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0 EXECUTIVE SUMMARY

0.1 BACKGROUND
The measurement programme provided:

1 continuously monitored emission concentration data throughout the different phases of the
burning cycle for some gaseous measurements (CO, COz2, Oz, NOx, SOz, TOC),

1 anintegrated concentration measurement for (PCDD/F, PAH and heavy metals) over the whole
burn cycle,

1 integrated PM-related concentrations measurements for alternate phases of the burning cycle
(ignition, 2nd operation/refuel and burnout phases).

The calculation of emission factors for each appliance and fuel combination from the emission
concentration data reported by the test houses required several calculation stages, discussed in
Chapter 6.

Emission factors have been developed for use in the NAEI for wood logs at different moisture contents,
wood briquettes, coffee logs, coal, anthracite and manufactured solid (mineral) fuels for the appliance
categories detailed in Table 0-2 for PM, PMzs, PM1o, NOX, SO2, CO, NMVOC, PAH, PCDD/F and, for
mineral fuels, heavy metals. These emission factors have been approved by the Air Quality Inventory
Steering Group (AQISG), will be implemented in the next annual cycle of the NAEI.

Condensable PM emission factors have also been determined for all appliance types and fuels (these
are not currently applied in the NAEI as total filterable and condensable emissions are reported).

Black Carbon emission factors have also been developed in the measurement programme, with three
repeat measurements made for each appliance-fuel combination in each phase of the burn cycle. These
data will be combined with WP1 and WP2 measurements, which are for a more limited dataset to
produce a black carbon emission factor for each category of appliance.

Heavy metal emission factor measurements indicated some anomalous data for certain metals,
anomalous tests were removed from the data. Note, many of the measurements for certain metals were
at or below the limit of detection.

In general, although substantial changes can be seen for emission estimates in the residential
combustion sector, the combined impact from mineral and biomass fuels on UK national emissions is
generally small. However, the new emission factors for PAH including Benzo(a)pyrene, PCDD/F and
PMz.s would result in a significant reduction in national emissions.

The country-specific emission factors developed in this project are considered to be an improvement
on current emission factors used by the NAEI because they:

1 Better represent UK operating practise with respect to burn duration, number of refuels, fuel
load, draught and the types of solid mineral fuels used in the UK.

Are based on three replicate test cycles.

Better represents appliances used in the UK.

Are based on tests for the same appliance and the same test cycles for measured pollutants.

=A =4 =4 =

Provide data measured by accredited test houses using test approaches that are consistent
with EN and CEN/TS approaches for emission measurement.

In general, WP3 confirmed emission factors determined in WP1 for wood logs and WP2 for solid mineral
fuels.

T InWP1 and WP3 tests on appliances burning wood logs, emission factors for CO, PM (TPM,
PM1o, PM25s) and VOC were highest for wet fuels. PAH emission factors were generally
highest for wet fuels on the open fireplace. Dioxins emissions were more variable and
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showed little association with moisture. On the modern stoves, emission factors for CO, PM,
VOC and PAH were higher for dry wood than for seasoned wood.

1 PMzs emissions are broadly highest for the wet wood but for the modern stoves (including the
Blue Angel stove), emission factors for dry wood are higher than for seasoned wood.

1 The BaP emission factors for dry wood for all the stoves are generally higher than for
seasoned wood. For most stoves emission factors for dry wood are also higher than for wet
wood. For the open appliance, BaP emission factors for wet wood are higher than for
seasoned wood which are higher than for dry wood.

1 For the modern Ecodesign appliance using mineral fuels there are higher emission factors for
CO, PM and TOC/OGC (which have emission limits in the Ecodesign Regulation) and PAH
compared to the older appliances. Smaller differences in emission factors will be mitigated by
higher energy efficiency for the modern appliance but elevated emission factors are often
higher than could be offset by improved energy efficiency. This indicates that implementation
of Ecodesign Regulation has had little beneficial impact on PMz.s emissions from stoves for
solid mineral fuels.

1 The BaP emission factors for the approved MSF (Low_Sulphur_MSF) for the modern stoves
are generally higher than for older stoves and open fires.

1 The PM: fraction in PM emissions from wood-burning is variable but is typically more than
about 65% of the total PM emission. The PM: fraction for mineral fuels is less variable than
for wood fuels and generally forms more than about 65% of the total PM emission.

0.2 INTRODUCTION

This is the Work Package 3Report f or the project AEMIi ssi on
project was undertaken by Ricardo Energy and Environment (Ricardo), Kiwa Gastec (Kiwa),
Environmental Compliance Ltd (ECL), University of Manchester and University of Leeds for the United
Kingdom Department for Environment, Food and Rural Affairs (Defra).

Work Package 3 focused on the development of emission factors for the combustion of wood logs with
varying moisture contents, coal, anthracite, Manufactured Solid Fuels (MSFs), coffee logs, and wood
briquettes. These fuels were tested predominantly on stoves commonly used in UK residences, with
additional tests conducted on a low emission wood log stove (Blue Angel ecolabel) and a pellet stove.
This report summarises combined results from across all three Work Packages carried out under the
work programme.

This report contains background information about the project team, scope of work and methodology.
It includes detailed information about the fuels and appliances, and results of the test programme which
have been used to develop the emission factors. Within the report the authors outline the challenges
and uncertainties associated with the final emission factors.

The emission factors developed through this project will be used directly in the UK National Atmospheric
Emissions Inventory, which fulfils reporting requirements under the National Emissions Ceiling Directive
(NECD), transposed into UK law as the National Emissions Ceiling Regulations (NECR); the United

Factor

Nati ons Economic Commission for Europe (UNECE)&6s Con\

Pollution (CLRTAP).

In addition to fulfiling the national and international reporting requirements, the NAEI provides
emissions data for a wide range of other uses including providing policy makers, researchers, air quality
professionals and the public with an understanding of the key polluting sources, how these sources
have varied over time and how they are likely to contribute to pollution in the future.
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This report should be read in conjunction with the project Inception Report, Test Protocol, Work
Package 1 report! and Work Package 2 report?, which provide full detail on the methodologies employed
and results to date.

0.3 GOVERNANCE

A Steering Group was set up by Defra to provide expert advice around domestic solid combustion,
emissions measurements, and emissions factors calculations; to review progress and outcomes from
the emissions factors project. The Steering Group reviewed and approved results, reports, model(s),
calculations, other project outputs and challenged assumptions. The Steering Group convened several
times during this study and gave approval to proceed at key stages of the project:

1. Approval of the Test Protocol

2. Approval to proceed to the main test programme following review of results from an interlaboratory
comparison to assess the approach (the round-robin testing)?!

