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A delivery of wood logs to a home in South Island, New Zealand.  
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Abstract 28 

In this study we review the current status of residential solid fuel (RSF) use in the UK and 29 
compare it with New Zealand, which has had severe wintertime air quality issues for many 30 
years that is directly attributable to domestic wood burning in heating stoves. Results showed 31 
that RSF contributed to more than 40 µg m-3 PM10 and 10 µg m-3 BC in some suburban 32 
locations of New Zealand in 2006, with significant air quality and climate impacts. Models 33 
predict RSF consumption in New Zealand to decrease slightly from 7 PJ to 6 PJ between 34 
1990 and 2030, whereas consumption in the UK increases by a factor of 14. Emissions are 35 
highest from heating stoves and fireplaces, and their calculated contribution to radiative 36 
forcing in the UK increases by 23% between 2010 and 2030, with black carbon accounting 37 
for more than three quarters of the total warming effect. By 2030, the residential sector 38 
accounts for 44% of total BC emissions in the UK and far exceeds emissions from the traffic 39 
sector. Finally, a unique bottom-up emissions inventory was produced for both countries 40 
using the latest national survey and census data for the year 2013/14. Fuel- and technology-41 
specific emissions factors were compared between multiple inventories including GAINS, the 42 
IPCC, the EMEP/EEA and the NAEI. In the UK, it was found that wood consumption in 43 
stoves was within 30% of the GAINS inventory, but consumption in fireplaces was 44 
substantially higher and fossil fuel consumption is more than twice the GAINS estimate. As a 45 
result, emissions were generally a factor of 2-3 higher for biomass and 2-6 higher for coal. In 46 
New Zealand, coal and lignite consumption in stoves is within 24% of the GAINS inventory 47 
estimate, but wood consumption is more than 7 times the GAINS estimate. As a result, 48 
emissions were generally a factor of 1-2 higher for coal and several times higher for wood. 49 
The results of this study indicate that emissions from residential heating stoves and fireplaces 50 
may be underestimated in climate models. Emissions are increasing rapidly in the UK which 51 
may result in severe wintertime air quality reductions, as seen in New Zealand, and contribute 52 
to climate warming unless controls are implemented such as the Ecodesign emissions limits. 53 
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1. Introduction 64 

Globally, 9.18 GtCO2eq was emitted from the residential and commercial buildings sector in 65 
2010; accounting for approximately 19% of global greenhouse gas emissions and 33% of 66 
black carbon (BC) emissions (Lucon et al., 2014). A significant proportion of emissions in 67 
this sector are attributable to inefficient combustion in cookstoves, heating stoves and open 68 
fires.  Approximately 3 billion people worldwide, mostly in developing nations, rely on 69 
biomass and other solid fuels as their primary source of energy (Bonjour, 2013), which has 70 
significant health impacts due to exposure to air pollutants (Butt et al., 2016, Lelieveld et al., 71 
2015). Within the OECD, energy used for heating accounted for 37% of final energy 72 
consumption in 2009 (Beerepoot and Marmion, 2012) and is expected to grow by 79% over 73 
the period 2010 – 2050 (Lucon et al., 2014). Despite this, the residential and commercial 74 
buildings sector above all others was highlighted as having the greatest potential for the most 75 
cost-effective emissions reductions through energy efficiency measures and renewable space 76 
heating technologies (UNEP, 2009, IEA, 2013).  77 

Biomass (mainly wood logs and pellets) has been identified as a key option to decarbonise 78 
the residential sector and consumption has been increasing in recent years, largely owing to a 79 
combination of bioenergy support initiatives, higher energy prices, aesthetics, and climate 80 
change consciousness (Eisentraut and Brown, 2014). Consequently there has been an impact 81 
on health due to deteriorated air quality in many areas, particularly in wintertime. For 82 
example, an estimated 20,000 and 9,200 premature deaths occurred in Western Europe and 83 
high-income North America in 2010 due to residential heating with wood and coal; an 84 
increase of 23% and 18% respectively on 1990 estimates (Chafe et al., 2015). Fuel switching 85 
from oil and gas fuels to residential solid fuels (RSF) can also exacerbate air quality issues, 86 
particularly at a local scale. Moshammer et al. (2009) estimated that if all homes in an Upper 87 
Austria study region switched from oil to wood-fired heating systems, there would be an 88 
increase in the annual average PM10 concentration of 3-5 µg m-3, leading to approximately 89 
170 additional premature deaths per year.  90 

Small scale combustion of solid fuels in heating stoves and fireplaces is often uncontrolled 91 
and unabated, leading to high emissions factors for gaseous and particulate pollutants. 92 
Methane (CH4) and non-methane volatile organic compounds (NMVOCs) are byproducts of 93 
too low combustion temperatures or lack of available oxygen in the combustion chamber 94 
(Van Loo and Koppejan, 2007). Emissions are generally much higher for biomass fuels than 95 
for coal, but also depend on combustion conditions which are characterised by the modified 96 
combustion efficiency (MCE). A high value of MCE denotes efficient flaming combustion 97 
and low carbon monoxide (CO) to carbon dioxide (CO2) ratios. A low value of MCE denotes 98 
inefficient smouldering combustion, with high levels of CO and organic carbon (OC). The 99 
latter which may contain tars, phenolics, acetic acid, aldehydes and polycyclic aromatic 100 
hydrocarbons (PAH). Low values of MCE are common in older log wood stoves or where 101 
there are poor operating procedures such as overloading or poor inlet air control. Nitrogen 102 
oxides (NOx) and to a lesser extent nitrous oxide (N2O) and ammonia (NH3) are in the most 103 
part formed via the conversion of fuel-bound nitrogen and proteinaceous compounds at the 104 
low temperatures observed in stoves and fireplaces (Williams et al., 2012). Hence they are 105 
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proportional to the nitrogen content of the fuel. The same is true of sulphur dioxide (SO2) 106 
emissions which are dependent on the levels of sulphur, calcium, potassium and chlorine in 107 
the fuel. The sulphur content of wood is typically very low (<0.1 %), so coal-based sources 108 
are more significant. Particulate matter below 10 µm in diameter (PM10) and below 2.5 µm in 109 
diameter (PM2.5) are among the most useful indicators of the health impacts of RSF use 110 
(Naeher et al., 2007, Straif et al., 2013). Many studies have shown that PM from RSF 111 
combustion is predominately in the fine and ultrafine fraction, which penetrate deep into the 112 
lungs and can cause cardiopulmonary disorders and cancer (Allan et al., 2010). The 113 
constituents of PM2.5 include black carbon (BC), organic carbon (OC) and ash. BC is 114 
characterised by strong absorbance of visible light, insolubility in water and a microscopic 115 
appearance of aggregated carbon spherules. Radiative forcing (the net change in irradiance 116 
causing either cooling or warming) via BC arises both directly, via light absorption, and 117 
indirectly via darkening of ice and snow. There is also a cooling effect via cloud interaction, 118 
but this is uncertain and direct absorption of radiation in the atmosphere is the largest term 119 
(Bond et al., 2013, Boucher et al., 2013, Seinfeld and Pandis, 2006). Organic carbon aerosol 120 
can be primary (POA) or secondary (SOA) formed in the atmosphere by VOC oxidation 121 
products. Recent research has shown that the contribution of residential wood burning to 122 
organic aerosol loadings may be up to a factor of 3 higher when SOA is included (Bruns et 123 
al., 2015). The organic fraction is often adsorbed to the surface of BC or ash particles and is 124 
among the most harmful to health, having irritant, carcinogenic, mutagenic, teratogenic 125 
qualities (Naeher et al., 2007, Jones et al., 2014). POA has a net negative radiative forcing in 126 
the atmosphere and in clouds, with a slight positive effect on ice and snow. There is also a 127 
slight positive radiative forcing from the small fraction of OA that absorbs radiation, 128 
especially in the UV range, which is termed ‘brown carbon’ (Saleh et al., 2014). 129 
Interestingly, the negative radiative forcing of fossil fuel POA is almost twice that of biomass 130 
(Bond et al., 2013), which may be linked to the higher degree of oxygenation of biomass soot 131 
(Jones et al., 2005). Finally, inorganics are present in the ash fraction of PM, mainly as alkali 132 
salts (KCl, K2SO4 and K3PO4) with smaller amounts of trace elements and heavy metals 133 
including Zn, Pb, Cd and aluminosilicates (Molnár et al., 2005). Small scale unabated 134 
burning of waste wood and treated timber may also release arsenic. Elevated As 135 
concentrations have been attributed to this source in New Zealand (Ancelet et al., 2015) and 136 
the USA (Peters et al., 1984) 137 

Residential wood burning is often assumed to be carbon neutral and one of the cheapest ways 138 
to reduce greenhouse gas emissions. In this study we assume that wood burning is indeed 139 
CO2 neutral, and investigate the emissions and climate impacts of other pollutants, given that 140 
assumption. A comparison is made between the United Kingdom, where residential wood 141 
burning is being promoted and growing rapidly; and New Zealand, where wood burning 142 
stoves have been widely used for many years and are causing severe wintertime pollution in 143 
some areas.  144 

  145 

 146 
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 147 

2. Review of residential solid fuel (RSF) use in the UK and New Zealand 148 

2.1 RSF in the UK 149 

The UK has legally binding targets to ensure 15% of energy comes from renewable sources 150 
by 2020, and to reduce greenhouse gas emissions by 80% by 2050, relative to 1990 levels. 151 
For the residential and heating sectors, the Renewable Energy Strategy 2009 set a target of 152 
12% of heat to come from renewables by 2020 (corresponding to approximately 260 PJ). 153 
Fuel switching to electricity and biomass was identified as a key pathway to achieve this 154 
(DECC, 2012a), but residential biomass use was noted to have the potential for significant air 155 
quality impacts (DECC, 2012b). The UK’s greenhouse gas emissions have reduced by 156 
approximately 30% since 1990, but residential sector emissions have reduced by just 20% 157 
(DECC, 2015a). Hence the residential sector share of total GHG emissions has increased 158 
from 21% to 24%.  159 

Official figures show that in total, RSF consumption in the UK has reduced by 87% since 160 
1970. This reduction has been driven by a move away from coal-fired boilers to more 161 
efficient and less polluting gas & electric heating central heating systems, as shown in Figure 162 
1a and Figure 1b.  163 
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 164 

Figure 1. Breakdown of officially reported RSF consumption in the residential sectors of the UK 165 
(a) and New Zealand (c). Consumption of all fuels including gas and liquid is shown in (b) for 166 
the UK and (d) for New Zealand. Data sources: NAEI, DUKES (DECC, 2015a), EUROSTAT 167 
(2016), MBIE (2015).  168 

Fuel switching from coal to gas has been driven by increased availability of North Sea gas 169 
and associated national grid infrastructure, as well as national policy aimed at reducing the 170 
number of smog events such as those seen in the 1950s, 1960s and 1970s. Air quality 171 
legislation such as The Clean Air Act of 1956 (revised 1993) has dramatically reduced the 172 
demand for coal since its inception, by prohibiting the emission of visible smoke.  173 

