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This study aims to determine the evolution of many pollutants, especially the particles and their precursors, by
four generations of wood-burning domestic heating appliances between 2000 and 2015. As the particles emis
sions issue remains relevant, the second part of this work concerns the simulation of the firewood fleet emissions
evolution. Many characteristics of the particles were measured: mass, number, size distribution, Organic and
Elemental Carbon composition, SEM imaging … We also followed the emissions of NOx, Total Volatile Organic
Compounds (TVOC) and Polycyclic Aromatic Hydrocarbons (PAHs). The particles emissions, in mass or number,
has decreased drastically overall size fractions. All the technologies that increase the turbulence in the com
bustion chamber increase impaction mechanisms and therefore limit the flying ashes/coal. The secondary airflow
introduction reduces the amount of pollutants emitted. Organic Carbon emissions decrease by the chamber
insulation, sealing and the design of the device. Optimizing combustion drastically reduces the amount of PAHs
emitted, but the emissions profile remains stable. The simulation results are that with the actual firewood stove
renewal rate, the emissions will considerably decrease in the next decade: − 14% for the TVOC, − 50% for the
PAH16, -42% for the TSP and − 26% for the OC.
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1. Introduction
In this world where the effects of climate deregulation are becoming
perceptible and directly affecting our lives, reducing our consumption
must go hand in hand with a global energy transition making it possible
to bring our societies to a sustainable state. Domestic wood heating has
already been shown to be the first renewable energy in the world, but
also the cheapest on the market (Saidur et al., 2011); (Kalt and Kranzl,
2011). The wood energy sector creates more local jobs per unit of energy
produced than all the other energy fields. This advantage combined with
the dispatchability, the cost and the maturity of this field make it
particularly suited to the current transition. Moreover, a comparison
between the different use of biomass energy to support the transition
and optimize the resource has already been studied (Briones-Hidrovo
et al., 2021). In addition, forests are constantly growing in Europe, thus
demonstrating that current energy use can indeed be considered as
renewable (Global Forest Resources Assessment 2020, 2020). The use of
wood for domestic heating represented 23.7% of all official forest
withdrawals in 2019 (Bioenergy Europe, 2020). Knowing that more than

50% of energy wood passes outside the commercial circuits, this is
therefore ultimately more than 50% of wood cut into forests for energy
purposes.
The validation of this type of energy from an environmental point of
view is positive, but must also be accompanied by the lowest possible
health risk. The work of Giuntoli et al. highlights this dual problematic
issue (Giuntoli et al., 2015) and demonstrates that domestic heating
from logging residues is beneficial to mitigate the surface temperature
increase by 2100 compared to the use of every fossil sources. Many
studies describe domestic heating with wood as an important source of
particulate emissions since decades (i.e old publications: (Glasius et al.,
2006); (Illerup and Nielsen, 2004); (Johansson et al., 2004). i.e most
recent: (Wilnhammer et al., 2017); (Savolahti et al., 2019); (Szramo
wiat-Sala et al., 2019); (Kukkonen et al., 2020)). These particles present
public health issues and many scientific publications point them. The
most recent one especially note the oxidizing power of these particles,
thereby generating inflammations that can degenerate (Leni et al.,
2020); (Daellenbach et al., 2020); (Corsini et al., 2017). Thus, knowl
edge of the Organic Carbon (OC) and Elemental Carbon (EC) content of
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Table 1
Description of the technologies of each device.