3. Approval of the outputs of the WP1 test programme and emission factors

4. Approval of the outputs of the WP2 test programme and emission factors

5. Approval of the outputs of the WP3 test programme and emission factors

Selected outputs of WP3 have been pr esented to the UK®&s Air Quality

(AQISG), a separate group with remit to govern the scientific development of the NAEI. The AQISG
has provided approval for use in the NAEI 2023 (to be submitted spring 2025).

0.4 FUEL

Work Package 1 tested wood logs, and for Work Package 2 a range of mineral and manufactured solid
fuels (MSF) were selected. In Work Package 3 all the fuels from across WP1 and WP2 were tested on
a range of different stoves as well as wood briquettes and wood pellets. These were:

1. Wood logs : Dry (0-10% moisture), Seasoned (10-20% moisture), Wet (20-30% moisture)

2. House coal trebles. Supply of this fuel is now prohibited in England and is not authorised for use in
smoke control areas.

3. Anthracite small nuts, approved for use in smoke control areas under the generic authorisation for
smokeless fuels.

4. An MSF Authorised for use in Smoke Control Areas designated under the Clean Air Act and under

the Air Quality Domestic Solid Fuel Standards

this is a HETAS-approved smokeless and low sulphur fuel
5. Anon-Aut hori sed MSF; ASuperheato was used in

WP 2

(Engl

but

by ABriteflameo in WP3. Although there are Authoris

non-approved versions for markets outside England as supply of these fuels for domestic burning
is now prohibited in England. This is a non-approved, higher sulphur petcoke based fuel.

6. Biobean coffee logs for wood burners and multifuel stoves.

7. Wood briquettes

8. Wood pellets

Fuel samples were independently analysed, and results are presented in the appendices.

0.5 TEST CYCLE/BURN CYCLE

The project test cycle considered emissions during ignition, steady operation including refuels, and
shutdown. A full description is given in the test protocol and is summarised below. Note that the pellet

t Further details are provided in the Work Package 1 report available here : https://uk-
air.defra.gov.uk/assets/documents/reports/cat09/2401050850 Ricardo EFDSF_WP1 Report v1.5.pdf
2 Work Package 2 report available here : https://uk-

air.defra.gov.uk/assets/documents/reports/cat07/2410240831 Ricardo EFDSF Report WP2 final v2.pdf
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stove and Blue Angel-ecolabelled stove required altered test protocols, these are detailed in section

4.1.1.

Ignition

For wood and biomass fuels:

1 The typical batch mass of the wood for refuels was 1.2 kg split between two logs. Coffee logs and
wood briquettes were tested as two logs per the ignition phase and two per burn.

1 Wood logs were typically 35-38cm in length with a diameter of 5-10cm. Bark was not removed; logs
were placed with the bark face pressed into the fire bed.

91 For ignition the total mass of kindling material was limited at 50% of the total batch mass (0.6 kg
kindling for wood logs).

1 The total mass of starting aids (firelighter) was limited at 3% of the total batch mass. Firelighters
were placed in the centre of the kindling. A kerosene-based firelighter was used for all ignition
batches.

For mineral and MSF fuels:

The typical batch mass of fuel varies depending on the stove and fuel under test as mineral and MSF
require primary air (through the grate) and different grate sizes require different loads.

1 Fuel is weighed out for the test and screened to ensure that the fuel size is uniform removing large
or broken pieces.
9 Forignition the total mass of kindling material was limited at 1/3 of the total batch mass.

I The total mass of starting aids (firelighter) was limited at 3% of the total batch mass. Firelighters
were placed in the centre of the kindling. A kerosene-based firelighter was used for all ignition
batches.

Steady operation

The operation step is the phase where the appliance is hot and will most closely align with standard
test methods for domestic solid fuel heating appliances. In this step the appliance was allowed to run
and burn down fuel in the fuel bed. The fuel bed was generally refuelled once for mineral and MSF fuels
and twice for wood logs and coffee logs, refuelling when the flames have gone out. A standardised
refuel procedure is described in the test protocol.

Shutdown

The shutdown step in the test cycle is the period where the final batch is allowed to burn out completely.
The start of shutdown was defined as when the flames go out.

Typical durations for each phase are:
Wood and biomass fuels:

1 Start-up % to 1 hour.
1 Normal operation 3x~45minutes = 2% to 3 hours.
1 Shutdown 1 to 1% hours.

For mineral and MSF fuels:

9 Start-up 1 hour 30 minutes.
1 Normal operation 1 hour 30 minutes.
9 Shutdown 1 hour.

0.6 MEASUREMENTS

Measurements for the main test programme were taken by Kiwa and ECL at the Kiwa laboratory. A
custom-made test rig was used to house the appliances, sampling equipment and analysers.
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Emission measurements were undertaken at two locations:

1. The appliance outlet 7 in a short section of flue at the exit of the stove/fireplace

2. A dilution tunnel 7 in a section of flue located above the appliance outlet and which was
designed to collect all the flue gases from the appliance outlet and ambient air

The test programme is based on measurements on three test cycles for each fuel and appliance
combination. Repeat testing allowed the uncertainty in the measurements to be reported and the
interval and confidence level to be expressed. The pollutants measured are detailed in Table 0-1. Some
measurements were taken over all phases of a test cycle and others were collected separately during
start-up, shutdown and a single operating step. A blend of continuous measurements and periodic

measurements were undertaken as described in Table 0-1.

The following pollutants were measured:

Table 0-1 Pollutants measured in Work Package 3

Measurement
CcoO

CO2

TOC/HC

NOx

Measurement location

Appliance outlet

Comments

Continuous measurement, unweighted
CO and O: used to standardise
integrated samples. Weighted data
used to standardise continuous
measurements. NOx data used in
preference to dilution tunnel data.

NOx

CO

CO2

SO2

TOC/HC

Dilution tunnel

Continuous measurements,
unweighted CO data used to establish
dilution ratio for integrated samples.
Weighted CO data used to establish
dilution ratio for continuous
measurements. NOx and SOz not used
(close to LoD and/or variable).

PM

Appliance outlet

Heated filter measurement, integrated
samples for alternate phases of burn
cycle.

PM

Dilution tunnel

Heated filter measurement, integrated
samples for alternate phases of burn
cycle.

Dioxins & Furans

PAH

Dilution tunnel

Integrated sample collected over entire
burn cycle (combined sample).

Heavy Metals

Dilution tunnel

Integrated sample collected over entire
burn cycle (combined sample).

PM

PMao,

PM:s,

PM1

Dilution tunnel

Impactor measurement, integrated
samples for alternate phases of burn
cycle.

Black carbon

Dilution tunnel

Integrated samples collected over short
periods in alternate phases of burn
cycle. Analysed for EC and OC. Single
sample for each fuel, appliance and test
phase.
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Measurement Measurement location | Comments

Difference between heated filter (or
Condensable PM By calculation particle size) measurements at dilution
tunnel and appliance outlet.