In the year 2014, natural gas accounted for 83.6% of total residential energy consumption. 174 
Although solid biomass contributed just 5.1% of total UK non-electric energy consumption, it 175 
dominated the RSF category and represents the largest renewable energy source in the sector. 176 
Biomass use has increased more quickly in the EU28 residential sector, having increased 177 
from 929 PJ in 1990 to 1606 PJ in 2014, an increase of 73% (EUROSTAT, 2016).  Other 178 
technologies such as solar thermal, biogas and air & ground source heat pumps are gaining 179 
popularity, thanks in part to government incentive schemes such as the domestic renewable 180 
heat incentive (RHI), but biomass heating systems are the largest contributor to renewable 181 
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heat production. Biomass produced 55% of renewable heat paid for under the domestic RHI 182 
between April 2014 and February 2016 (DECC, 2016b). Of the total number of accreditations 183 
for biomass systems, 58% replaced oil / kerosene fired heating systems which are among the 184 
most expensive to run. It should be noted, however, that log heating stoves are not eligible for 185 
and hence not included in the RHI statistics. Pellet stoves and boilers are eligible, but must 186 
meet emissions, sustainability and metering criteria; and the home must provide an Energy 187 
Performance Certificate (EPC) or a Green Deal Advice Report.  188 

Woodfuel for household heat is one of the major drivers of bioenergy uptake in the UK, and 189 
is strongly correlated to gas and oil prices (Adams et al., 2011). However due to relatively 190 
high capital costs and a need to develop supply chains, UK policies supporting biomass have, 191 
until recently, mostly targeted medium and large scale applications. Sites with relatively high 192 
heat demands that are not connected to the national gas grid were found to be the most likely 193 
to implement biomass for heat within the residential/commercial sector. This includes 194 
agricultural buildings, hotels and schools/higher education institutions (Carbon Trust, 2012). 195 
Such schemes are generally 100-1000 kW biomass boilers using pellets or wood chip which 196 
can be delivered in bulk. Larger systems also commonly have combustion optimisation 197 
features such as lambda sensors for oxygen feedback, secondary/tertiary air injection and flue 198 
gas abatement technologies. In the most part, heating stoves and fireplaces do not feature 199 
such control technologies which leads to more inefficient combustion and higher emissions of 200 
pollutants per unit fuel input.   201 

Very little data is available on heating stoves and household RSF consumption in the UK, 202 
primarily due to difficulties in monitoring and regulating such small scale emissions sources. 203 
In an attempt to better understand the consumption of wood in UK homes, the Department for 204 
Energy and Climate Change (DECC) conducted a nationwide survey in 2015 (DECC, 2016a). 205 
In summary, the survey found that 7.5% of respondents used wood fuel, and over 90% of 206 
those used logs in heating stoves and fireplaces, rather than pellets, chips or briquettes. A 207 
similar trend was found across Europe, where 90% of residential biomass used is in the form 208 
of hardwood logs (Wöhler et al., 2016). The DECC survey also found that previous estimates 209 
of domestic wood consumption were a factor of 3 lower than the 68 PJ total for 2013. It 210 
should be noted that the data shown in figure 1 do not include these revisions. According to 211 
data from the Stove Industry Alliance (SIA), sales of heating stoves were 200,000 in 2014, up 212 
21% on 2005 levels (SIA, 2016). Approximately two thirds of these were multi-fuel stoves, 213 
although research showed that 77% were used to burn wood only. Sales growth was strongest 214 
for low emission DEFRA exempt appliances, which are approved for use in smoke control 215 
areas (see section 2.3).  In the future, sales are expected to grow for stoves which meet the 216 
European Ecodesign emissions limits, which emit up to 80% less particulate matter than older 217 
stoves.  218 

It has been known for many years that RSF combustion contributes to UK air pollution, 219 
particularly in rural communities (Lohmann et al., 2000, Lee et al., 2005). Yet there are very 220 
few studies on biomass burning source apportionment compared with other countries in 221 
Europe and North America, for example. Several studies have recently found that domestic 222 
wood burning is an increasingly important source of particulate matter. Fuller et al. (2014) 223 
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estimated the contribution of wood burning to annual PM10 in London to be 1.1 µg m−3 and 224 
Crilley et al. (2015) estimated the contribution to black carbon to be 15-30%. Young et al. 225 
(2015) found the contribution to organic aerosol to be up to 38% during the winter. These 226 
emissions rival those of the traffic sector, causing dangerous air pollution and counteracting 227 
traffic emissions reduction policies in London (Robinson, 2015).  228 

 229 

2.2 RSF in New Zealand 230 

New Zealand is traditionally viewed as a good example of a low carbon economy, 231 
particularly regarding electricity and heat supply. The contribution of renewables to total 232 
primary energy supply (TPES) in New Zealand was 38.3% in 2012, the third highest in the 233 
OECD. In contrast, the contribution in the UK was 4.5%; the fifth lowest in the OECD 234 
(OECD, 2014). Of the renewable contribution to TPES, 80% came from geothermal and 235 
hydro power in 2014. Nationwide, woody biomass supplied 58.3 PJ, up 52% since 1990 and 236 
of this, 13% (7.34 PJ) was consumed in the residential sector.  237 

In contrast to the UK, RSF consumption in New Zealand has been relatively constant since 238 
1990, and the fuel mix is dominated by wood, as shown in Figure 1c and Figure 1d. In 239 
comparison to the UK, there is a greater reliance on LPG (16.6%) and low grade coal/lignite, 240 
as well as wood (42.6%). There is also comparatively low uptake of kerosene/heating oil and 241 
patent fuels (manufactured solid fuels, including smokeless fuel and coke). Coal consumption 242 
is constrained largely to the west and south of the country where it is mined. The RSF mix 243 
has remained largely unchanged for many years, as shown in Figure 1c, although total 244 
consumption has been reducing gradually at an average rate of 85 TJ year-1 between 1995 and 245 
2014. New Zealand's Bioenergy Strategy 2010 (BANZ, 2010) set out targets for 25% of 246 
consumer energy to come from bioenergy by 2040 (currently 8.5%), as well as a 60% 247 
increase in the country’s use of biomass for heat. This includes substitution of coal or gas 248 
heating. 249 

Both UK and New Zealand homes are often highly energy inefficient in comparison to other 250 
OECD countries, due to relatively poor insulation and heating patterns (Howden-Chapman et 251 
al., 2009). In New Zealand there is a tradition of heating just one room of the house using 252 
unflued gas and electric heaters, as well as open fires and heating stoves burning RSF. Homes 253 
using solid fuel heating stoves were found to be warmer on average than homes using other 254 
heating methods (French et al., 2007). Wood heating is also one of the cheapest options for 255 
homeowners due to the plentiful supply. New Zealand has a large domestic source of wood 256 
fuel, mainly as Radiata pine from the forestry industry. The bioenergy strategy, together with 257 
the New Zealand Home Heating Association (NZHHA), NZ Farm Forestry Association 258 
(NZFFA) and the Energy Efficiency and Conservation Authority (EECA), are pushing to 259 
increase the supply of wood fuels for export. A consequence of this surplus is lower prices 260 
for home owners. However, fuel poverty and excess winter mortality are similar in both the 261 
UK and NZ at 10-14% and 18-19% respectively (Howden-Chapman et al., 2009). Energy 262 
used for space heating accounts for the largest share of residential energy consumption in 263 
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both countries. The share is 34% in New Zealand (Isaacs et al., 2010), but is much higher in 264 
the UK at 62% (Palmer and Cooper, 2014). Although total consumption of biomass in the 265 
residential sector is higher in the UK, proportionally it is much higher in NZ, as shown in 266 
Table 1.  267 

 NZ UK Unit Ref 

Solid 
biomass 
consumption 
in residential 
sector 

7.34 54.67 PJ (EUROST
AT, 2016); 
(MBIE, 
2015) 

Number of 
dwellings 
(million) 

1.781 27.914  (DCLG, 
2016); 
(Statistics
NZ, 2016) 

Population 
(million) 

4.509 64.596  ONS, 
(Statistics
NZ, 2015) 

Average 
biomass 
consumption 
per dwelling 

4.12 1.96 GJ 
house
hold -
1 

 

Average 
biomass 
consumption 
per person 

1.63 0.85 GJ 
perso
n -1 

 

Table 1. Comparison of residential biomass consumption in the UK and NZ, 2014. 268 

As shown in the table, average residential biomass consumption per dwelling is over twice as 269 
high in New Zealand as the UK.  However, accurate reporting of RSF consumption in both 270 
countries is confounded by huge uncertainties and variation in the data, especially in 271 
comparison to metered fuels such as gas, electricity and LPG (Isaacs et al., 2010). Daily 272 
wintertime wood consumption estimates vary from 277 MJ day-1 in Christchurch to 486 MJ 273 
day-1 in Nelson, Rotorua and Taumarunui (Wilton, 2012). An average value of 360 MJ day-1 274 
was used by Kuschel et al. (2012). The calculated wood fuel use in the DECC survey is 154 275 
MJ day-1 for an open fire and 128 MJ day-1 for a heating stove; significantly lower than the 276 
New Zealand estimates. Analysis of data from the U.S finds that the average household wood 277 
consumption in homes that use wood as their primary source of heating is 238 MJ day-1 278 
versus 76 MJ day-1 in homes where wood is only used for secondary heating (USEIA, 2014). 279 
Despite the uncertainty, the officially reported consumption of woody biomass in the NZ 280 
residential sector reduced by approximately 9% from 1990 to 2014, as shown in Figure 1c. 281 
This is arguably a result of efficiency improvements and new emissions limits for heating 282 
stoves.  283 

 284 

 285 

 286 

2.3. Emissions Limits and Standard Test Methods 287 
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Three key standards exist for the testing of heating stoves in Europe, NS 3058/ NS 3059 in 288 
Norway, DIN-plus in Germany and BS PD 6434 in the UK. There are significant differences 289 
in the test procedures used in these standards (Seljeskog et al., 2013), as shown in Error! 290 
Reference source not found.. In addition, RHI emissions limits apply to eligible boilers in 291 
the UK, which include an efficiency of 75%, CO concentrations of less than 1% (ref 13% 292 
O2), and emissions factors of 30 g GJ-1 for PM and 150 g GJ-1 for NOx  (approx. 0.54 g kg-1 293 
and 2.7 g kg-1 respectively). The European standard EN 13240 also requires appliance 294 
efficiency to be greater than 50% and CO emissions to be less than 1.0% (ref. 13% O2). 295 
However, emissions of PM, NOx and OGC are left to national legislation.  Recently, the 296 
Ecodesign of Energy-related Products Directive (2009/125/EC) regulation 2015/1185 was 297 
published which has the specific aim of reducing emissions of PM, OGCs and CO from this 298 
source by 27 kt year-1, 5 kt year-1 and 399 kt year-1 respectively by 2030. This will be done 299 
via the implementation of emissions limits for open- and closed-fronted heaters from the year 300 
2022, as shown in Error! Reference source not found..  301 

 Country Europe  Europe Germany 
/Austria 

Norway UK USA Australia / 
New 
Zealand 

T
es

t p
ar

am
et

er
s 

Standard Ecodesign 
regulation 
2015/1185 

EN 13240 DIN-plus NS 3058 BS PD 6434 
/ BS 3841 

NSPS / 
ASTM 
E2515, 
E2780 – 10 / 
EPA Method 
28WHH  

 AS/NZS 
4012, 4013 
and 4014  

Location  Chimney Chimney Dilution 
tunnel 

ESP/Dilution 
tunnel 

Dilution 
tunnel  

Dilution 
tunnel 

Draught  Forced 12 PA Forced 12 
PA 

Natural <1.25 Pa 
(natural) 