particles becomes a major element to be evaluated.
As Volatile Organic Compounds (VOCs) and Nitrogen Oxides (NOx)
participate in the formation of secondary aerosols in ambient air
(Koppmann et al., 2005), these pollutants must be measured routinely in
order to better assess device emissions (Johansson et al., 2003).
It would thus seem that the main weak point of wood heating is its
emissions of fine particles. Nevertheless, numerous studies show that
emissions can be drastically reduced, in particular by using a quality fuel
(Sippula et al., 2007), by optimizing the air settings (Lamberg et al.,
2011) or the ignition technique (Brandelet et al., 2018). Of course, the
use of a stove and its load rate significantly affect its performance. Some
projects funded by ADEME (France) have shown that very low emission
levels are achievable by playing on all of the parameters described above
(ADEME et al., 2016). If the emissions are definitely lower and less
dangerous, then the solution of domestic heating with wood would
become completely sustainable.
The aim of this study is to go further on the evolution according to
the stove generation of the emissions of many pollutants. In order to
achieve this aim, we compare four generations of domestic woodburning heating appliances commercialized since the 2000s. Many pa
rameters are measured in order to better estimate the emissions of the
current fleet and to make it possible to estimate those of the future fleet.
Thus, in addition to conventional combustion measurements (O2, CO2,
CO, NOx, etc.), particles will be measured in mass and number. The
composition of the latter in OC/EC and SEM imaging to better visualize
the nature of the pollutants emitted will also be carried out. The particle
size distribution in number of the particles will also be carried out.
Finally, the emissions of the four devices in TVOC and PAH16 will also
be measured in order to better assess their impact on ambient air.
The second part of this work consists of estimating the evolution of
the French stoves emissions for the future, based on the experimental
results and data of the existing fleet renewal.

which is representative of the firewood stove from 2000 to 2006 stoves
generations, and with secondary air (called prototype V2), which is
more representative of 2006–2010 stoves generations. The Table 1
presents the technologies of each device. The Fig. A.1, Fig. A.2 and
Fig. A.3 are pictures of the devices with details on their combustion
chamber.

2. Materials and methods

A single experimental protocol was followed for all the stoves. All the
classics measurement in the flue gas (O2, CO2, CO, NO, NO2, SO2) and
the smoke temperature was measured during all the test period. The
ignition of the stove was done with non-adjuvanted kindling wood and a
commercial starter. Then, the stove was heated during two loads
(~1h30). The specifics samplings start at the third loading. Each test was
repeated three times, and the sampling started straightaway the logs was
introduced in the device and the door closed.

2.2. Fuel
In order to obtain robust results, a single fuel was used for all the
tests: it is beech split logs (Fagus Salvatica) with a water mass fraction of
0.12 (following EN14774). The wet basis Low Heating Value (LHVwb)
of this fuel is 16.7 MJ kg− 1 (according to the standard EN 14918). The
ashes mass fraction of the logs is about 2.7 g kg− 1 at 550 ◦ C and 1.4 g
kg− 1 at 815 ◦ C according to EN14775. The elemental composition is
(mass fraction): C 0.495; H 0.059; O 0.438; N < 0.003; S 1.08 E− 4; Cl 6.4
E− 5. These values show a high quality fuel with characteristics in
accordance to the European norms for testing wood combustion
appliance.
2.3. Experimental platform and protocol
All devices were tested on a single experimental platform in order to
avoid a drift of results. The platform is composed by:
- A weighting sale for continuously measuring the weight loss;
- A water seal for segregating the smoke duct from the firewood stove
(allowing the correct weighing of the stove);
- A smoke duct with many sampling points to make all the measure
ments described hereunder;
- A smoke extractor to maintain a depression of 12 Pa ± 2 (according
to EN 13229 and 132440).

2.1. Firewood stoves
This study focus on wood log combustion and does not concern pellet
stoves. For this study, three domestic wood logs heating appliances were
used:
- Sunflam firewood stove sold by Seguin Duteriez: this stove of 12 kW
is representative of the 2000’s generation;
- A 12 kW prototype firewood stove designed by a collaboration AXIS/
SUPRA/CHAZELLES/LERMAB in 2006;
- Wabi firewood stove sold by D2I INVICTA from 2012 with a nominal
heat output of 6 kW.