0.7 APPLIANCES

The three stoves and an open fire tested during Work Package 1 and 2 were chosen to represent the
installed base in the UK and to capture the significant developments in stove performance over the
years. WP3 expanded on these, testing a range of additional appliances that are representative of these
UK stove categories as well as a pellet stove and Blue Angel-ecolabelled stove. The appliances from
WP1 and WP2 were tested again in WP3 burning wood briquettes.

Table 0-2 Summary of stoves and fuels tested

Appliance category Appliance Fuels

Coal

Low sulphur MSF

High sulphur MSF
Parkray Paragon inset open fire Wet wood

Seasoned wood

Dry wood

Wood briguettes (WP3)
Coffee logs

Coal

Low sulphur MSF

High sulphur MSF
16 inch Cromwell fire basket (WP?3) Wet wood

Open fire

Seasoned wood
Dry wood

Wood briquettes
Coffee logs
Anthracite

Coal

Low sulphur MSF
High sulphur MSF
Wet wood
Seasoned wood
Dry wood

Pre 2000 closed stove Wood briquettes (WP3)
Coffee logs
Anthracite

Coal
Coalbrookdale (Aga) Little Wenlock | Low sulphur MSF
(WP3) High sulphur MSF
Wet wood
Seasoned wood

Hunter Oakwood
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Appliance category

| Appliance

| Fuels

Dry wood
Wood briquettes
Coffee logs

2000-2009 closed stove

Stovax / Dovre Model Dovre 500MRF

Anthracite

Coal

Low sulphur MSF

High sulphur MSF

Wet wood

Seasoned wood

Dry wood

Wood briguettes (WP3)
Coffee logs

Redfyre (Gazco) Kensal 20 RF-

KEN20M (WP3)

Anthracite

Coal

Low sulphur MSF
High sulphur MSF
Wet wood
Seasoned wood
Dry wood

Wood briguettes
Coffee logs

Very efficient modern stove
(clearSkies level 2 or above)

Charnwood Model: C4. Woodburner
in WP1, multifuel version used for
WP2.

Anthracite

Coal

Low sulphur MSF

High sulphur MSF

Wet wood

Seasoned wood

Dry wood

Wood briquettes (WP3)
Coffee logs

Hunter Aspect 5 (WP3)

Anthracite

Coal

Low sulphur MSF
High sulphur MSF
Wet wood
Seasoned wood
Dry wood

Wood briquettes
Coffee logs

Hunter Aspect 8 (Large stove) (WP3).
Included part load tests.

Anthracite

Coal

Low sulphur MSF
High sulphur MSF
Wet wood
Seasoned wood

Dry wood
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Appliance category | Appliance | Fuels

Wood briquettes
Coffee logs

Wet wood
Seasoned wood
Dry wood

Wood briguettes
Coffee logs

Stovax Stockton 5 Eco (WP3)

Wet wood
Seasoned wood
Dry wood

Wood briguettes
Coffee logs

Blue Angel-ecolabelled Hase Sila IQ+ (WP3)

Pellet stove Island stoves, Ramsey (WP?3) Wood pellets

It was not possible to test anthracite on the open fire appliances due to difficulties keeping the fuel
alight.

0.8 QUALITY AND UNCERTAINTY

An independent audit was carried out during Work Packages 1 and 2 to assess compliance with the
agreed test protocol and measurement methods. These provided assurance that the test protocol and
measurement methods have been followed and identified improvements which were implemented prior
to WP3.

The uncertainty in the final emission factors comprises a range of contributing elements including:

1 Representativeness of the appliances

9 Variation in fuels

9 \Variation in operation

1 Measurementi include measurement method, sampling protocol, analysis LoD (Limit of
Detection), calibration/reference materials

1 Data handling i data acquisition, storage and handling i the processes to work up the
measured data into the final emission factors.

These are discussed in Chapter 5.

0.9 RECOMMENDATIONS
The following recommendations are made:
1. Toinclude the emissions factors for PM, PMzs, PM1o, NOXx, SO2, CO, NMVOC, PAH, PCDD/F
and metals in the next submission of the NAEI (2025).

2. To consider similar testing programmes to represent a wider range of appliances including new
appliance types and any emerging fuels.

3. To consider further testing on modern Ecodesign appliances to understand why emissions of
certain pollutants appear to be elevated compared to older technologies.

4. To consider further testing on wood pellets intended for residential use to establish typical
sulphur content and sulphur oxides emission factors.

5. To consider sensitivity testing of emission parameters to (for example) different lighting
practises, inclusion of fine materials in fuel mix (or influence of fuel size), fuel mixtures,
appliance misuse.
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6. To consider alternatives to emission monitoring for determination of heavy metals (fuel and ash
analysis).
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We would like to dedicate this report to our dear friend and colleague,
Prof Alan Williams, who passed away suddenly on 6! September
2023.

Alan was a lively and valued member of the research team on this
project with nearly 70 yearsbd
emissions. We will remember him as someone who was always

sharp, always insightful, always prompting lively debate, and
someone with a genuine thirst for enquiry in research. He is fondly
remembered and sadly missed.
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AQEG
AQISG
BC

BS

CAS
CEMS
CEN
CEN/TS
CLRTAP
(6{0)
Defra
DP

EC

ECL
EEA

EF
EFDSF
EIG
EMEP

EN
EPA

FID
FTIR
GC-MS
GJ
HEPA
HETAS
ISO
I-TEQ
IVOC
LOD
MCERTS
MCS

MJ

MSF

Defra Air Quality Expert Group

Air Quality Inventory Steering Group

Black Carbon

British Standard

Centre for Atmospheric Sciences (University of Manchester)
Continuous Emission Monitoring Systems

European Standards organisation

CEN Technical Specification

Convention on Long-Range Transboundary Air Pollution
Carbon Monoxide

Department for Environment, Food and Rural Affairs
Differential Pressure

Elemental Carbon (Black Carbon)

Environmental Compliance Limited

European Environment Agency

Emission Factor

Emission Factors for Domestic Solid Fuels (this project)
Emission Inventory Guidebook

European Monitoring and Evaluation Programme (of the UN Convention on long-range
Transboundary Air Pollution)

European Standard

Environmental Protection Agency (US)
Flame lonisation Detector

Fourier Transform Infrared Spectroscopy
Gas Chromatography-Mass Spectrometry
Gigajoules

High-Efficiency Particulate Air

Heating Equipment Testing and Approval Scheme
International Organization for Standardization
International Toxic Equivalent

Intermediate Volatile Organic Compounds
Limit of Detection

Monitoring Certification Scheme
Microgeneration Certification Scheme
Megajoules

Manufactured Solid Fuels
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MST Manual Sampling Train