 <1.25 Pa 
(natural) 

 <1 Pa 
(natural) 

Sampling 
temp 

 70°C 70°C 35°C 70°C  <32°C  15-32°C 

Fuel Range of 
Biomass / 
fossil fuels. 
Wood logs 
must be 
beech, birch 
or hornbeam 

Range of 
Biomass / 
fossil fuels. 
Wood logs 
must be 
beech, birch 
or hornbeam 

As 
specified 
in EN 
13240 

Dimensioned 
spruce (49 x 
49 mm), 16-
20% MC 

Coal, lignite, 
patent fuels, 
peat and 
wood 

 “Crib wood” 
dimensioned 
(38 x 89 
mm) 
Douglas Fir, 
15-25% MC. 
Cordwood 
alternative 
available 

Dimensioned 
(100 x 50 
mm) Radiata 
pine, 16-
20% MC in 
New 
Zealand. 
Hardwood in 
Aus 

Weight of 
test fuel 

Dependent 
on choice of 
PM 
measurement 
method 

As per 
manufacturer's 
instruction 

As 
specified 
in EN 
13240 

112 ± 11 kg 
m-3 firebox 
volume 

15 kg 112 ± 11 kg 
m-3 firebox 
volume 

 

Test 
condition 

Dependent 
on choice of 
PM 
measurement 
method 

3 categories: 
Nominal, slow 
and safety 
tests 

As 
specified 
in EN 
13240 

4 burn rate 
categories 

2 burn rate 
categories: 
nominal and 
low (plus 
intermediates 
if necessary), 
repeated 5 
times 

3 Method 28 
burn rate 
categories 

3 burn rates: 
high, 
medium and 
low 

Test 
duration 

Dependent 
on choice of 
PM 
measurement 
method 

 Min. 
refuelling 
interval 1.5 
hours for 
wood at 
nominal 

30 
minutes 

  Time 
between first 
re-fuel and a 
trough in 
radiation 
heat output 

Load time 
1060 s m-3 
firebox 
volume  

  

Include Dependent  No No No – 1 hour No –  No – No 
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ignition/ 
start-up? 

on choice of 
PM 
measurement 
method 

pre-test  provided no 
“undue 
trouble to the 
user” 

kindling, 
newspaper 
and pre-burn 
fuel 

Units mg m-3 at 
13% O2 

mg Nm-3 at 
13% O2 

mg Nm-3 
at 13% O2 

g kg-1 g hour-1  g hour-1 g kg-1 

E
m

is
si

on
s 

lim
its

 

PM 2.4 / 5.0   75 10 5  4.5 reducing 
to 2.0  

1.5 

CO 1500 < 1% 1500     Optional?   

OGC / 
THC (as 
C) 

120   120        

NOx (as 
NO2) 

200 / 300   200        

Efficiency 65% 50% 75%      63% (non-
catalytic) 

65% 

Table 2. Comparison of standard test conditions for heating stoves in different 302 
countries. Expanded from Seljeskog et al. (2013) 303 

As the table shows, there are significant differences in the requirements of standard test 304 
methods around the world. Historically, regulation has emphasised total (non-size segregated) 305 
particulate matter emissions, although in recent years CO and thermal efficiency have been 306 
added, followed by NOx and organic gaseous carbon (OGC). There are significant differences 307 
in the test procedures used in these standards which complicates comparative studies. Key 308 
differences include the draught, fuel, reporting units, dilution, filter temperatures, and 309 
sampling durations & equipment. One of the highest impact variables is the use of a dilution 310 
tunnel, whereby a greater proportion of the condensable organic fraction is captured 311 
compared to hot-sampling. This alone can increase PM emissions factors by orders of 312 
magnitude (Seljeskog et al., 2013, Coulson et al., 2015). In addition, emissions factors may 313 
be increased further if atmospheric ageing of emitted smoke is taken into account (Bruns et 314 
al., 2015, Bruns et al., 2016), though it may be argued that OGC measurement may be used 315 
as a proxy for SOA formation.  316 

New Zealand’s National Environmental Standards (NES) feature five standards for ambient 317 
air quality. The NES standards for CO, NO2 and PM10 are 10,000 µg m-3 (8 hour mean), 200 318 
µg m-3 (1 hour mean) and 50 µg m-3 (24 hour mean) respectively. Most breaches of this 319 
standard are attributed to domestic heating with wood; with 24 hour PM10 concentrations of 320 
more than 200 µg m-3 having been recorded in some towns (Coulson et al., 2013). Hence 321 
New Zealand has introduced a design standard for wood burners installed in urban areas. The 322 
NES standard for wood burners centres on PM10 emissions and an emissions limit of 1.5 g kg-323 
1 dry fuel burned is required when tested to AS/NZ 4013.  An efficiency of 65% is also 324 
required when tested to AS/NZ 4012 using fuels certified under AS/NZ 4014. AS/NZS 325 
4013:2014 is a revised version of AS/NZS 4013:1999, and initial tests showed that the 326 
revised method is more representative of real-world conditions and gave emissions factors 327 
2.5 times larger than the previous method (Todd and Greenwood, 2006).  328 

A comprehensive review of particulate emissions due to RSF burning in New Zealand was 329 
carried out by Wilton (2012), who noted that real-world emissions of NES compliant 330 
appliances were typically twice as high as those determined under laboratory conditions as 331 
described above. Real-world emissions have been found to be substantially higher in New 332 
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Zealand (Ancelet et al., 2010, Xie et al., 2012), as well as in Europe (Wöhler et al., 2016) and 333 
the USA (USEPA, 2016); primarily due to user operating conditions such as start-up, fuel 334 
properties, overloading and fluctuating burn rates. A statistical analysis of PM10 emissions 335 
factors from in-situ wood stove tests in New Zealand was carried out by Coulson et al. 336 
(2015). The study found that geometric mean emission factors for older and low-emission 337 
stoves were 9.8 ± 2.4 g kg-1 and 3.9 ± 3.8 g kg-1 (dry wood) respectively. The distribution 338 
was found to be log-normal and hence the use of geometric, rather than arithmetic, mean 339 
emission factors are recommended.  340 

A new standard for PM emissions from wood stoves was introduced in the city of Nelson in 341 
2006, requiring 1g kg-1 rather than the NES standard of 1.5 g kg-1. As a result of this 342 
implementation, PM10 and BC were found to be decreasing at an average rate of 0.5 µg m-3 343 
and per year and 100 ng m-3 per year respectively (Ancelet et al., 2015). Stove replacement 344 
programs have been found to achieve similar benefits in other countries. For example, 345 
Noonan et al. (2011) noted a 70% reduction in indoor PM2.5 concentrations in a rural 346 
community in the USA, due to replacing old and inefficient wood stoves.  Rule 4901 was 347 
passed in the San Joaquin Valley, California, in 1992 which limited emissions from RSF 348 
burning during periods of poor air quality, and required new wood burners to meet 349 
EPA/NSPS certified. As a result, PM2.5 concentrations reduced in the area by 11-15% (Yap 350 
and Garcia, 2015). In Europe, it is estimated that replacing current RSF technologies with 351 
more efficient wood pellet stoves could reduce concentrations of OC and EC by more than 352 
50% in large parts of the continent (Fountoukis et al., 2014).  353 

Due to regular breaches of NES air quality standards by RSF burning, a number of health 354 
impact studies have been carried out in New Zealand. Perhaps the most comprehensive was 355 
the Health and Air Pollution in New Zealand (HAPINZ) study (Kuschel et al., 2012). It found 356 
that RSF burning was attributable to 56% of premature deaths due to anthropogenic PM10 in 357 
2006, making it the leading cause. This equated to 655 premature deaths, 334 admissions due 358 
to cardiac and respiratory illness, and 817,600 restricted activity days. The estimated cost due 359 
to these impacts was NZD $2.385 billion. In addition, it was noted that basing the report on 360 
PM10 rather than PM2.5 led to an underestimate of the attribution of health impacts to 361 
transport and RSF emissions because these sources make a greater contribution to fine PM. 362 
For example, studies have shown that over 90% of the mass of emissions from wood 363 
combustion are below PM2.5 (Bond et al., 2004, Nussbaumer, 2003, McDonald et al., 2000, 364 
Young et al., 2015).  365 

 366 

3. Methods 367 

The New Zealand national census is a useful means of collecting data on qualitative RSF use. 368 
Question 16 requires the resident to “mark as many spaces as you need to show which of the 369 
following are ever used to heat this dwelling.”  The UK census is more focussed on the type 370 
of central heating used at a property (gas, electric, oil, solid fuel, other, or no central heating). 371 
Information on fuels used for supplementary heating is limited to sub-national housing 372 
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surveys and studies into fuel poverty in off-grid homes by organisations such as the Office of 373 
Fair Trading (OFT, 2011), the Office of Gas and Electricity Markets (OFGEM) and the 374 
Department of Energy and Climate Change (DECC) (Palmer and Cooper, 2014). The New 375 
Zealand census also has the advantage of being held every 5 years, whereas the UK census is 376 
held every 10 years. Additionally, data is available at three different resolutions: census area 377 
unit (CAU); ward; and territorial authority. CAU represents the finest resolution, with some 378 
urban grid cells less than 1 km2 in area. A number of models and inventories offer activity 379 
data, emissions data and emissions factors for the residential sectors of both countries. 380 
Studies have shown that several models in Europe underestimate pollutants such as 381 
wintertime OC when compared with observations, which is most likely due to residential 382 
wood burning (Aas et al., 2012). The use of revised emissions factors for RSF combustion 383 
was found to increase total PM2.5 emissions in Europe by 20% (Denier van der Gon et al., 384 
2015) 385 

 386 

3.1. A Top-Down Estimate of BC Concentrations in New Zealand 387 

A top-down approach was used to estimate black carbon concentrations due to RSF 388 
combustion in New Zealand. Emissions of PM10 and corresponding monthly atmospheric 389 
concentrations in 2006 were taken from the HAPINZ study (Kuschel et al., 2012). BC 390 
concentrations were calculated by multiplying PM10 concentrations by the ratio of BC/PM10. 391 
To define this ratio for New Zealand both spatially and temporally, 31 separate datasets 392 
containing simultaneous measurements of PM10 and BC were analysed from 10 locations 393 
across New Zealand. The wintertime BC concentrations were then calculated for each census 394 
area unit (CAU) in New Zealand and were mapped using ArcGIS.  395 

 396 

3.2. Emissions and Climate Impacts Using the GAINS Model 397 

In order to assess the impacts of RSF emissions, the GAINS model 398 
(http://gains.iiasa.ac.at/models/) was used to provide detailed activity and emissions data 399 
broken down by fuel and technology type, in both the UK and New Zealand. The version of 400 
the model used was ECLIPSE version 5 for UNFCCC Annex 1 nations. Several scenarios are 401 
available but here we use the current legislation (CLE) scenario (Stohl et al., 2015), which 402 
assumes efficient enforcement of committed legislation, with some deviations. For the 403 
residential sector, it is not known whether this scenario includes legislation such as Ecodesign 404 
in Europe.  405 

The residential sector in GAINS is broken down into four key technologies: commercial 406 
boilers (<50 MW), single house boilers (<50 kW), heating stoves and fireplaces. There are 407 
minor contributions from open pits and cookstoves, but these are small in comparison to the 408 
other technologies and are not considered in this work. Each technology is then also broken 409 
down by fuel type. For the UK, fuels include hard coal (grade 1), derived coal (coke, 410 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