2.4. Sampling and analyses
2.4.1. Physical measurement and gas analyses
Four physical measurements were performed:
- Room temperature thanks to K-type thermocouple (±0.05 ◦ C);
- Smoke temperature thanks to K-type thermocouple (±0.05 ◦ C);
- Weight of the stove thanks to a 4 points weighting scale (±0.05 kg);

The prototype can be used with or without secondary air. Then, both
solutions were tested: without secondary air (called prototype V1),
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Table 2
Gaseous emissions results for every tests.
Stove
generation

Test n◦

O2 (Volume
fraction)a

CO2 (Volume
fraction)a

CO(mg
m− 3)a,b,c

Smoke temperature
(◦ C)

TVOC (mgEqCH4
m− 3)b,c

CH4 (mg
m− 3)b,c

PAH Total (μg
m− 3)b,c

2000

1
2
3
4
5
Average
Standard
deviation
1
2
3
Average
Standard
deviation
1
2
3
4
Average
Standard
deviation
1
2
3
4
5
Average
Standard
deviation

12.9
14.5
15.8
15.2
14.1
14.5
1.1

8.1
6.5
5.1
5.7
6.8
6.4
1.1

2009
4996
1883
2900
2735
2905
1250

335
197
270
282
326
302
28

155
280
101
160
149
169
66

50
98
32
49
52
56
25

2474
4470
1619
2554
2372
2698
1058

12.0
12.6
12.2
12.3
0.3

8.9
8.3
8.7
8.6
0.3

4329
3106
2583
3339
896

353
327
329
336
15

166
165
138
156
16

83
94
58
78
18

3449
3428
2867
3248
330

14.9
15.3
14.4
13.0
14.4
1.0

5.5
5.1
6.0
7.4
6.0
1.0

2128
2372
2406
2205
2278
133

337
328
348
373
346
19

168
186
66
78
124
61

82
80
27
33
56
30

810
896
317
376
600
296

9.7
8.2
10.4
9.2
10.3
9.6
0.9

11.3
12.8
10.9
9.9
9.9
11.0
1.2

2329
1760
1920
1788
2261
2012
267

240
258
283
270
268
264
16

62
94
122
77
111
93
24

11
13
39
64
42
34
22

98
147
193
122
176
147
38

2000–2006

2006–2010

2012

a
b
c

All the gas were analysed on dry gas.
STP 0◦ C, 1.013E5 Pa.
Corrected at 13% of O2.

- Pressure in the smoke duct (±0.1 Pa).

Platinum and analysed in a Field Emission Gun, Scanning Electron Mi
croscopy (FEG SEM) by a secondary electrons detector. This technology
allows realising high-resolution imagery of the particles.

Concerning the gas analysing, two devices with different analysis
technologies were used: a TESTO 350 XL (O2, CO2, CO, NO and NO2 by
infrared and photochemical cells) and HORIBA PG 350 (chem
iluminescence for NO; Non-Dispersive Infrared for SO2, CO and CO2;
paramagnetic detector for O2).

2.4.3. Sampling and analysis of volatile organic compounds
The measurement of the solids particles could not be sufficient to
evaluate the possible improvements of the firewood stove. That is the
reason why an analyser was measuring continuously the Total Volatile
Organic Compounds (TVOC) and the CH4 by a Flame Ionisation Detector
(FID), which can condensed in the ambient air and then produced sec
ondary particles. This analyser is the GRAPHITE 52M by Environnement
SA.
In order to evaluate the evolution of the smoke toxicity, the PAH16
(the 16th Polycyclic Aromatic Hydrocarbons from US-EPA standard)
were also sampling (following the standard NF X43-229). The analysis of
filters, resins, condensate and rinsing were performed by a COFRAC
certified laboratory.