NAEI National Atmospheric Emissions Inventory

NMVOC Non-Methane Volatile Organic Compounds

NO Nitrogen Oxide

NOx Nitrogen Oxides

NPL National Physical Laboratory

ocC Organic Carbon

PAH Polycyclic Aromatic Hydrocarbon

PCDD/F Polychlorinated Dibenzo-p-Dioxins and Polychlorinated Dibenzofurans (also referred
to simply as 6Dioxinsd)

PM Particulate Matter

PTFE Polytetrafluoroethylene

PVC Polyvinyl Chloride

QA/QC Quality Assurance/ Quality Control

SCAPE School of Chemical and Process Engineering (University of Leeds)

SG Steering group

SOx Sulfur Oxides

STP Standard Temperature and Pressure

SvOoC Semi-volatile Organic Compounds

B Test Batch

TC Total Carbon

TGA Thermogravimetric Analysis

TOC Total Organic Carbon

TPM Total Particulate Matter

UKCA UK Conformity Assessment

VOC Volatile Organic Carbon

WP Work Package
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1 INTRODUCTION

1.1 BACKGROUND

This is the Work Package 3Report for the project AEMIi ssion
project was undertaken by Ricardo Energy and Environment, Kiwa Gastec, Environmental Compliance
Ltd, University of Manchester and University of Leeds for the United Kingdom Department for
Environment, Food and Rural Affairs (Defra).

The project has provided emission factor data for the National Atmospheric Emissions Inventory (NAEI)
which is a business-critical model used by Defra for policy development which fulfils reporting
requirements under the National Emissions Ceiling Directive (NECD), transposed into UK law as the
National Emissions Ceiling Regulations (NECR); the United Nations Economic Commission for Europe
(UNECE) 6s Convent i oransboumdary AimPgllutitra(ELIREAP)T The NAEI estimates
emissions across a range of sectors and sources including domestic (residential) fuel use for heating,
cooking and leisure.

An emission factor is a representative value that relates the quantity of a pollutant released to the
atmosphere with an activity associated with the release of that pollutant. These factors are usually
expressed as the weight of pollutant divided by a unit weight, volume, distance, or duration of the activity
emitting the pollutant®. In this context, the activity we are concerned with is the amount of fuel burnt and
emission factors are expressed as mass of pollutant per gigajoule of fuel burnt (on a net heat input
basis).

The overall aim of the project is to reduce the uncertainty in the NAEI emission estimates for domestic
combustion through the development of UK-specific pollutant emission factors for solid fuels (wood,
mineral fuels and manufactured briquettes). Re si dent i al burning is a 6
inventory for many pollutants, which means that it is a source which makes an important contribution to
the emissions totals and trends. Key categories are those which, when summed up in descending order
of magnitude, cumulatively add up to 80 % of total emissions for a given pollutant. The main

contributions are from solid fuel use 1 for some pollutants solid fuel is the largest source.

The aim of the project is to develop more accurate (and UK specific) emission factors for a range of
pollutants emitted from burning the following solid fuels in selected domestic appliances:

1 Wood logs (for a range of moisture contents)
house coal

anthracite

manufactured solid fuels (MSFs)

coffee logs

wood briquettes

wood pellets

=2 =4 -4 -4 -8 A

This report summarises the results from across all three Work Packages of this project, developing
emissions factors for the combustion of wood, mineral fuels and manufactured briquettes in a range of
appliances that can be commonly found in domestic residences in the UK, at the time of writing.
Additionally, this report contains background information about the project team, scope of work and
methodology. It includes detailed information about the fuels and appliances, and results of the test
programme which have been used to develop the emission factors. Within the report the authors outline
the challenges and uncertainties associated with the final emission factors.

1.2 AIMS AND OBJECTIVES

This project included three technical work packages (WP1, WP2 and WP3) and a project management
wor k package (WPMEas WPdmd st tdfe dmi ssi on francfroro

3 Basic Information of Air Emissions Factors and Quantification | US EPA
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September 2021 to May 2022. The report of the WP1 work package has been published*. WP2 is the
fMeasurement of emissions factors for other domestic solid fuels - house coal, anthracite, Manufactured
Solid Fuels ( MSF s garriead mut betweeh Maye2022 and @abober 20225. WP3 is an
extension of WP1 and WP2, measuring emissions of the fuels in additional appliances, and was
completed in October 2024.

Work Package 3 involved measurement of emissions factors for domestic solid fuels (wood logs, house
coal, anthracite, MSFs, coffee logs, wood briquettes and wood pellets) on several appliance types,
included the following tasks and draws together the deliverables outlined below:

1 Measurement of specified pollutants emissions (Deliverable 3.3)
1 Provide compositional and proximate analysis of the fuels tested (Deliverable 3.2)

1 Emitted pollutants speciation and categorisation (Deliverable 3.4, 3.5). The full suite of species
measured is given below, and the measurement results have been used to develop aggregated
emission factors for each category of pollutant. This is commensurate with the aggregated emission
factors used in the NAEI.

1 Develop emission factors for all project fuels and appliances (Deliverable 3.6)

V Particulates

0 Total filterable particulate matter (including condensable fraction)
o Particulate fractions PMio / PM25s / PM1 (including condensable fraction)
o Condensable PM fraction.

V  Polynuclear aromatic hydrocarbons (PAHS)
Anthanthrene

Benzo(a)anthracene

Benzo(a)pyrene

Benzo(b)fluoranthene
Benzo(b)napth(2,1-d)thiophene
Benzo(c)phenanthrene
Benzo(ghi)perylene
Benzo(k)fluoranthene

Cholanthrene

Chrysene

Cyclopenta (c,d)pyrene
Dibenzo(a,i)pyrene
Dibenzo(ah)anthracene

Fluoranthene

Indeno(1,2,3-cd)pyrene

o Naphthalene

Benzo(a)pyrene, Benzo(b)fluoranthene, Benzo(k)fluoranthene and Indeno(1,2,3-cd)pyrene are
used for international reporting.

OO0OO0O0O0OO0OO0O0OO0OO0OO0OO0OO0OO0OOo

V  Polychlorinated dibenzo-p-dioxins (PCDDs) and dibenzofurans (PCDFs)
We monitored the following tetra, penta, hexa and hepta chlorinated dibenzo dioxin and furan
congeners which have toxic equivalence factors.