14 
 

briquettes etc.), agricultural residues and fuelwood. For New Zealand, the split is between 411 
hard coal (grade 1), brown coal/lignite (grade 1), and fuel wood.  412 

Emissions data is available for 12 pollutants in GAINS: carbon dioxide, methane, oxides of 413 
nitrogen, carbon monoxide, non-methane volatile organic compounds, sulphur dioxide, 414 
ammonia, nitrous oxide, PM10, PM2.5, black carbon and organic carbon. For some pollutants, 415 
the full breakdown by fuel and technology was not available. These included CO2, NOx, CO, 416 
SO2, NH3 and N2O. For these species, the breakdown was calculated by multiplying the 417 
GAINS activity data by the GAINS emissions factors for each fuel for the general 418 
residential/domestic sector (fuel specific but not technology specific). These are given in 419 
Table 3. The net CO2 emissions factor is assumed to be zero for biomass, in order to 420 
investigate the climatic effects of non-CO2 species. In the case of CO, emissions factors were 421 
not available in this version of GAINS. Therefore emissions factors were taken from the 422 
EMEP/EEA database (EEA, 2013) in this case, again using GAINS activity data.  Full BC 423 
and OC emissions were available for the UK (in GAINS Europe) but not for New Zealand. 424 
The New Zealand emissions were calculated from PM10 emissions data, using the ratio of the 425 
GAINS BC and PM10 emissions factors for the UK.  426 

The climate impacts were calculated by multiplying the emissions for each RSF source by the 427 
Absolute Global Warming Potential (AGWP) for each pollutant. The units of AGWP are 428 
radiative forcing per unit emission over one year, and are taken from (Bond et al., 2013). The 429 
values for CO2 and N2O were taken from the IPCC AR5 report (Myhre et al., 2013).  430 

Parameter 

Net  
Forcings 
 (µW m-2) 
(Gg yr-1)-1 

Emissions factors (t PJ-1) 

Brown Coal 
/lignite 

Hard coal, 
grade 1 

Derived coal 
(coke etc) Biomass 

CO2 0.0917 99,500 94,300 100,000 0 
CH4 2.2     
NOx  -6.2 70 118 110 68 
CO  0.48 5000 5000 5000 4000 
NMVOC  0.78     
SO2  -9.0 1239 616 541 4 
NH3  0 8 8 0.5 8.2 
N2O  24.3 1.4 1.4 1.4 4 
BC  74.3     
OC (fossil fuel) -16.9     
OC (biomass) -12.5         

 431 

Table 3. GAINS emissions factors for the general residential sector used to calculate technology-432 
specific emissions where the data was unavailable.  433 

Table 3 shows the net radiative forcings for each pollutant, which includes direct and indirect 434 
effects on a global scale. Cloud effects for species such as BC and particulate organic carbon 435 
are included in these net factors. See Bond et al. (2013) for the full breakdown. The values 436 
used here are also central estimates. For BC, the net lower and net upper estimates are 83% 437 
lower and 144% higher than the central estimate respectively.  For biomass OC, the errors are 438 
-65% to +84%.  439 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

15 
 

 440 

3.3. A Bottom-Up Emissions Inventory Calculation and Comparison  441 

Finally, a bottom-up emissions inventory was produced for both countries using unique 442 
activity data and emissions factors. This allowed the comparison of activity data, emissions, 443 
and climate impacts between this study and the GAINS model, alongside several other 444 
international climate models. An extensive review of RSF sector emissions factors was 445 
carried out. The most comprehensive and fuel/technology specific factors were found to be 446 
those of the EMEP/EEA database and these were selected for the modelling work (EEA, 447 
2013).  448 

Activity data in New Zealand was derived following the method of the HAPINZ study 449 
(Kuschel et al., 2012). The method uses 2006 census data for the number of homes in each 450 
census area unit, multiplied by average daily wintertime consumption factors for wood and 451 
coal, multiplied by average PM10 emissions factors for each species. These emissions are then 452 
constrained to inventories which have been produced for regional councils. Finally, these 453 
peak wintertime values are assigned an annual distribution in order to account for the high 454 
seasonal variability of RSF use. In this work, the updated 2013 census data (StatisticsNZ, 455 
2015) has been used, with the same wintertime consumption factors of 20 kg day-1 for wood 456 
and 16 kg day-1 for coal. The annual distribution is presented in Figure 2. The distinction 457 
between different grades of coal is not possible with this method, because the census does not 458 
differentiate bituminous coal from lignite or anthracite; which are known to have 459 
substantially different emissions factors (Lee et al., 2005, Mitchell et al., 2016).  460 

 461 

Figure 2. Model factors for average daily and annual household consumption of wood and coal, 462 
in households using each fuel.  463 

Activity data in the UK was derived from the recent DECC Wood Consumption Survey for 464 
wood (DECC, 2016a) and the DECC Sub-National Residual Fuel Consumption Statistics 465 
(DECC, 2015b) for coal and derived coal / manufactured solid fuel (MSF). The former also 466 
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has data on the number of homes using coal, but the focus is on wood users who use coal as 467 
well as wood.  468 

 469 

 470 

 471 

 472 

 473 

 474 

 475 

4. RESULTS 476 

4.1. Top-down Calculation of 2006 BC Concentrations in New Zealand  477 

Analysis of datasets featuring simultaneous PM10 and BC measurements was conducted in 478 
several wood burning communities across New Zealand in order to determine the ratio of 479 
BC/PM10. The results are given in Table 4.  480 

Concentration 
(µg m-3) 

Ratio 
(%) 

Town Class Region Season PM10 BC BC/PM10  Data Source 

Rangiora, Waikuku,  
Kaiapoi and Woodend 

S ChC W 660.0 9.4 1.9 NIWA,  
unpublished 
  
  
  
  
  
  
  
  
  
  

S  W 4.3 1.3 41.9 
S  W 863.5 1.4 0.3 
S  W 306.5 1.2 0.8 

Dunedin U Dnd A 112.7 32.3 30.6 
Dunedin U  A 99.6 25.4 29.6 
Dunedin U  A 192.6 68.5 43.8 
Dunedin U  A 242.7 55.6 29.6 
Dunedin U  A 56.2 18.9 37.7 
Green Island S  W 84.3 12.8 21.0 
Dunedin U  W 32.9 2.9 11.0 
Dunedin U  W 20.2 3.3 17.6 
Takapuna S Auk S 14.3 1.9 13.6 

GNS  
Science, unpublished 
  
  
  
  
   
  
  

Takapuna S  W 18.1 4.0 22.2 
Queen Street U  S 17.2 3.8 22.1 
Queen Street U  W 18.5 5.3 28.6 
Khyber Pass U  S 17.0 4.0 23.9 
Khyber Pass U  W 19.7 6.0 30.8 
Penrose S  S 15.9 1.8 11.1 
Penrose S  W 18.3 3.3 18.4 
Henderson S  S 11.8 1.2 10.4 
Henderson S  W 16.5 3.4 20.5 
Alexandra  R COt W 19 4.9 25.7  (Ancelet et al., 2014) 
Alexandra  R  W 33 6.6 19.9 
Alexandra  R  W 17 4.4 25.8 
Alexandra  R  W 29 5.5 19.1 
Masterton R Wrp W 25 3.1 12.6 (Ancelet et al., 2012) 
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Masterton R W 32 3.7 11.6 
Nelson U Nln W     12.7 (Grange et al., 2013) 

Nelson U Nln W 21 2.9 12.7 (Ancelet et al., 2015) 

Auckland, Masterton, 
Nelson, Alexandra U Mixed W     14.1 

(Trompetter et al., 
2013) 

U NZ W     24.6 
S NZ W 16.7 
R NZ W     19.1 

Chc: Christchurch; DnD: Dunedin; Auk: Auckland; COt; Central Otago; Wrp: Wairarapa; 481 
Nln: Nelson 482 

Table 4. Ratio of BC/PM10 in urban (U), suburban (S) and rural (R) locations in the winter (W) 483 
and the summer (S) in New Zealand. 484 

In addition to Table 4, a study from a suburban town near Wellington found that the 485 
contribution of wood burning to ambient PM2.5 and BC averaged over a two year period was 486 
2.9 µg m-3 and 846 ng m-3 respectively (Davy et al., 2012). Hence the ratio of BC/PM2.5 was 487 
28.8%, which is similar to the BC/PM10 ratio observed in other locations. Applying these 488 
factors to the HAPINZ data yields the wintertime concentrations of BC in New Zealand, and 489 
the results are given in Figure 3.  490 

 491 

 492 

Figure 3. Wintertime concentrations of black carbon due to residential solid fuel burning in 493 
New Zealand in 2006. 494 

The results show that the majority of the country has very low wintertime BC concentrations, 495 
typically below 1000 ng m-3 and below 500 ng m-3 in many rural areas. The highest 496 
concentrations were in the city of Nelson, specifically Toi Toi, Wahsington and Bronte 497 
districts which had mean winter BC concentrations over 10 µg m-3. Also in the highest 10% 498 
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were Richmond, Arrowtown, Alexandra, Milton, North beach Christchurch, Kaiapoi 499 
Christchurch. Many of these regions are known to have poor wintertime air quality as shown 500 
in Table 4. 501 

 502 

 503 

 504 

 505 

4.2. Emissions and Climate Impacts Using the GAINS Model 506 

Activity data for RSF combustion in the residential sector from the GAINS database is 507 
presented in Figure 4.  508 

 509 

Figure 4. Breakdown of activity data for RSF combustion by technology and fuel type according 510 
to the GAINS database, 1990 - 2030. Top: wood fuel consumption by technology type in (a) the 511 
UK and (b) New Zealand. Bottom: breakdown of fuel consumption in heating stoves and 512 
fireplaces in (c) the UK and (d) New Zealand.  513 

In the UK, the model shows that consumption of wood in the residential sector is increasing 514 
rapidly and will continue to do so to 2025. Heating stoves account for the largest proportion 515 
of wood use (47% in 2015), and this is largely due to a switch from coal and derived coal to 516 
biomass, as shown in Figure 4c. The model forecasts coal consumption in stoves to continue 517 
to reduce to 2030, yet wood consumption in stoves and fireplaces is estimated to increase by 518 
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almost a factor of 4 between 2005 and 2030.  It should be noted that GAINS only includes 519 
wood consumption in fireplaces and hence does not account for fossil fuel consumption in 520 
this technology. A small amount of agricultural residues is consumed in stoves between 1990 521 
and 200, but is negligible compared to other fuels. In New Zealand, the model shows that 522 
consumption of wood remained comparatively constant between 1990 and 2010 at 523 
approximately 6 PJ. Wood consumption is dominated by heating stoves, with commercial and 524 
single house boilers consuming negligible amounts throughout the timeframe. Between 2010 525 
and 2015 there is a 41% reduction in wood consumption and a six-fold increase in hard coal 526 
(grade 1) consumption, suggesting a large fuel switching programme in stoves in New 527 
Zealand. Lignite consumption remains relatively low (< 0.5 PJ) throughout the period.  528 