2.4.2. Particles sampling and analyses
The Total Suspended Particles (TSP) were sampled on quartz filter
thanks to an isokinetic probe without any dilution ratio. The sampling
temperature was 160 ± 2 ◦ C. The quartz filter was conditioned following
the Pr EN 16510 protocol: 4 h in a 180 ◦ C stove, 4 h in a desiccator, m0
weighing, sampling, 4 h in a 180 ◦ C stove, 4 h in a desiccator, m1
weighing. This sampling produces a mass emission factor of total
particles.
The particles size distribution was measured by an Electric Low
Pressure Impactor (ELPI) also heated at 160 ◦ C with an air dilution ratio
of 8.1. This instrument gives a continuous measurement of the particles
size distribution in number.
The Organic Carbon/Elementary Carbon (OC/EC) particles compo
sition was measured by a sampling on a quartz filter at 160 ◦ C without
any dilution, which was then analysed in a thermo-optical analyser from
Sunset Laboratory. The sampling and analysis protocol was those
described in (Brandelet et al., 2017).
Moreover, 25 s sampling without any dilution at 170 ◦ C on poly
carbonate filters (porosity: 200 nm) were performed during homoge
neous combustion. After the sampling, those filters were metalized with

2.4.4. Fleet emissions modelling
The aim of this study was to determine the impact on the global
emissions of the renewal of the fleet. Then, in addition to the experi
mental results, a simulation of the emissions evolution for the firewood
stoves fleet was realized. This study focused the approach for the French
firewood stoves fleet. The first step has consisted in describing the
French domestics appliance fleets by a technology segmentation (in
order to focus on firewood stoves) and the total number of appliances.
These data were obtained thanks to an ADEME report (ADEME, 2019)
and a SER report (Syndicat des Energies Renouvelables, 2019). Then, the
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renewal of the fleet must be known. This data was calculated thanks to a
report on the firewood stoves sales and their destination (new installa
tion, replacement of an old device, …) provided by OBSERV’ER
(Observ’ER, 2018). The next step was to realize a generation segmen
tation of this fleet. For this point, we also use data from ADEME.
The next step was to attribute to each generation an emission factor
by pollutant. These emissions factors would be determined thanks to the
experimental part. With these data, we shall be able to calculate the
global emissions factors of the firewood stoves fleet and its evolution.

Table 3
Results of particulate matter emissions in mass and OC/EC composition.
Stove
generation
2000
2000–2006
2006–2010

3. Results and discussions

2012

3.1. Gaseous emissions
Table 2 presents all the results for each experimentation. The number
of repetition can vary from 3 to 5. The NOx emissions are not presented
here because during all the test, the emission value still quite the same
(comprised between 35 and 62 mgEqNO m− 3STP conditions corrected at
13% O2). This also applies to the SOx emissions, with emissions factors
still comprised between 1 and 3 mgEqSO2 m− 3 (STP conditions cor
rected at 13% O2). These both points are consistent because these pol
lutants are mainly due to the elemental composition of the fuel (De
Soete, 1989) and every experimentations were done with the same fuel.
This table shows a good repeatability of the results with a decreasing
standard deviation with the stove generation. This immediately suggests
that the combustion is increasingly controlled and complete.
The pollutants emissions are stable between the 2000 and
2000–2006 generation and reduce drastically with the following gen
eration. Nevertheless, the first improvement between 2000 and
2000–2006 was to reduce the air factor in order to better control the
combustion. This first step was essential to begin a real optimization of
the stove by injecting secondary air. This improvement induces a sig
nificant general decrease of all gaseous emissions. Indeed, all these
pollutants are issued from incomplete combustion. The next generation
of airproof and designed geometry stove implies no parasite airflow in
the stove, which creates cold point in the older generation. Then, all the
gaseous emissions decrease with this new generation. A similar decrease
is observing in the work of Syc et al. (Šyc et al., 2011).
Concerning the PAH, the emissions are clearly linked to the tech
nology of the firewood stove, and then, to its generation. Indeed, the
PAH emissions are at a high level and not stable for the 2000’s gener
ation stove. The insulation of the combustion chamber and the presence
of a deflector in the 2000–2006’s generation did not reduce the level of
emissions but stabilized it. For the two next generation, the secondary
air injection and the sealing of the device led to a high reduction of the
level of emissions. The PAH emissions are divided by 18 between 2000
and 2012 generation. Nevertheless, Fig. 1 shows a similar PAH profile
for all the firewood stoves tested.

b

Average
Standard
deviation
Average
Standard
deviation
Average
Standard
deviation
Average
Standard
deviation

TSP(mg
m− 3)b

OC/TC (%
mass)

TC/TSP(%
mass)

80
26

61.8
19.1

28.0
8.1

64
12

26
15

55
25

44
2

22
6

83
18

6
6

93.8
3.5

87.9
4.8

STP 0◦ C, 1.013E5 Pa.