2378-TCDD

12378-PCDD

123478-HxCDD

123678-HxCDD

123789-HxCDD

1234678-HpCDD

O O0O0OO0OOo0Oo

4 Emission Factors for Domestic Solid Fuels Project - Work Package 1 Report available here:
https://naei.beis.gov.uk/reports/reports?report _id=1133

5 Emission Factors for Domestic Solid Fuels Project - Work Package 2 Report available here:
Emission Factors for Domestic Solid Fuels Project - Work Package 2 Report | National Atmospheric Emissions Inventory
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2378-TCDF
12378-PCDF
23478-PCDF
123478-HxCDF
123678-HxCDF
234678-HxCDF
123789-HxCDF
1234678-HpCDF
1234789-HpCD

OO0 O0OO0OO0OO0OO0OO0O0

Note the total (expressed as a toxic equivalence) is required for international reporting.

V  Heavy Metals:
Arsenic (As)
cadmium (Cd)
cobalt (Co)
chromium (Cr)
copper (Cu)
manganese (Mn)
nickel (Ni)
lead (Pb)
antimony (Sb)
selenium (Se)
thallium (TI)
vanadium (V)
mercury (Hg)
zinc (Zn)

OO0 O0OO0O0OO0OO0OO0OO0OO0OO0OOO0OO

lead, cadmium and mercury are o6priorityd metals f

V  Black carbon refers to only condensed phase species and will include the IVOC and SVOC that
is condensable on the filter media taken from the cooled dilution tunnel sampling point.

V  Sulphur oxides (SOx), Oxides of nitrogen (NOx), Carbon monoxide (CO), and Total Organic
Carbon (TOC)/Total hydrocarbons.

1 Emissions Factors development (Deliverable 3.4)

The scope of work is summarised in Table 1-1, below.

Table 1-1 : Summary of Technical Work Package 3 specification

WP Item Requirement
Measurement of emissions factors for other domestic solid fuels - wood logs, wood
3 briquettes pellets, house coal, anthracite, MSFs and coffee logs on a range of additional
appliances.
3.1 Measurements Fuel Appliance Pollutant
Dry wood (0- PM:zs filterable and condensable
10% moisture); | Modern ecodesign | Polycyclic aromatic hydrocarbons
Seasoned wood | appliance (3) (PAHSs)/ Benzo[a]pyrene (B[a]P)
11'_20% Middling age stove Polychlorinated dibenzo-p-dioxins
moisture) (1) (PCDDs) and dibenzofurans
Wet wood (21- Old stove (1) (PCDFs)
o .
30% moisture) Open appliance NOXx
House coal (firebasket) (1) SOx
Anthracite Black Carbon
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MSF1 (high Modern Blue Angel- | Heavy metals: As, Se, Hg, Pb
smoke/sulphur) | certified stove (1)
i note WP3 fuel | pgjlet stove (1)
is different from
WP2 fuel
MSF2 (low
smoke/sulphur)
Coffee logs
Wood briquettes
Wood pellets
3.2 Fuel analysis Compositional and proximate analysis of fuels tested
33 Emission Speciation and categorisation of emitted pollutants
’ speciation
Develop For pollutants of interest
3.4 T
Emission factors
Other | - Rationale for wood briquettes chosen

A full description of the scope of work and approach is given in the Inception Plan®, which was presented
to the Steering Group and Defra at the project outset. Details of fuels and appliances are provided at
Section 2 and Section 3 respectively.

1.3 TEAM

The project team included the current National Atmospheric Emissions Inventory (NAEI) Agency
(Ricardo), and the project team fully understand the existing model and the needs of the Inventory
Agency for incorporating new information. Several members of the Ricardo team are also part of the
NAEI project team and have detailed understanding of the NAEI, residential combustion models and
international best practise for emission inventories.

Ricardo is an energy and environmental consultancy, providing overall management and technical
leadership of the programme of work.

Kiwa Gastec have led the procurement, set up and testing of emissions from the range of appliances
covered by this work. Kiwa holds accreditations for laboratory testing of solid fuels and appliances and
measurement of smoke emissions, for product certification under the MCS scheme of biomass
appliances and for UKCA Approved Body activities under the Construction Product Regulation for solid
fuel heating appliances.

Environmental Compliance Limited (ECL) is an accredited emissions monitoring test house which
has carried out testing of PCDDs/PCDFs/PAHs, Heavy metals, Acid Gases, Volatile Organic
Compounds and combustion gases in Work Package 3.

The University of Leeds School of Chemical and Process Engineering (SCAPE) has provided expert
advice to the project team through the project Steering Group and verification of the test protocol
through participation in round-robin testing during the initial stages of the project. It has world-class
facilities for the characterisation of solid fuels, including a fully instrumented biomass heating stove test
facility (gas analysis, temperature measurements, burning rates, flow rates, total particulate, particle
size, VOC all in situ; PAH ex situ).

The Centre for Atmospheric Sciences (CAS) at the University of Manchester has also provided expert
advice and test protocol verification through participation in round-robin testing. Their state-of-the-art
laboratories have been used to provide further detailed analysis of the black carbon and condensable
fractions of the emitted pollutants.

5 Emission Factors for Domestic Solid Fuels: Deliverable 5.1 - Inception Plan, Ref: ED 14880, Issue 1, 25/8/21
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1.4 STEERING GROUP

1.4.1 Role and membership

A Steering Group was set up by Defra to provide expert advice around domestic solid combustion,
emissions measurements, and emissions factors calculations; to review progress and outcomes from
the emissions factors project. The Steering Group were required to review and approve results, reports,
model(s), calculations and other project outputs and challenge assumptions. The project Steering
Group advised the NAEI Air Quality Inventory Steering Group (AQISG) on approval of the new emission
factors into the NAEI, which have now been approved.

Defrads Emission Factors for Do me dtepresentativésifram theu el s

following organisations:

Defra Air Quality and Industrial Emissions team

Department for Energy Security and Net Zero (DESNZ)

Defra Air Quality Expert Group (AQEG)

Team representatives from the Supplier (Ricardo)

Suppl isbicantsactors (University of Manchester, University of Leeds, Kiwa Gastec,
Environmental Compliance Limited)

1 Experts in domestic combustion, appliance testing and air quality science, including HETAS,
National Physical Laboratory and Aarhus University.

=A =4 -4 -4 =4

1.4.2 Terms of Reference
The Emissions Factors for Domestic Solid Fuels Steering Group (EFDSF SG) was established to:

1 Provide expert advice around domestic solid combustion, emission measurements and emission

factors calculations.

Review progress and outcomes from the emission factors for domestic solid fuels project.

Ful f il a role in steering and/or advising on

- review and approve results, reports, model(s), calculations and other project outputs and

challenge assumptions.