Fuel- and technology-specific emissions data is available in the GAINS database for certain 529 
pollutants in the RSF sector, but not all.  The missing values have been calculated using 530 
GAINS emissions factors and the activity data given in Figure 4c and Figure 4d, as detailed 531 
in section 3.2. The results for heating stoves and fireplaces are given in Figure 5 for the 532 
United Kingdom and Figure 6 for New Zealand. The UK results show that emissions are 533 
highly dependent on the type of fuel used and the activity data for each. Emissions generally 534 
follow the same trend as the activity data in Figure 4c, whereby the total reduces to a low in 535 
2005 as coal consumption reduces, before increasing to 2030 as wood consumption increases. 536 
CO2 and SO2 emissions are negligible for biomass burning compared to fossil fuel burning 537 
and reduce considerably over the period. NOx and CO emissions are also dominated by fossil 538 
fuel combustion and increase by just 27% and 42% respectively from 2005 to 2030. CH4 539 
emissions are more strongly correlated with wood burning and increase from 3 kt year-1 in 540 
1990 to 7 kt year-1 in 2030.  NMVOCs are also highly dominated by wood combustion 541 
throughout the period and total residential sector emissions increase by a factor of 3.3 542 
between 2005 and 2025. This is the largest increase of all pollutants. In 2015, heating stoves 543 
accounted for 74.6% of NMVOC emissions from wood combustion in the UK residential 544 
sector. Organic carbon (OC) emissions followed a similar trend, except for negligible 545 
emissions from derived coal. Particulate emissions are also dominated by wood combustion 546 
from the year 2001 onwards. PM10 emissions from wood combustion increase in by a factor 547 
of 10 in heating stoves and 14 in fireplaces respectively from 1990 to 2030. Similar trends are 548 
found in single house boilers and commercial boilers over the period. PM2.5 emissions 549 
account for more than 96% of PM10 emissions, indicating that the majority of the emitted 550 
particles are in the fine fraction. Black carbon emissions are shown in Figure 5k. BC 551 
emissions from wood combustion in stoves increased from 0.27 kt year-1 in 1990 to 2.8 kt 552 
year-1 in 2030. Emissions from coal reduced over the period and fell below those of wood in 553 
the year 2004.  554 

Emissions in New Zealand also follow the same trend as the activity data, shown in Figure 555 
4d. Coal consumption peaks at 3.4 PJ in 2015, with corresponding emissions peaks of 331 kt 556 
year-1 for CO2 and 2.2 kt year-1 for SO2. Although consumption of lignite remains low over 557 
the modelling period, the fuel contributes significantly to SO2 emissions, peaking at 0.65 kt 558 
year-1 in 1995; 82% of total emissions from stoves and fireplaces. Emissions of CH4 and 559 
NMVOCs are more dominated by wood combustion and reduce by a factor of 3 between 560 
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1990 and 2030. Emissions of CO, NH3 and N2O are relatively evenly split between fossil 561 
fuels and biomass and stay largely consistent at 30 kt year-1, 0.5 kt year-1 and 0.025 kt year-1 562 
respectively. Emissions of PM2.5 and OC emissions reduce linearly at rates of 68 t year-1 and 563 
23 t year-1 respectively. The increased coal consumption has a greater impact on BC 564 
emissions, becoming the leading source of BC between 2014 and 2027. Despite this, BC 565 
emissions reduce by 42% over the modelling period. A summary of the activity and 566 
emissions data for heating stoves and fireplaces in the year 2015 is given in Table 5 for both 567 
New Zealand and the UK. Total emissions of black carbon in stoves and fireplaces in 2015 568 
were 3.26 kt in the UK and 0.60 kt in New Zealand. This equates to 0.117 kg dwelling-1 and 569 
0.337 kg dwelling-1 respectively.  570 
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 571 

Figure 5.  Emissions of selected climate-relevant species (kt year-1) from heating stoves and 572 
fireplaces in the UK, 1990 to 2030. (a) CO2; (b) CH4; (c) NOx; (d) CO; (e) NMVOC; (f) SO2; (g) 573 
NH3; (h) N2O; (i) PM 10; (j) PM 2.5; (k) BC; (l) OC.  574 
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 575 

Figure 6. Emissions of selected climate-relevant species (kt year-1) from heating stoves and 576 
fireplaces in New Zealand, 1990 to 2030. (a) CO2; (b) CH4; (c) NOx; (d) CO; (e) NMVOC; (f) 577 
SO2; (g) NH3; (h) N2O; (i) PM 10; (j) PM 2.5; (k) BC; (l) OC. 578 
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Parameter Unit 

UK, 2015 NZ, 2015 
Biomass Fossil fuel Biomass Fossil fuel 

Fireplace Stove Fireplace Stove Fireplace Stove Fireplace Stove 
Activity  
data PJ 2.52 22.71   15.01 0.35 3.03   3.50 
CO2 kt year-1     1416     331 
CH4 kt year-1 0.88 4.54   0.27 0.09 0.37   0.07 
NOx  kt year-1 0.17 1.55   1.78 0.02 0.21   0.41 
CO  kt year-1 10.10 90.86   75.04 1.39 12.11   17.52 
NMVOC  kt year-1 4.29 36.34   2.73 0.42 2.88   0.45 
SO2  kt year-1 0.011 0.10   9.23 0.001 0.013   2.22 
NH3  kt year-1 0.02 0.19   0.12 0.003 0.025   0.03 
N2O  kt year-1 0.010 0.09   0.02 0.001 0.012   0.005 
PM10 kt year-1 1.82 14.89   1.55 0.21 1.41   1.31 
PM2.5  kt year-1 1.76 14.42   1.53 0.20 1.36   1.17 
BC  kt year-1 0.22 2.27   0.77 0.02 0.21   0.37 
OC  kt year-1 0.81 6.35   0.49 0.09 0.60   0.47 
 579 

Table 5. GAINS pollutant emissions inventory for RSF combustion in stoves and fireplaces in 580 
the United Kingdom and New Zealand, 2015.  581 

The climate impacts of the emissions profiles given in Figure 5 and Figure 6 were then 582 
calculated for the years 2010 and 2030 and the results are presented in Figure 7.  583 

 584 

 585 

Figure 7. Breakdown of radiative forcing due to biomass and fossil fuel RSF combustion in 586 
heating stoves and fireplaces in: (a) UK in 2010; (b) NZ in 2010; (c) UK in 2030; (d) NZ in 2030. 587 

 588 
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 589 

The results show that carbon dioxide from fossil fuel combustion was the largest contributor 590 
to radiative forcing in the UK residential sector in 2010. The contribution from biomass 591 
burning was approximately half that of fossil fuel, with black carbon being the most 592 
important warming species.  SO2 from coal and derived coal combustion offset some of the 593 
warming by -110 µW m-2, giving a net positive radiative forcing of 218 µW m-2 for the UK in 594 
2010. In contrast, by 2030 biomass has a larger warming impact than fossil fuel combustion. 595 
Black carbon from wood burning in stoves and fireplaces causes a radiative forcing of 97 µW 596 
m-2 in 2010. Despite some offset by organic carbon, the total net radiative forcing increases 597 
by 23% to 268 µW m-2. In New Zealand, net radiative forcing reduces by 21% between 2010 598 
and 2030. Forcing due to biomass burning in stoves and fireplaces is a factor of 4.3 lower 599 
than that of fossil fuel burning in 2010. By 2030, net forcing due to coal burning has 600 
increased by 40% relative to 2010, and is just 33% lower than that of biomass burning. Black 601 
carbon remains the most important forcing agent in both scenario years, accounting for 77% 602 
of the total warming effect of combined biomass and fossil fuel burning in 2010; and 76% in 603 
2030. However, in the intervening years, forcing due to coal combustion exceeds that of 604 
biomass combustion by a factor of 2.4, due to a surge in coal consumption. This results in a 605 
slight increase in total net forcing (shown in red) in 2015, but an overall reducing trend across 606 
the modelling period. In the UK, total net forcing reduces rapidly from 1990 to 2005 but then 607 
increases at an average rate of 3.6 µW m-2 due to increased wood burning.  608 

 609 
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 610 

Figure 8. Total climate forcing due to wood and coal combustion in heating stoves and fireplaces 611 
in the UK (a) and New Zealand (b).  612 

As discussed in section 3.2, the net AGWP factors used to create figure 10 are central 613 
estimates and carry a substantial uncertainty. Error bars have not been included here because 614 
the uncertainties in global radiative forcing due to anthropogenic pollution are substantial and 615 
beyond the scope of this study (Bond et al., 2013).  There are also errors associated with the 616 
activity data (up to factor of 3 for the UK according to recent survey results) and with the 617 
emissions factors used. For BC and PM10, emissions factors for wood burning stoves vary by 618 
±30% between inventories (see table 6). The combined uncertainties are substantial and 619 
hence values reported here should be treated as estimates.  620 

 621 

4.3 A Bottom-Up Emissions Inventory Calculation and Comparison 622 

A bottom-up approach was used in order to create emissions inventories for both countries, 623 
which can be compared with established inventories. In the UK, activity data for wood was 624 
derived from the DECC Wood Consumption Survey (DECC, 2016a). It found that the 625 
proportion of homes using wood for heating varies regionally. The proportion was lowest in 626 
London and the North East at 3.9% and 4.0% respectively, and highest in Northern Ireland 627 
and the South East at 18.4% and 15.8% respectively. The survey also asked wood users 628 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

26 
 

whether they used any additional fuels as well as wood. It found that the proportion of 629 
households using coal as well as wood was below 3% across much of the UK. The exception 630 
was in Northern Ireland where 10.1% of wood fuel users also used coal, which reflects the 631 
high consumption of mixed RSF in the region. Conversely, despite 15.8% of respondents in 632 
the South East using wood, just 1.7% of those also used coal; indicating that wood dominates 633 
the RSF mix. Activity data for coal and derived coal was derived from the DECC Sub-634 
National Residual Fuel Consumption Statistics (DECC, 2015b). The results are shown in 635 
Figure 9. It was found that coal consumption was highest in the East Midlands at 2.62 PJ and 636 
lowest in London at 0.22 PJ. Consumption of manufactured solid fuel (derived coal, 637 
smokeless fuel, briquettes etc) was also highest in the East Midlands at 1.98 PJ, closely 638 
followed by Yorkshire and the Humber at 1.93 PJ. Consumption in London was 0.25 PJ.  639 

 640 

Figure 9. UK activity data (PJ) for (a) wood; (b) coal and (c) manufactured solid fuel.  641 

 642 

In New Zealand, activity data for both wood and coal was derived from the 2013 National 643 
Census (StatisticsNZ, 2015) using the methodology of the HAPINZ study (Kuschel et al., 644 
2012). As shown in Figure 10, the census data shows that the proportion of households using 645 
wood is far higher in New Zealand than in the UK. Over 90% of homes in many rural wards 646 
such as Taihape, Opuha and Glenmark use wood for heating. Coal consumption is much 647 
more dependent on location. The proportion of homes using coal for heating is below 5% 648 
across much of the country, particularly North Island. The proportion is highest in wards 649 
located in the west and south of South Island, including Northern Ward, Grey District (76%), 650 
Inangahua (69%) and Mataura (65%).  651 

 652 
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 653 

Figure 10. Proportion of households in New Zealand using a) wood; and b) coal; in 2013. Data 654 
Source: (StatisticsNZ, 2015) 655 