Whatever the technology of the firewood stove and the quantity of
PAH emission, the naphthalene represents about 65% in mass of the
PAH 16, the phenanthrene about 12%, the fluoranthene, pyrene and
acenaphtylene about 5%. This profile is comparable to the results of Li
et al. concerning the PAH profile from domestic wood burning appli
ances sources (X. Li et al., 2016). Thus, the stove generation and the
applied technology do not modify the PAH profile, contrary to the
condition of combustion (fuel used, moisture, …) (Giungato et al.,
2018).
3.2. Particles emissions
Table 3 presents the particles emissions results and the OC/EC
composition results.
The standard deviation presents a similar evolution with the particles
emissions than gaseous emissions: it decreases for each new stove gen
eration. Moreover, each improvement induces a particles emissions
reduction. The same kind of evolution (with other generation) was
demonstrated in 2004 for logs boiler (Johansson et al., 2004).
Concerning the OC/EC emissions, the results are consistent and
comparable with those of literature (Meyer, 2012). Fig. 2 presents all
these results on a diagram to show the technology device impact on the
emissions.
We can note the influence of each technologic improvement on the

Fig. 2. Evolution of the particles composition according to the generation of
the stove.

Fig. 1. PAH16 emissions profile for the four generations.
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increase of the turbulence. These both phenomena lead to a significant
reduction of the non-carbonaceous emissions (mainly composed by
flying ashes). Nevertheless, this secondary airflow does not seem to
affect the OC and EC emissions.
The sealing and the design of the stove allow nearly eliminating the
non-carbonaceous and EC emissions. This induce that the emissions of
fly ashes and chars are closed to zero. Li et al. demonstrated a similar
decrease of EC between a new and a traditionnal wood stove in China
(Q. Li et al., 2016).
Table 4 presents the number of particles emitted and the particles
size distribution in number for each experiment.
The general trend is that the stoves evolutions allow reducing by a
factor of 10 the number of particles emitted. The particles size distri
bution is largely dominated by PM0.1, which represents at least 60% in
number of the total emission. The second main fraction is the PM0.1-1,
which nearly represents the remaining emissions (as the other fractions
are quasi 0). Then, the PM1 represents more than 96% in number, for all
the firewood stoves considered. This result is conformed with the result
on the literature (Molchanov et al., 2020). The number of particles
emitted looks consistent with the work of Poláčik et al., which compare
the particles emissions from an automatic boiler with those from a
manual logs stove (Poláčik et al., 2021).
Nevertheless, this table shows also an evolution of the emissions: the
PM0.1 fraction increase in proportion at each new stove generation. This

Table 4
Particles emissions results in number and size distribution.
Stove
generation

Number
(part m− 3)b

PM0.1
(%number)

PM0.1-1
(%number)

PM1-2.5
(%number)

PM2.5-10
(%number)

2000
2000–2006
2006–2010
2012

1.46Eþ15
1.01Eþ15
9.07Eþ14
1.12Eþ14

67.4
60.5
70.2
90.2

29.1
39.5
29.8
9.8

3.4
0.0
0.0
0.0

0.1
0.0
0.0
0.0

particles emissions from this figure. The impact of the deflectors and the
combustion room insulation can be highlighted by comparing the results
of the 2000 generation with those of the 2000–2006 generation. The
deflectors considerably reduce the emissions of non-carbonaceous par
ticles. This result can be explain by the increase of the turbulence into
the combustion room with the deflectors; then the impaction of flying
ashes increases also and allow to trap the heavier particles. The insu
lation of the combustion room seems to reduce the emissions of OC for
the benefit of EC. This point also looks consistent: as the temperature
level is higher with insulation, the OC is certainly better degraded.
However, as the temperature is higher, the air speed (for a similar air
factor) is higher and induces a little more fly char composed by EC.
The effect of the secondary airflow is clearly highlighted by
comparing the results of 2000–2006 to those of 2006–2010. Indeed, the
secondary airflow induces a reduction of the primary flow and an

Fig. 3. Evolution of the particle size distribution according to the generation of the stove.