1 Recommend the incorporation of these factors into the NAEI by working with the Air Quality
Inventory Steering Group (AQISG) (run separately to this project). The AQISG has now given final
approval to adopt the proposed factors into the NAEI.

f
f

1.4.3 Steering Group Meetings

The steering group met a number of times starting with the project inception in September 2021 and
concluding with the discussion of final results meeting in September 2024. The final meeting combined
the Steering Group and AQISG to discuss final results from across the three Work Packages and seek
approval for implementation of the emission factors in 2025 submission of the NAEI. No significant
issues were raised, and the emission factors have been approved for use.

Other notable meetings include:

1 Steering Group meeting and Technical Workshop was held on the 2™ September 2021 to
present the project Inception Plan, Gantt chart and technical approach.

1 Steering Group meeting was held on 27 July 2023 to discuss the outcome of PM measurement
comparisons and proposals for dealing with (WP1) PM measurement issues. This meeting also
discussed the proposed Blue Angel stove for WP3.

This report is provided as evidence, and contains further detail and explanation of methods, analysis of
data and a review of the newly developed emission factors from the EFDSF project.
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1.5 RELATED REPORTS

This report should be considered alongside the project Inception Plan?, which outlines the scope of
work and general approach, and the project Test Protocol®, which is a detailed document stating the
methodologies which have been used in the Work Package 3 test programme. The reader may also
refer to the WP1 and WP2 reports®, which describe the round-robin testing, some modifications to the
test methodologies after the initial development of the test protocol, and the results from WP1 and WP2.
A report of potential future residential solid fuels was also prepared as part of WP310,

7 Emission Factors for Domestic Solid Fuels: Deliverable 5.1 - Inception Plan, Ref: ED 14880, Issue 1, 25/8/21

8 Emission Factors for Domestic Solid Fuels: Deliverable 1.1 7 Test Protocol, Ref: ED 14880, Issue 1, 11/2/22

9 Emission Factors for Domestic Solid Fuels, WP1 report https://naei.energysecurity.gov.uk/reports/emission-factors-domestic-
solid-fuels-project-work-package-1-report

Emission Factors for Domestic Solid Fuels, WP2 report https://naei.energysecurity.gov.uk/reports/emission-factors-domestic-
solid-fuels-project-work-package-2-report

10 Future Fuels Report, University of Leeds, Issue 1, 10/2022 https://naei.energysecurity.gov.uk/reports/future-fuels-report

Page 20 of 345



https://naei.energysecurity.gov.uk/reports/emission-factors-domestic-solid-fuels-project-work-package-1-report
https://naei.energysecurity.gov.uk/reports/emission-factors-domestic-solid-fuels-project-work-package-1-report
https://naei.energysecurity.gov.uk/reports/emission-factors-domestic-solid-fuels-project-work-package-2-report
https://naei.energysecurity.gov.uk/reports/emission-factors-domestic-solid-fuels-project-work-package-2-report
https://naei.energysecurity.gov.uk/reports/future-fuels-report

2 FUEL

Mineral fuels and manufactured fuels tend to have low variability in composition, moisture content and
dimensions compared to wood fuels. They do however present more variability than refined liquid and
gaseous fuels. However, for wood logs moisture content can vary and change more quickly than for
mineral fuels and additional measures were required to manage moisture levels (see Section 2.1). All
fuels were stored in a secure storage bin within the testing laboratory, with consistent humidity and
temperature. Most of the manufactured fuels were supplied in sealed plastic bags, which prevent
moisture ingress during transport and storage. Table 2-1 and Table 2-2 show the average fuel analysis
for each fuel from across all three work packages. Further analysis data are provided in Appendices

including fuel analysis for WP3 fuels specifically.

Table 2-1 Fuel analysis results summary (as received basis) 1 wood and biomass fuels

St Ssod DyWood g it pellets
CV, net MJ/kg 13.041 14.865 17.245 17.791 17.572 16.935
Moisture % m/m 21.2 - 13.4-17.3

range 28.3 % % 14-76% | 5.2-6.0% - -
Moisture % m/m 24.68% 15.35% 3.90% 5.60% 7.20% 7.60%
Ash % m/m 0.56% 0.64% 0.51% 0.40% 0.70% 0.00%
C % m/m 36.22% 40.86% 46.36% 46.75% 47.20% | 45.40%
H % m/m 4.54% 5.08% 5.70% 5.68% 5.7% 5.74%
N % m/m 0.21% 0.20% 0.25% 0.10% 1.13% 0.13%
S % m/m 0.01% 0.03% 0.01% 0.01% 0.04% 0.01%
O (by diff) % m/m 33.41% 37.35% 43.09% 41.55% 34.9% 40.70%

Table 2-2 Fuel analysis results summary (as received basis) i mineral fuels

Non-
Approved approved Non-approved
Component  Units MSF - Heat MSF - MSF - Anthracite
Approved Superheat BriteFlame
(WP2)
CV, net MJ/kg 24.27 28.007 27.919 28.166 32.49
Moisture % m/m 20.4 7 14.9% 3.9 2.1
Ash % m/m 5 4.6 3.1% 1.8 3.9
C % m/m 65.20 73.40 72.90% 73.40 87.10
H % m/m 2.97 3.93 3.49% 5.04 3.72
N % m/m 1.16 1.16 1.14% 1.52 1.22
S % m/m 1.33 2.35 3.58% 0.22 0.81
14.12
O (by diff) % m/m 3.94 0.89 0.90% 1.15
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m3/GJ
Calculated (©°C,
dry flue gas 101.3
volume, 0% | KP& 263 259 263 257 263
0, net
heat
input)

The following sections (2.1 - 2.7) outline the fuels, along with their storage and preparation, used within
the work programme.

2.1 WOOD LOGS

For testing log wood fired appliances to the relevant standard (BS EN 13240 or BS EN 16510-1) the
test fuel specification prescribes the species to be beech, birch or hornbeam. Information from wood
suppliers suggests that beech or ash are the main species of log fuels used in the UK. This does vary
geographically as suppliers will source material close to where they are established.

To represent the real world, we can examine the UK supply of wood fuel. The 2020 Forest Resource
Assessment!! shows the composition of the UK Growing Stock (using the metric: million m3 over bark)
to be Oak 11% (not a fuel wood), Spruces 35% (not a fuel wood), Scots Pine 9% (not a fuel wood), Ash
7%, beech 5% and Birches 5%.

Using the growing stock and laboratory appliance test fuel information, beech was chosen for the test
programme as it is used widely across the UK and its use in this test programme could also be linked
to existing data on appliance testing allowing comparisons to be made.

The wood was supplied in 25cm tall wedges of varying size and weight. This was then divided into
seasoned, wet and dry wood and stored or seasoned accordingly. This can be seen in Figure 2-2. To
keep the fuel mass constant between tests, each wood piece was cut down to size using a hand axe

Figure 2-1 - Wood logs cut to size

1 Forest Research, Forest Resources Assessment 2020, available here : https://www.forestresearch.gov.uk/tools-and-
resources/statistics/statistics-by-topic/international-returns/forest-resources-assessment/
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and weighed. Each log was cut into rough pentagon shapes with some bark left on the log,
representative of the fuels burned in a domestic setting. This size was able to fit into all appliances
tested. Prepared logs can be seen in Figure 2-1.