In order to produce an inventory, an in-depth review of RSF sector emissions factor 656 
inventories was carried out. Emissions factors applying to heating stoves and fireplaces were 657 
compared between the following inventories: the EMEP/EEA air pollutant emission 658 
inventory guidebook (EEA, 2013), U.S Environmental Protection Agency AP-42 (USEPA, 659 
1995), GAINS (http://gains.iiasa.ac.at/models/), the IPCC emissions factor database (EFDP) 660 
(www.ipcc-nggip.iges.or.jp/EFDB/), and the UK National Air Emissions Inventory (NAEI) 661 
(http://naei.defra.gov.uk/).  The results are shown in Table 6 for wood and coal. Inventories 662 
such as GAINS, the IPCC EFDP and NAEI offer emissions factors for other residential solid 663 
fuels such as charcoal, peat, anthracite, coke and lignite.  664 

As the table shows, not all pollutants are accounted for in all inventories. The most extensive 665 
is the NAEI database, but these factors apply to the residential sector in general and are not 666 
technology specific. The most comprehensive fuel- and technology-specific factors were 667 
found to be those of the EMEP/EEA database and these were selected as the basis for the 668 
modelling work. EMEP/EEA emissions factors are largely consistent with other inventories. 669 
However, the PM10 emissions factor for wood burning in stoves in EMEP/EEA is 16% higher 670 
than in GAINS and 66% higher than in NAEI. Despite this, BC emissions are 26% lower than 671 
in GAINS for wood stoves and a factor of 4.5 lower than in GAINS for coal stoves. Also in 672 
comparison with GAINS, Table 6 shows that EMEP/EEA may over-estimate emissions of 673 
cadmium, zinc and indeno[1,2,3-cd]pyrene from wood burning, as well as copper and total 674 
PAHs from coal burning. There may be an underestimate of emissions of arsenic, nickel, 675 
selenium and PCBs. In comparison to stoves, emissions factors for fireplaces are very similar 676 
for wood combustion in the EMEP/EEA inventory. However, for coal burning NOx, SO2, 677 
PM10, cadmium, mercury, PAH and PCDD/F are lower for fireplaces than stoves. 678 
Furthermore GAINS does not provide emissions factors for coal burning in fireplaces, 679 
whereas EMEP/EEA does. It should be noted, however, that the EMEP/EEA factors apply to 680 
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‘solid fuels other than biomass’ and are not specific to a certain fuel type such as bituminous 681 
coal.  682 

Factors for CO2, CH4, N2O, OC and total PAH were not included in the EMEP/EEA 683 
inventory. The value for CO2 was taken from the IPCC EFDP inventory. Methane emissions 684 
factors were taken from GAINS for wood burning and the NAEI for coal burning. N2O and 685 
derived coal / MSF emissions factors were also taken from NAEI. Finally, BC and OC 686 
emissions factors were calculated from EMEP/EEA PM2.5 emissions factors, applying the 687 
ratio of BC or OC to PM2.5 as given in the GAINS database. Values for ΣPAH were taken 688 
from Lee et al. (2005).  689 

 690 

 691 

 692 

 693 

[table 6 here] 694 

 695 

 696 

 697 

Table 6. Summary of emissions factors applying to residential solid fuel combustion in stoves 698 
and fireplaces in five inventories, and those chosen for this study.  699 

 700 

 701 

Combining the activity data in Figure 9 and Figure 10 with the emissions factors in Table 6 702 
yields the emission inventories for both countries. The results are presented for the UK in 703 
Figure 11 and for New Zealand in Figure 12. The totals for both countries are presented in 704 
Table 7.  705 
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 706 

Figure 11. Distribution of emissions from stoves and fireplaces in the UK in 2014. 707 

 708 

 709 

 710 
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 711 

Figure 12. Distribution of emissions from stoves and fireplaces in New Zealand in 2013.  712 

 713 

 714 

 715 
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UK, 2013/14 NZ, 2013 
    Wood Coal MSF Wood Coal 

Parameter Unit Fireplaces Stoves Fireplaces Stoves 
Stoves + 

Fireplaces 
Stoves & 
Fireplaces 

Stoves & 
Fireplaces 

Activity data PJ 32.80 29.51 10.79 9.71 10.99 26.72 4.34 
CO2 kt year-1     1021 918 269   415 
CH4 kt year-1 11.5 5.9 5.1 4.6 1.6 5.3 0.1 
NOx kt year-1 1.6 1.5 0.6 1.0 1.2 1.3 0.4 
CO kt year-1 131.2 118.0 53.9 48.5 38.6 106.4 21.9 
NMVOC kt year-1 19.7 17.7 6.5 5.8 1.6 16.0 2.6 
SO2 kt year-1 0.4 0.3 5.4 8.7 12.0 0.3 3.9 
NH3 kt year-1 2.4 2.1 0.05 0.05 0.3 1.9 0.02 
N2O kt year-1 0.10 0.09 0.04 0.04 0.03 0.08 0.02 
PM10 kt year-1 27.6 22.4 3.6 4.4 0.6 20.2 2.0 
PM2.5 kt year-1 26.9 21.8 3.6 4.4 0.6 19.7 2.0 
BC kt year-1 3.3 3.4 1.0 1.3 0.05 3.1 0.6 
OC kt year-1 12.3 9.6 1.3 1.6 0.2 8.7 0.7 
Lead t year-1 0.89 0.80 1.08 0.97 0.84 0.72 0.44 
Cadmium t year-1 0.43 0.38 0.01 0.01 0.02 0.35 0.004 
Mercury t year-1 0.02 0.02 0.03 0.05 0.05 0.01 0.02 
Arsenic t year-1 0.01 0.01 0.02 0.01 0.18 0.01 0.01 
Chromium t year-1 0.75 0.68 0.11 0.10 0.42 0.61 0.04 
Copper t year-1 0.20 0.18 0.22 0.19 0.12 0.16 0.09 
Nickel t year-1 0.07 0.06 0.11 0.10 13.88 0.05 0.04 
Selenium t year-1 0.02 0.01 0.01 0.02 0.21 0.01 0.01 
Zinc t year-1 16.79 15.11 2.16 1.94 0.98 13.62 0.88 
B[a]P t year-1 3.97 3.57 1.08 2.43 0.09 3.22 1.10 
B[b]F t year-1 3.64 3.28 1.83 3.88 0.004 2.95 1.76 
B[k]F t year-1 1.38 1.24 1.08 1.46 0.001 1.12 0.66 
I[123-cd]P t year-1 2.33 2.09 0.86 1.16 0.07 1.89 0.53 
ΣPAHs t year-1 78.4 70.5 81.7 73.5 10.4 63.5 33.2 
PCB g year-1 2.0 1.8 1834 1650 1199 1.6 746.1 

Dioxins 
g I-TEQ 
year-1 26.2 23.6 5.4 9.7 8.1 21.3 4.4 

HCB g year-1 164.0 147.5 6.7 6.0   133.0 2.7 
B[a]P: Benzo[a]pyrene; B[b]F: Benzo[b]fluoranthene; B(k)F Benzo[k]fluoranthene; I[123-cd]P: Indeno[123-cd]pyrene 716 

Table 7. Pollutant emissions inventory for RSF combustion in the United Kingdom and New 717 
Zealand, 2013/14.  718 

 719 

In the UK, the results show that emissions are highly dependent on regional fuel 720 
consumption. Emissions of CO2 and SO2 are highest in regions with the highest fossil fuel 721 
combustion, including the North of England and Wales. All other emissions are highest in 722 
Northern Ireland and the South East, where wood fuel consumption in highest. Emissions 723 
remain consistently low in the North East, where consumption of RSF is low across all fuel 724 
types. The national totals for activity data and emissions in Table 7 may be compared with 725 
the GAINS estimates in Table 5. It can be seen that wood consumption in stoves is within 726 
30% of the GAINS inventory estimate. However, wood consumption in fireplaces is higher 727 
by more than 30 PJ compared to GAINS. Combined fossil fuel consumption is 31.49 PJ, 728 
more than twice the GAINS estimate. The higher activity data also corresponds to higher 729 
emissions. For biomass, the majority of emissions are higher by a factor of 2-3. The 730 
exceptions are NH3 and SO2 which are significantly higher than in GAINS, and NMVOCs 731 
which are within 8% of the GAINS estimate. For fossil fuel, there is a greater differences 732 
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between the two inventories. The majority of emissions estimates are higher by a factor of 2-733 
6 than in GAINS. The exceptions are CH4 and OC emissions which are significantly higher. 734 
This is because the CH4 emissions factor for coal stoves in the NAEI is 476 g GJ-1 versus 30 735 
g GJ-1 in GAINS. 736 

In New Zealand, regional fuel consumption also has a large impact on emissions. CO2 and 737 
SO2 emissions are far higher in South Island than in North Island, particularly in Greymouth, 738 
Grey District. Emissions from wood burning are more uniformly distributed across the 739 
country, and are strongly correlated to the larger population areas. Emissions of CH4, 740 
NMVOCs, CO, particulate matter, BC and OC are consistently high in wards such as 741 
Rotorua, Nelson and Waitakere ward which includes the Auckland suburban areas of 742 
Waitakere and Henderson. Emissions are also highest in the wards which include Invercargill 743 
and Dunedin, where BC emissions over 100 tonnes year-1 have been calculated. This 744 
corresponds to annual BC emissions of 5.6 kg dwelling-1 and 3.8 kg dwelling-1 in the two 745 
wards respectively. Comparing activity data, the results show that fossil fuel consumption in 746 
the GAINS model is within 24% of the calculated consumption. However calculated national 747 
wood consumption is higher than the GAINS estimate by a factor of 7.9. This has a 748 
significant impact of total national emissions. Calculated emissions from fossil fuel 749 
combustion are in the most part higher by a factor of 1-2 than in GAINS, except for 750 
NMVOCs and N2O which are higher by a factor of 5.8 and 4.0 respectively. Calculated 751 
emissions from biomass burning range from 4.8 times higher for NMVOCs to 67.9% higher 752 
for ammonia. Importantly, black carbon emissions are 13.5 times higher, which has 753 
significant implications for climate.  754 

 755 

 756 

5. Discussion and Implications for the UK 757 

 758 

Analysis of HAPINZ data (Kuschel et al., 2012) found that the contribution of domestic 759 
heating to wintertime PM10 concentrations was highest in Alexandra, Arrowtown and Milton 760 
at 45-50 µg m-3; up to 2.5 times higher than the WHO recommended annual mean.  761 
Calculated average winter BC concentrations were also highest in these areas, peaking at 10 762 
µg m-3. The nationwide average was 1.8 µg m-3 and typically 4-7 µg m-3 in urban/suburban 763 
areas which is typical of the winter concentrations reported by the studies shown in Table 4. 764 
These concentrations are comparable with those in highly polluted regions of India and Asia, 765 
which have resulted in localised radiative forcing over urban areas of up to 23 Wm-2 766 
(Panicker et al., 2010, Peng et al., 2016). It is therefore recommended that a full radiative 767 
transfer modelling exercise be carried out over urban areas in New Zealand in order to fully 768 
understand the climate impacts of wood burning stoves.  769 