Fig. 4. Images of pieces of char (a, x40000) and fly ash (b x50000) emitted by the firewood stove of 2000.
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Fig. 5. Images of agglomerates of nanoparticles and pieces of char (a, x12000; b, x35000) emitted by the 2000–2006 stove generation.

Fig. 6. Images of pieces of char (a, x5000), agglomerated nanoparticles (b, x19000) and isolated nanoparticles (c, x300000) emitted by the 2006–2010
stove generation.

Fig. 7. Images of non or very little agglomerated nanoparticles (a, x70000; b, x420000) emitted by the 2012 generation stove.

fraction decrease only with the 2000–2006 generation. This is consistent
with the OC/EC results. Indeed, this stove generation and the following
(2006–2010) emits many EC in proportion (EC/TSP, blue part of

histograms in Fig. 2), which means that numerous fly char, mainly
composed by EC, was emitted. Moreover, the 2012 generation mainly
emits PM0.1 particles in number composed by OC, like soot. Thus, even if
the emissions are drastically reduced (in number and in mass), soot
particles still are emitted by modern firewood stoves (in less quantity of
course).
The Fig. 3 presents a scheme composed by pie charts representing the
evolution of the size distribution in function of the generation of the
firewood stove. The surface of these pie charts is balanced: by the
number and the mass of emitted particles, on the top and on the botom,
respectively. With this figure, it becomes quite clear that even if the
2012 generation emits more PM0.1 in proportion, the emissions in mass
or in number of this PM0.1 are significantly lower than with the older
generation.
In order to evaluate the impact of the evolution of the stove on the
physical particles characteristic, SEM pictures of the dominant particles
would help. Most of the emitted particles by 2000 generation are fly
chars and ashes (Fig. 4). This result concord with the OC/EC analysis,
which show a high concentration of non-carbonaceous materials (flying

Fig. 8. Simulation of the emissions evolution for the French firewood
stoves fleet.
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ashes), and with the size distribution.
For the 2000–2006 generation, nanoparticles agglomerated and fly
chars are the two main kinds of particles emitted (Fig. 5). The same
particles are also emitted by 2006–2010 generation, with also nonagglomerated particles (Fig. 6).
The 2012 generation emits only nanoparticles non or very little
agglomerated (Fig. 7). All these results are consistent with all the other
analysis (OC/EC, size distribution).

the evolution of the stoves fleet emissions.
4. Conclusion
The technologic improvement of the domestic wood heating appli
ances leads to a high decrease of the emissions of many pollutants. The
issue concerning the particles emissions of the domestic wood heating
can be solved with the renewal of the fleet. Indeed, an old closed fire
place emits about 13 times more TSP than a modern stove. A modern
stove still emitting particles, thinner in proportion. However, the total
number of particles and the total mass is drastically lower than an old
closed fireplace.
With the actual fleet renewal rate, the emissions could significantly
decrease in the future decades: − 50% for the PAH16 and -42% for the
TSP in ten years, by example. If the government incentives increase, the
renewal of the fleet will accelerate, and then the emissions would
decrease faster.