The wood used for the test programme was sourced from a local supplier, Mark Hannis Firewood. They
delivered firewood which is locally sourced from within 5 miles of the sawmill. This wood is partially
seasoned to around 20% - 25% moisture content prior to delivery. For laboratory use, this wood is then
stored and processed as appropriate for the tests. Further detail of how the moisture content was
managed can be found in the sections below on Wet, Seasoned and Dry wood.

The moisture content of wood is from éinherentd moi st
moisture on exposed surfaces (both external and internal surfaces of the porous structure) i.e., not

bound within the wood structure. When wood is harvested, changes in moisture content start to occur

to align with prevailing humidity levels. Three moisture content levels were selected to represent the

various conditions of the wood commonly burnt in domestic settings. This included dry wood, seasoned

wood, and wet wood.

The approach to determination of moisture using current standards involves:

1 Sampling from supply: BS EN ISO 18135:2017 Solid Biofuels i Sampling

1 Preparing the sample: BS EN ISO 14780:2017 Solid biofuels 8 Sample preparation

1 Determination of moisture content: BS EN ISO 18134-1:2015 Solid biofuels - Oven dry
method Parts 1-3

The uncertainties relating to the measurement of moisture contents in wood logs are expected to be

significant. The key question for this project relates to how characteristics can be determined for

mater i al 6as usedd and, h o wntstmlade snen anayticallaboratorg. F@ny me as
this project a range of measurement approaches were used.

1 Accredited laboratory testing as part of the fuel analysis (on delivery)
I Oven drying based measurements of a representative samples (weekly).
1 Moisture probe measurements at point of use (daily)

The management of the three moisture levels for the test fuels differed slightly and is detailed below:

Dry wood (moisture content 0% - 10%) i 6% target moisture selected

Dry wood is commonly available as O6kiln driedd wood
bags to maintain moisture levels. Kiwa used its own kilns to dry wood to the targeted 6% moisture
levels. By preparing wood logs at 15% moisture to 666g and placing in a kiln over for 48 hours dried
the wood to the required levels. This resulted in wood logs of 600g with a moisture content of 5%. These
logs were then stored in sealed plastic bags until the test date to prevent exchange of moisture with the
atmosphere with a sealed sample sent away for accredited laboratory testing. The storage and testing
protocol were designed to limit the period of potential exposure to environmental/atmospheric moisture.

Seasoned wood (moisture content 11% - 20%) i 15% target moisture selected

This wood was stored inside of the building in controlled conditions until the desired moisture content

is achieved. Kiwa has developed methods and expertise in ensuring 15% moisture contents in its

current procedures for its solid fuel testing laboratory. There is a constant cycle of deliveries and drying

of wood to ensure that there is always wood fuel available for testing. Any fuel that is out of spec i.e.

below 15% maoisture is returned to the supplier. The experience and expertise at Kiwa resulted in wood

moisture content being close to that specified in the standard (BS EN 16510-1:2018 Table B.1 8 Test

fuel specifications) i.e. (15N3)%. This is controll ec
in house procedures. This procedure can be found in Figure 2-2. Hand-held moisture probes provide a

final check before the logs were subjected to the test procedure.

Wet wood (moisture content 21% - 30%) - 25% target moisture selected

This represents unseasoned wood or wood stored in outdoor/wet conditions. Achieving consistent
levels of moisture significantly above the equilibrium levels for seasoned wood is a challenge. To
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manage the fuel for the test programme logs were sourced in a wet state with moisture levels of around
30%. These were then stored in humid conditions to maintain the elevated moisture level. Once the
25% level required for testing has been achieved the wood logs were sealed in bags until the test date.
This was managed so that testing was completed within a few weeks of storage to ensure that the wood
fuel did not deteriorate in the wet bagged condition.

Figure 2-2 Storage of wood fuels

Samples of the three types of wood (dry, seasoned and wet) were analysed by Alfred H Knight Energy
Services Ltd which is accredited for solid fuel analysis. The full data sets from this analysis can be found
in Appendix Al. Table 2-3 shows the ranges of moisture content set out to differentiate the wood types
in this test programme as well as the average moisture content reported in the wood analysis for WP1
and WP3.

Table 2-3 Measured Moisture Content of Wood

Wood Type Moisture Content Range Actual Moisture Content
Dry Wood 0-10% 3.9%
Seasoned Wood 11-20% 15.3 %*

Wet Wood 21-30% 24.7%

*Seasoned in house, moisture content measured in house at time of use.
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2.2 HOUSE COAL

Figure 2-3 House coal trebles

e

The House Coal used was the CPL Premium House coal trebles, supplied in 25 kg plastic bags. This
fuel is not authorised for use in smoke control areas. This fuel was supplied directly by CPL.

This type of fuel was, until recently, widely available at retail points such as DIY stores, petrol stations
and garden centres. However, its sale in England for domestic uses has been prohibited since May
2023 under the Air Quality (Domestic Solid Fuels Standards) (England) Regulations 2020.

Coal lump sizes have big variations. Pieces weighing 60 i 80 g were selected from each bag. This
results in 1/3 of the bagged fuel remaining unused.

The sulphur content of coal is very low at 0.2%, making it the mineral fuel with the lowest sulphur content
among those tested in this programme. The calorific value is similar to that for the MSF fuels but lower
than anthracite (on an as received basis).

2.3 ANTHRACITE

Figure 2-4 Anthracite small nuts

|

Anthracite sourced was the GLO-PAK Anthracite Small Nuts supplied in bags. This is advertised as a
naturally smokeless fuel and is approved for use in smoke control areas under the generic authorisation
for smokeless fuels.

The net calorific value is the highest of all the fuels (on an as received basis).
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Anthracite proved difficult to light compared to other fuels. Significantly more heat had to be supplied
by kindling and firelighters during the ignition phase. The amount of fuel itself was also increased to
cover the entire fuel grate. Once ignited, this fuel burned slowly, releasing heat over a long time. Some
firelighters had to be added on refuel to maintain the flame.

There is a large variation in the anthracite nut size. Pieces weighing 40-60g were selected from each
bag of anthracite. This results in 1/4 of the bagged fuel remaining unused.

2.4 MANUFACTURED SOLID FUELS
Heat Authorised fuel (MSF2)

Figure 2-5 Heat Approved ovoids

This is an Authorised fuel smokeless (<5g/hr) and low sulphur (<2%) fuel and is a HETAS approved
fuel. Heat was supplied by CPL directly in sealed 25kg plastic bags.