Emissions of NVMOCs, BC, OC and particulate matter are highly dominated by heating 770 
stoves because of the lower efficiency of combustion. This is in agreement with Denier van 771 
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der Gon et al. (2015) who found the residential wood combustion is the largest source of 772 
organic aerosols in Europe. Lower combustion temperatures and larger fuel particle size 773 
promote pyrolysis conditions which are conducive to higher emissions of organics (Williams 774 
et al., 2012, Jones et al., 2014). The NVMOC emissions factor for coal combustion in heating 775 
stoves (300 g GJ-1) is more than a factor of 5 lower than for wood (1600 g GJ-1) in the 776 
GAINS database. In contrast, the factor is the same (600 g GJ-1) for both wood and coal 777 
combustion in the EMEP/EEA database, and very similar in the NAEI database. Specific 778 
NOx emissions factors by technology were not available in GAINS but the factor for biomass 779 
in the general residential sector is almost half that of coal, as shown in Table 3. NOx 780 
emissions are influenced by the nitrogen content of the fuel (Mitchell et al., 2016) and the 781 
temperature of combustion (Jones et al., 2014). The same is true of SOx emissions. Fuel-782 
bound sulphur is typically very low in wood and biomass fuels, but can be as high as 2% in 783 
manufactured solid fuel (Van Loo and Koppejan, 2007). However, the use of binders or 784 
additives such as calcium carbonate during the production of MSF briquettes can help retain a 785 
proportion of the sulphur in the ash.  Figure 6f shows that lignite contributes to SO2 786 
emissions, particularly between 1995 and 2000. The GAINS emissions factor for lignite in 787 
heating stoves is 558 t PJ-1 versus 616 t PJ-1 for hard coal, which is consistent with the 788 
relative sulphur contents reported by Beamish et al. (2001). New Zealand has several billion 789 
tonnes of lignite resources in the Southland and Otago regions which may contribute to RSF 790 
emissions in the future. 791 

Emissions of PM10 and PM2.5 increase substantially from 2005 to 2030 in the UK, largely due 792 
to the increase in wood burning. The PM10 emissions factor for wood burning in heating 793 
stoves is 44% higher than that of coal burning in the GAINS database. This is corroborated 794 
by the EMEP/EEA and NAEI databases which find PM10 emissions from wood burning are 795 
64% and 63% higher respectively than coal, on an energy basis. However, PM10 emissions 796 
are higher for coal on a mass basis. For example, the NAEI reports emissions factors of 9.3 g 797 
kg-1 and 8.2 g kg-1 for coal and wood respectively. This is in good agreement with Coulson et 798 
al. (2015) who found emissions factors from in-situ wood stoves exhibit a log-normal 799 
distribution with a mean of 9.8 g kg–1 (± 2.4 g kg–1). The 95% confidence interval for PM10 800 
emissions from conventional heating stoves burning wood and similar wood waste in the 801 
EMEP/EEA database is 6.8-27.3 g kg-1 (380-1520 g GJ-1) with a mean of 13.7 g kg-1.  The 802 
range of the 95% confidence interval is lower for fossil fuel at 7.5-15.8 g kg-1. The HAPINZ 803 
study used factors of 8 g kg-1 for wood and 25 g kg-1 for coal (Kuschel et al., 2012). The most 804 
important component of particulate matter for climate change is black carbon and this is 805 
presented at a percentage in the EMEP/EEA database. The 95% confidence interval is 2-20% 806 
for wood (average 10%) and 2-26% for coal (average 6%). In comparison, fractions reported 807 
in GAINS are 16% for wood and 29% for coal. Analysis of several studies by Winther and 808 
Nielsen (2011) found the BC fraction to vary from 10% in wood fireplaces to 15% in wood 809 
stoves and 35% in wood boilers. The fraction was much higher for coal at 45%.  810 

The results show that the net impact on climate of heating stoves and fireplaces in both the 811 
UK and New Zealand is strongly warming, and black carbon is the most important 812 
component of radiative forcing, particularly where consumption of wood exceeds that of coal. 813 
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A comparison of the BC emissions reported here is made with several international climate 814 
models, and is shown in Figure 13. The figure also shows projected emissions under different 815 
scenarios from RSF combustion until the year 2100. The suffix _calc denotes that BC has 816 
been calculated from PM10 data. In the UK, most scenarios predict a gradual reduction in BC 817 
emissions over the period. However, the GAINS and NAEI data show that after 2004 there 818 
has been a significant increase in BC emissions, which will continue until 2025. In New 819 
Zealand, all model scenarios suggest a large reduction in BC emissions from 2010 onwards. 820 
The BC emissions estimate of this study is approximately 40% higher than the highest 821 
estimate made by the PEGASOS model, but significantly higher than all other models. The 822 
BC emissions factors used here are similar to that of the GAINS database so it is most likely 823 
the activity data which carries the largest uncertainty.  824 

 825 

 826 

Figure 13. Comparison of model predictions of BC emissions from the residential sector in (a) 827 
the UK; and (b) New Zealand; for the years 1990 – 2100.  828 

 829 
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Figure 13a also shows that the calculated UK BC emissions are approximately three times 830 
higher than most climate models predict. This is in agreement with the findings of the recent 831 
DECC Domestic Wood Use Survey, which found that DUKES has previously underestimated 832 
wood consumption by a factor of three (DECC, 2016a). Denier van der Gon et al. (2015) also 833 
found that previous inventories in Europe underestimated emissions from wood RSF by a 834 
factor of 2-3. If BC emissions were to increase at the same rate as PM2.5, as given in the 835 
NAEI inventory between 2005 and 2013, then emissions would be over 6.7 kt year-1 by 2030; 836 
an increase of 84% on 2013 emissions. In context, emissions from passenger cars (UNFCCC 837 
section 1.A.3.b.i) were 1.7 kt in 2015, reducing to 0.4 kt in 2030 according to GAINS 838 
(ECLIPSE version 5, CLE scenario). The GAINS model predicts a reduction in BC emissions 839 
across most UNFCCC sectors, but an increase in the residential sector (section 1.A.4.b.i). In 840 
fact, by 2030 the residential sector accounts for 44% of total BC emissions and 40% of total 841 
OC emissions across all sectors in the UK. This is comparable to Denmark, where residential 842 
wood combustion is prevalent (Winther and Nielsen, 2011). The high contribution of RSF to 843 
BC and OC is largely due to increased use of wood in heating stoves as shown in Figure 4. 844 
The contribution of other technologies in the residential sector to BC, OC and total PM2.5 is 845 
comparatively low, as shown in Figure 14a. In 2025, heating stoves and fireplaces account 846 
for 77% of BC emissions, 90% of OC emissions, and 85% of total residential sector PM2.5 847 
emissions. This is a result of lower combustion efficiencies, lower MCE and higher emissions 848 
factors for small scale biomass technologies. However, larger technologies such as single 849 
house biomass boilers (< 50 kW) and commercial biomass boilers (<50 MW) make a larger 850 
contribution to NOx emissions due to higher combustion temperatures and formation of 851 
thermal NOx (Williams et al., 2012). As shown in Figure 14b, heating stoves and fireplaces 852 
account for just 42% of NOx emissions in 2025.   853 
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 854 

Figure 14. Breakdown of UK residential sector emissions from wood combustion by technology 855 
for (a) PM2.5 and (b) NOx, according to the GAINS model, 1990-2030. 856 

As discussed in section 2.2, there is good comparability between residential heating sectors in 857 

New Zealand and the UK in terms of fuel poverty and energy efficiency of homes. However, 858 

space heating accounts for a greater proportion of residential energy consumption in the UK 859 

than New Zealand. Both average wood consumption per household, and average wood 860 

consumption per day are twice as high in New Zealand as in the UK. This may be linked to 861 

the limited availability or higher cost of alternative heating fuels, particularly as New Zealand 862 

has a large domestic supply of wood, whereas the UK does not and may rely on wood 863 

imports in the future. In addition, the climates of the two countries are comparable, but 864 

distinct. The latitude of New Zealand ranges from 34° to 47° South, whereas mainland UK 865 

covers 50° to 58° North. Being closer to the equator, the far north of New Zealand has a sub-866 

tropical climate and typical winter daytime maximum air temperatures are 12-17°C.  The 867 

South Island is generally cooler and more mountainous, with maximum winter daytime 868 

temperatures of 5-12°C.   Average winter daily maximum temperatures in the UK are similar 869 

but generally lower, ranging from 5-7°C in northern Scotland to 7-10°C in southern England. 870 

Both countries also commonly experience smog episodes during winter anticyclones and 871 

atmospheric temperature inversions (Kossmann and Sturman, 2004, Milionis and Davies, 872 
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2008). Such events are typically correlated with lower temperatures and higher emissions 873 

from home heating.  874 

 The UK also has 60 million more inhabitants and 26 million more homes than New Zealand, 875 

and currently 7.5% of UK households burn wood compared to >50% of NZ households (see 876 

section 2.1). Due to the higher density of housing, small increases in emissions may have a 877 

greater impact in the UK. For example, a 1% increase in the number of UK homes burning 878 

wood would lead to over 30,000 extra tonnes of wood (dry basis) being burned per year, 879 

assuming the factors given in table 1.  880 

 881 

 882 

6. Policy Implications 883 

A high degree of uncertainty remains in RSF activity data estimates, due to inherent 884 
difficulties in monitoring this highly variable emissions source. Bottom-up inventories using 885 
the latest census, survey and sales data hold the potential to reduce uncertainty.  886 

Implications for air quality and health 887 

Biomass burning stoves and boilers have the potential to significantly reduce greenhouse gas 888 
(mainly CO2) emissions from the residential sector, but care must be taken to ensure that this 889 
is not done at the detriment of air quality, particularly in the winter time. The UK is facing a 890 
number of legal challenges over European air quality breaches. Hence an increase in 891 
residential wood burning could impede efforts to reduce national emissions of NOx, 892 
NMVOCs, NH3, PM2.5 and CH4 through planned revisions to the National Emission Ceilings 893 
(NEC) Directive 2001/81/EC. The improvement of emissions inventories for residential 894 
wood burning was identified as one of the key areas for improvement in receptor modelling 895 
studies and “substantially more information” is needed in this area “before abatement 896 
policies can be formulated” (AQEG, 2012).   897 

Although a range of low-emission appliances are available through the RHI, uptake remains 898 
low, particularly where there is an option to install a cheaper more traditional wood burning 899 
stove. The Ecodesign Regulations in Europe have the potential to increase uptake of such 900 
appliances and significantly reduce emissions in the future. The regulations also help to 901 
minimise variation between standard test methods across Europe, but significant differences 902 
remain internationally such as in standard fuels and sampling methods. Before Ecodesign is 903 
implemented, voluntary eco-labelling of new appliances such as Flamme Verte (France), 904 
Nordic Swan (Scandinavia) and Burnwise (NSPS, USA) may help to reduce emissions. If 905 
emissions from older appliances are to be reduced without replacement, then policies may 906 
target fuel switching to pellets/briquettes or pretreated fuels (torrefied biomass or washed 907 
wood), as well as ‘No Burn Days’ and retrofitting of abatement technologies.  908 
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Implications for climate change 909 

As described in section 2.1, the UK must achieve targets of 12% renewable heat by 2020, 910 
15% total renewables by 2020, and 80% emissions reductions by 2050. In order to achieve 911 
this, the Committee on Climate Change (CCC) has developed a series of quadrennial ‘carbon 912 
budgets’ with specific targets enshrined into law. The fifth carbon budget (2015-2035) sets a 913 
target of installing 400,000 extra biomass boilers for space heating (not including district 914 
heating), equating to 36 PJ and GHG savings of 1.3 MtCO2-equivalent. Current policy 915 
incentivising residential biomass uptake explicitly targets biomass boilers (CCC targets and 916 
RHI policy) and there is little or no support for stoves. This is because heat generated must be 917 
metered in order to be eligible for RHI payments. A coinciding benefit is that boilers tend to 918 
have lower emissions factors than stoves and must meet RHI emissions and efficiency 919 
criteria. Consumption of wood pellets is also more easily audited than wood logs, where there 920 
is a large ‘grey’ or informal market consisting of self-sourced fuel and waste wood 921 
(Bitterman and Suvorov, 2012). However, the DECC Domestic Wood Consumption Survey 922 
and subsequent revisions to DUKES highlight the importance of small scale unmetered 923 
residential wood combustion (RWC) in the renewable energy mix, as shown in table 8.  924 

