This
effect may be counterbalanced by the mechanical ventilation. The stove type was also
an influent factor, with notably the draft issue in the new house, which may have
caused high particles release during door openings. Yet, in both houses the 24-hour
mean PM2.5 concentration stayed below the WHO guideline.

CO, concentrations did not seem to be much influenced in the old house whereas
peaks and higher average concentration were observed in the new house. The relative
humidity dropped constantly. It led to a dry environment in both houses.
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These observations on the influence of wood stoves on the IAQ revealed important
physical phenomena that should be investigated further at better controlled operating
conditions. To do so, the two houses' experiments should be more standardized: same
wood stove, same wood type, same operational procedure, etc. It would then help to
reveal the influence of the ventilation system itself.

References

1. Ruckerl, R., Schneider, A., Breitner, S., Cyrys, J., and Peters, A., Health effects of particu-
late air pollution: A review of epidemiological evidence,” Inhalation Toxicology, 23 (10).
555-592. Aug. 2011. doi: 10.3109/08958378.2011.593587

2. Miller etal. 2007 K.A. Miller, D.S. Siscovick, L. Sheppard, K. Shepherd, J.H. Sullivan,
G.L. Anderson, J.D. Kaufman: Long-term exposure to air pollution and incidence of cardi-
ovascular events in women N.Engl. J. Med., 356 (2007), pp. 447-458. doi:
10.1056/NEJMoa054409

3. Wargocki et al. “Ventilation and Health in Non-Industrial Indoor Environments: Report
from a European Multidisciplinary Scientific Consensus Meeting (EUROVEN).” Indoor
Air 12, no. 2 (June 1, 2002): 113-28. doi:10.1034/j.1600-0668.2002.01145.x

4. Sundell, J., H. Levin, W. W. Nazaroff, W. S. Cain, W. J. Fisk, D. T. Grimsrud, F. Gyntel-
berg, et al. “Ventilation Rates and Health: Multidisciplinary Review of the Scientific Liter-
ature.” Indoor Air 21, no. 3 (June 1, 2011): 191-204. doi:10.1111/.1600-
0668.2010.00703.x.

5. Direktoratet ~ for  byggkvalitet ~ TEKI10, 13.2 Ventilasjon i boenhet
https://dibk.no/byggeregler/tek/3/13/i/13-2/

6. Sweden building code, Boverket, BBR19 BFS 2011:26 http://www.boverket.se/en/start-in-
english/publications/2012/building-regulations-bbr/

7. D2 Suomen rakentamisméirdyskokoelma Ympéristoministerio, Rakennetun ympériston
osasto http://www.finlex.fi/data/normit/37187/D2-2012_Suomi.pdf

8. Danish Building Regulations BR15
http://bygningsreglementet.dk/file/591081/br15_english.pdf

9. Wyss et al. “Particulate Matter 2.5 Exposure and Self-Reported Use of Wood Stoves and
Other Indoor Combustion Sources in Urban Nonsmoking Homes in Norway.” PLOS ONE
11, no. 11 (November 17, 2016): €0166440. doi:10.1371/journal.pone.0166440.

10. Allen, Ryan W et al. “The Impact of Wood Stove Technology Upgrades on Indoor Resi-
dential Air Quality.” Atmospheric Environment 43, no. 37 (December 2009): 5908-15.
doi:10.1016/j.atmosenv.2009.08.016.

11. Lévesque et al. “Wood-Burning Appliances and Indoor Air Quality.” Science of The Total
Environment 281, no. 1-3 (December 17, 2001): 47-62. doi:10.1016/S0048-
9697(01)00834-8.

12. Cao et al., 2015, “Experimental study of indoor air quality in two types of Norwegians
houses heated by wood stove”, NTNU, SINTEF

13. L.P Nacher, M. Brauer, M Lipsett. et al. 2007. Woodsmoke Health Effects: A Review. In-
halation Toxicology, 19, 67-106. doi: 10.1080/08958370600985875

14. Yu et al. 2009, “Review of Research on Air-Conditioning Systems and Indoor Air Quality
Control for Human Health.” International Journal of Refrigeration 32, no. 1 (January
2009): 3-20. doi:10.1016/j.ijrefrig.2008.05.004.

15. Froines J. 2006. “Ultrafine Particle Health Effects. Presented at South Coast Air Quality
Management District Conference, Ultrafine Particles: The Science, Technology, and Policy
Issues, Diamond Bar (CA)”. April 2006.