3.3. Fleet emissions assessment
For this calculation, some assumptions were required:
- The total number of firewood stoves in France would be stable (no
significant evolution of the market (Observ’ER, 2020);
- The renewal of the fleet would be also stable;
- The renewal of the fleet begins by the oldest stoves.
For the calculation, we consider a total fleet of about 7 750 000
domestic wood heating appliances. This fleet contains 46% of closed
fireplace and 25% of firewood stoves. We decide to combine these both
categories because they are following the same evolution on their
emissions. The renewal is about 33 and 40% for closed fireplaces and
stoves for an annual sale about 70 000 and 290 000, respectively. The
combination of these both data gives an annual renewal about 139 100
devices per years. The generation segmentation was also different for
closed fireplaces and stoves, as the stoves appear later on the market.
Then, concerning the closed fireplaces, the segmentation was 27%
before 2000, 22% in 2000–2006, 27% in 2006–2012 and 24% after
2012. For the stoves, this segmentation was (in the same order): 7%,
10%, 38% and 45%.
Thanks to the previous results, the emissions factors of many pol
lutants for each generation were added in the simulation. The Fig. 8
presents the emissions evolution for the French firewood stoves fleet.
The evolution described in this figure is clearly positive for the do
mestic wood heating sector. Indeed, after only 5 years, thanks to the
renewal of the firewood stoves fleet the TSP and the PAH16 emissions
could be reduced by 21 and 24% (in mass), respectively. In 10 years, the
renewal of the fleets induced a decrease of about 10% (in mass) for the
emissions of CO, 14% for the TVOC, 50% for the PAH16, 42% for the
TSP and 26% for the OC. Of course, this decrease is higher if we look the
simulation at 20 years. Moreover, this simulation disregarded the gov
ernment incentives, which may increase in the decades and then affects
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Appendices.

Fig. A.1. Sunflam firewood (left) and detail of its combustion chamber (right).
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Fig. A.2. AXIS-SUPRA-LERMAB prototype (left) and detail of its combustion chamber (right).

Fig. A.3. WABI stove (left) and detail of its combustion chamber (right).

References

Albinet, A., Aksoyoglu, S., Dommen, J., Baltensperger, U., Geiser, M., El Haddad, I.,
Jaffrezo, J.-L., Prévôt, A.S.H., 2020. Sources of particulate-matter air pollution and
its oxidative potential in Europe. Nature 587, 414–419. https://doi.org/10.1038/
s41586-020-2902-8.
De Soete, 1989. Mechanisms of Nitrogen Oxides Formation and Destruction during
Combustion.
Giungato, P., Barbieri, P., Cozzutto, S., Licen, S., 2018. Sustainable domestic burning of
residual biomasses from the Friuli Venezia Giulia region. J. Clean. Prod. 172,
3841–3850. https://doi.org/10.1016/j.jclepro.2017.05.190.
Giuntoli, J., Caserini, S., Marelli, L., Baxter, D., Agostini, A., 2015. Domestic heating from
forest logging residues: environmental risks and benefits. J. Clean. Prod. 99,
206–216. https://doi.org/10.1016/j.jclepro.2015.03.025.
Glasius, M., Ketzel, M., Wåhlin, P., Jensen, B., Mønster, J., Berkowicz, R., Palmgren, F.,
2006. Impact of wood combustion on particle levels in a residential area in Denmark.
Atmos. Environ. 40, 7115–7124. https://doi.org/10.1016/j.atmosenv.2006.06.047.
Global Forest Resources Assessment 2020, 2020. FAO. https://doi.org/10.4060/
ca8753en.
Illerup, J.B., Nielsen, M., 2004. Improved PM emissions inventory for residential wood
combustion. In: Proceedings of the PM Emission Inventories Scientific Workshop.
Lago Maggiore, Italy, pp. 142–149.
Johansson, L.S., Leckner, B., Gustavsson, L., Cooper, D., Tullin, C., Potter, A., 2004.
Emission characteristics of modern and old-type residential boilers fired with wood
logs and wood pellets. Atmos. Environ. 38, 4183–4195. https://doi.org/10.1016/j.
atmosenv.2004.04.020.

ADEME, 2019. Avis de l’ADEME -Le chauffage domestique au bois -Mai 2019.
ADEME, POUJOULAT, LERMAB, Seguin Duteriez, D2I Groupe Invicta, 2016.
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