 DUKES 2014  
(year 2013) 

DUKES 2016  
(year 2013) 

DUKES 2016  
(year 2015) 

Renewable 
heat 

35% 63% 54% 

Total 
renewable 
energy 

5.4% 14.2% 10.7% 

 925 
Table 8. Revised contributions of domestic wood combustion to renewable heat and total 926 
renewable energy generation in the UK. Data source: DUKES 2016 Chapter 6, table 6.6, 927 
(DECC, 2016a).  928 

The revisions mean that the UK moves from level 3 (RWC <10% renewables) to level 2 929 
(RWC 10-30% renewables), according to European 20-20-20 reporting standards (Bitterman 930 
and Suvorov, 2012). As a result it is recommended that the UK conduct a RWC survey every 931 
3-4 years instead of 5-10 years and errors in the reporting should be ±10% rather than ±30%.  932 

 933 

7. Conclusions  934 

Here we present one of the first detailed inventories of black carbon concentrations from RSF 935 

combustion in New Zealand. Concentrations were higher than 10 µg m-3 in some suburban 936 

areas of Christchurch, Dunedin, and Nelson. In comparison, BC concentrations due to wood 937 

burning in London are estimated to be 0.17-0.33 µg m-3 (see section 2.1). This has significant 938 

implications for air quality and climate and serves as an example of the BC concentrations 939 

that can be expected in similar sized UK towns and cities, should RSF use in stoves and 940 

fireplaces continue to increase without emissions controls. As is the case in New Zealand, 941 
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residential wood combustion (RWC) may become the largest source of ambient wintertime 942 

PM10 and BC in the UK. Model predictions show a 14-fold increase in the consumption of 943 

wood in the UK residential sector between 1990 and 2030 and heating stoves alone account 944 

for 40-55% of this. As a result, emissions of CH4, NMVOCs, PM10, PM2.5 and OC increase 945 

significantly and total net radiative forcing increases by 23% between 2010 and 2030. Due to 946 

the reduction in coal use and the increase in wood use, black carbon surpasses carbon dioxide 947 

to become the most important component of RSF radiative forcing, with wood burning BC 948 

alone accounting for over 50% of the total positive radiative forcing in 2030.  949 

A unique bottom-up emissions inventory was produced for both countries using the latest 950 

census data for New Zealand and survey data for the UK. One recommendation from New 951 

Zealand is that conducting a survey of fuels used for home heating every 3-5 years helps to 952 

reduce uncertainty in activity data which is important for renewable energy targets, emissions 953 

inventories and air quality and climate models. Activity data was multiplied by emissions 954 

factors derived from a critical analysis of 5 inventories, which highlighted the uncertainty in 955 

emissions factors in this subcategory.  In order to reduce uncertainty in emissions factors, it is 956 

recommended that standard test methods be modified to replicate real-world emissions, and 957 

in-situ testing be carried out as has been done in New Zealand. More than ten years of 958 

research has been conducted on RSF emissions and associated air quality impacts in New 959 

Zealand, whereas UK research has largely focussed on other sectors. The relative success of 960 

imposing additional emissions limits on wood burners has also been demonstrated, such as in 961 

Nelson where PM10 and BC are reducing (see section 2.3). In terms of BC, OC and climate, a 962 

deeper understanding of the impact of ‘brown’ fraction of organic carbon is required, as well 963 

as the impact of high SOA formation from aged wood smoke. 964 

 965 

 966 
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EMEP USEPA GAINS IPCC NAEI This study 

Heating stoves Fireplaces 
Heating 
stove Fireplace Heating Stoves Fireplaces 

Heating 
stove Fireplace Residential Residential Heating stoves Fireplaces Residential 

Pollutant Unit Wood Coal Wood Coal Wood Wood Wood Coal Wood Wood Wood Wood Coal Wood Coal Wood Coal Wood Coal MSF 
Carbon Dioxide g GJ-1     94444 94300       112000 94600 21789   94600   94600 24459 
Methane  g GJ-1   833   200 30 350 932   300 267-2650 205 476 200 476 350 476 149 
Nitrogen oxides   g GJ-1 50 100 50 60 78 72 80   120 110 100 100-180 49 108 50 100 50 60 113 
Carbon Monoxide  g GJ-1 4000 5000 4000 5000 6411 7017   10000 11000 5000 2000-3600 2956 4249 4000 5000 4000 5000 3517 
Non Methane VOC  g GJ-1 600 600 600 600   6361 1600 300 1700     600 200 393 424 600 600 600 600 148 
Sulphur Dioxide  g GJ-1 11 900 11 500 11 11 726         6 785 11 900 11 500 1096 
Nitrous Oxide  g GJ-1     8 1.4     9 4 1.5 3 4 3 4 3 4 3 
Ammonia  g GJ-1 70 5 74 5     8         55 30 70 5 74 5 30 
PM10  g GJ-1 760 450 840 330 850 961 655 455 720       458 281 760 450 840 330 56 
PM2.5  g GJ-1 740 450 820 330     635 450 698       427 277 740 450 820 330 55 
Black Smoke  g GJ-1               56 1212     144 
Black Carbon  g GJ-1 74 29 57 32     100 130 86       117 130 101 95 5 
Organic Carbon  g GJ-1         1472 0.4 280 160 320             326 160 376 117 20 
Lead  mg GJ-1 27 100 27 100             51 86 27 100 27 100 76 
Cadmium  mg GJ-1 13.0 1.0 13.0 0.5 0.61           4.4 0.9 13.0 1.0 13.0 0.5 2 
Mercury  mg GJ-1 0.6 5.0 0.6 3.0             1.7 3.3 0.6 5.0 0.6 3.0 5 
Arsenic  mg GJ-1 0.2 1.5 0.2 1.5             1.7 14.2 0.2 1.5 0.2 1.5 16 
Chromium  mg GJ-1 23 10 23 10 0.03           50 27 23 10 23 10 38 
Copper  mg GJ-1 6 20 6 20             5.6 6.4 6 20 6 20 11 
Nickel  mg GJ-1 2 10 2 10 0.39           54 14 2 10 2 10 1263 
Selenium  mg GJ-1 0.5 2.0 0.5 1.0             5 13 0.5 2.0 0.5 1.0 19 
Zinc  mg GJ-1 512 200 512 200             69 75 512 200 512 200 89 
Calcium  mg GJ-1               525 15856       
Tin  mg GJ-1               7.5 4.2     417 
Vanadium  mg GJ-1               1.7 3.3     3303 
Magnesium  mg GJ-1               89 5145       
Sodium  mg GJ-1               583 5064       
Beryllium  mg GJ-1               0.36 40     4 
Potassium  mg GJ-1               2472 4250       
Manganese  mg GJ-1         4.72                               
Benzo[a]pyrene  mg GJ-1 121 250 121 100 111           72 47 121 250 121 100 8.4 
Benzo[b]fluoranthene  mg GJ-1 111 400 111 170 167           83 2 111 400 111 170 0.4 
Benzo[k]fluoranthene  mg GJ-1 42 150 42 100 56           28 0.6 42 150 42 100 0.1 
Indeno[123-cd]pyrene  mg GJ-1 71 120 71 80             5 36 71 120 71 80 6.4 
Benz[a]anthracene  mg GJ-1   556           278 54       
Anthracene  mg GJ-1   389           361 56       
Benzene  mg GJ-1   54           14 19       
Benzo[ghi]perylene  mg GJ-1   111           56 25       
Fluorene  mg GJ-1   667           461 491       
Dibenz[ah]anthracene  mg GJ-1               1 54       
Acenapthylene  mg GJ-1   5889           4367 217       
Napthalene  mg GJ-1   8000           5017 3738       
Pyrene  mg GJ-1   667           406 90       
Phenanthrene  mg GJ-1   2167           1356 199       
Acenapthene  mg GJ-1   278           172 159       
Fluoranthene  mg GJ-1   556           383 90       
Chrysene  mg GJ-1         333                 211 51           
Total PAH mg GJ-1                                2389 7576 2389 7576 950 
Polychlorinated biphenyls µg GJ-1 0.06 170 0.06 170               111 109 0.06 170 0.06 170 109 
Dioxins ng I-TEQ GJ-1 800 1000 800 500             662 731 800 1000 800 500 742 
Hexachlorobenzene µg GJ-1 5 0.62 5 0.62             4 1 5 0.62 5 0.62   
Hydrogen Chloride g GJ-1                             71           
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Highlights: 

• Residential wood combustion (RWC) in the UK is forecast to increase by a factor of 
14 up to 2030.  

• Small scale heating stoves and fireplaces are the most polluting RWC technology and 
account for 85% of residential solid fuel (RSF) PM2.5 emissions. 

• Wood consumption per person in New Zealand is currently twice that of the UK, with 
significant air quality and climate impacts which may be replicated in the UK in the 
future, if growth continues.   

• Black carbon has surpassed carbon dioxide to become the most important component 
of RSF radiative forcing  

• Recent UK survey data increased the contribution of RWC to renewable energy 
targets from 5.4% to 14.2% for 2013, so reducing uncertainty in activity data and 
emissions inventories is crucial. 
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List of Abbreviations 

AGWP Absolute Global Warming Potential 
BC Black Carbon 
CAU Census Area Unit 
DECC Department for Energy and Climate Change (UK). Note this department has 

recently become the Department for Business, Energy & Industrial Strategy 
DEFRA Department for Environment, Food and Rural Affairs (UK) 
DUKES Digest of United Kingdom Energy Statistics 
EC Elemental Carbon 
EECA Energy Efficiency and Conservation Authority 
EMEP/EEA European Monitoring and Evaluation Programme / European Environment 

Agency 
EPA Environmental Protection Agency (USA) 
EPC Energy Performance Certificate 
GAINS Greenhouse gas – Air pollution Interactions and Synergies 
HAPINZ Health and Air Pollution in New Zealand study 
IPCC Intergovernmental Panel on Climate Change 
LPG Liquefied petroleum gas 
MBIE Ministry of Business, Innovation and Employment (NZ) 
MC Moisture Content 
MSF  Manufactured Solid Fuel 
NAEI National Atmospheric Emissions Inventory (UK) 
NES National Environmental Standard (NZ) 
NMVOC Non-Methane Volatile Organic Compounds  
NSPS National Source Performance Standard (USA) 
NZFFA New Zealand Farm Forestry Association 
NZHHA New Zealand Home Heating Association 
OC Organic Carbon 
OECD Organization for Economic Cooperation and Development 
OGC Organic Gaseous Carbon 
PAH Polycyclic Aromatic Hydrocarbons 
PM Particulate Matter 
RHI Renewable Heat Incentive (UK) 
RSF Residential Solid Fuels 
RWC Residential Wood Combustion 
SIA Stove Industry Alliance 
SSF Solid Smokeless Fuel 
TPES Total Primary Energy Supply 
UNFCCC United Nations Framework Convention on Climate Change 
 