The small ovoid/ pillow shapes are very uniform at appg

Total moisture of this sample was measured at 20.4%, which is very high compared to other mineral
fuels tested.
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Briteflame non-Authorised fuel (MSF1)

Figure 2-6 Briteflame ovoids

This fuel is a petcoke based ovoid made with a resin binder. There is an Authorised fuel with this name
but this is a non-approved fuel. Following introduction of The Air Quality (Domestic Solid Fuels
Standards) (England) Regulations 202012 this fuel is not available for residential use in England and is
currently only sold in Scotland. Briteflame fuel was supplied by CPL directly in sealed plastic bags, 25kg
each. This fuel was different to the fuel used in WP2 (Superheat) due to the WP2 fuel no longer being
available. The Briteflame fuel was provided by CPL as it is a similar fuel to the Superheat.

As a manufactured solid fuel, the shape and si
l ength by 206 wide and around 106 thick.

2.5 COFFEE LOGS

Figure 2-7 Coffee logs

12 Available here : https://www.legislation.gov.uk/uksi/2020/1095/contents/made
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Coffee logs were sourced from an online retailer and most main national DIY stores (B&Q, Wickes etc.)
sold this product, but the manufacturer has since gone into administration.

They wer e a dbiobean Coffee Hogsa &co-Friendly Fire Logs for Wood Burners and Multi-
Fuel Stoves6, and sold in paper bags of 16 | ogs each.

't is difficult to find other manufacturersd product :
manufactured wood-based heat logs.

Coffee logs used for testing showed a moisture level of around 8%, which is typically somewhere in
between seasoned and kiln dried firewood. Sulphur content in WP3 was significantly below other
manufactured fuels at 0.04%. Net and gross calorific values were approximately a third lower than the
other manufactured fuels tested.

Compared to wood logs, coffee logs are a smaller size. Some coffee logs can crumble in transport and
while burning.

When burning, coffee logs produce more smoke than seasoned or kiln dried wood. They also burn
relatively hot and fast; modern stoves with good air supply controls allow for the burn rate to be slowed
down.

The manufacturer states coffee logs are suitable for burning in wood burning stoves and multi fuel
stoves.

2.6 WOOD BRIQUETTES

Wood Briguettes were sourced from an online retailer but most main national DIY stores (B&Q, Wickes
etc.) sold this product. They were advedreigsmeedt as OHo
generation fuel, these ultra-dry heat logs provide an attractive flameand sust ai ned heat outp

There are a number of competitor products on the market which have varying shape and size due to
the type of manufacturing process. These products comprise of compressed wood material (sawdust)
usually in the form of small particles as the source material is usually sourced from saw mills or wood
manufacturing processes.

Because the source material is from processed wood this material is usually very dry (6% in the heat
log product used) and is equivalent to kiln dried wood. As this is a manufactured fuel the shape of each
log is identical with similar composition which makes these fuels more uniform than a wood log. They
do burn differently to a wood log however as the material is made up of small particles and does not
have the same structure as a wood log.

The Shimada type log refers to the manufacturing process which torrefies the outside and inside of the
log using high temperature and pressure during production. This torrefaction process reduces the need
for binder to keep the structure of the compressed material together. In the case of the heat log used in
WP3 the manufacturing process has formed a hollow structure inside the logs used which may impact
the combustion properties.

Compared to wood logs, Heat logs are a similar size. When burning, burn relatively hot and fast; modern
stoves with good air supply controls allow for the burn rate to be slowed down.

The manufacturer states heat logs are suitable for burning in wood burning stoves, multi fuel stoves
and open fires.
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2.7 WOOD PELLETS

Figure 2-8 Wood Pellets

Wood pellets were sourced from an online retailer but can also be found in main national DIY stores

(B&Q, Wickes etc.).

They were advertised as 0Bl

The UK requirements for pellets mean that although there are a number of competitor products on the
market all have the same size and composition as they follow the ENplus Al specification. This

specification is in Table 2-4:

azers Premium Wood
BSL, Woodsure and HETAS certified so you
produced from 100% virgin British wood residue from sawmill activity.

Table 2-4: Summary of ENplus Al Pellet Requirements (excluding metals data)

Quality class

Diameter (as received)

Length (as received)

Share of pellets with a length < 10 mm (as received)
Category L < 20%,

20%0 M O 30 %,

S > 30%

Moisture (as received)

Ash (dry basis)

Mechanical durability (as received) (c)

Bulk density (as received)

Particle density (as received)

Coarse fines (3,15 mm O FP <

Fines (< 3,15 mm) (bulk) (as received)

Fines (< 3,15 mm) (bags) (as received)

g

ENplus® A1
6+1,8+1
3,15 O L O

value & category to be stated

O 10,0
O 0,70
O 98,0

600 O BD O
value to be stated
value to be stated

O 1,0
O 0,5

can

Unit
mm

mm

w-%

w-%
w-%
w-%
kg/m3
g/cm3
w-%
w-%

w-%
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Quality class ENplus® Al
Net calorific value (as received) O 4,6 (h) kWh/kg

Similar to wood briquettes these products comprise of compressed wood material (sawdust) usually in
the form of small particles as the source material is usually sourced from sawmills or wood

manufacturing processes.

Because the source material is from processed wood this material is usually very dry (less than 6%
specified) and is equivalent to kiln dried wood. However, as this is a manufactured pellet fuel the shape
is very small compared to a log and each pellet has similar dimensions with similar composition which
makes these fuels uniform. They do burn differently to other fuels used in WP3 and require a specific
appliance type to enable their use.
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3 APPLIANCES

The procurement of stoves and open fires was a key part of the project to conform with the requirement
that stoves used represent the installed base in the UK and to capture significant developments in stove
performance at breakpoints in the years 2000, 2010 and present stove technology (Ecodesign and
better T clearSkies Mark 2 or above). Note that in addition to the clearSkies ecolabel, the HETAS
Cleaner Choice ecolabel provides third party certification of stoves in the UK and a range of ecolabels
are available in other countries.

3.1 DRIVERS FOR SOLID FUEL APPLIANCE DEVELOPMENT

The drivers for stove development over time which has driven improved performance have been:

Introduction of the Construction Products Directive®®: For stoves, demonstration of conformity
involves demonstration of key performance requirements through a harmonised EN Standard
(EN13240:2001) including use of Notified Bodies to certify products, &ystem 3dattestation and CE
marking. However, the Standard did not consider PM emission requirements. The harmonised
Standard was amended in 2004 and the threshold for efficiency was added of equal to or exceeding
50% net. The Directive has since evolved into the Construction Products Regulations and, post Brexit,
CE marking has been replaced by UK Conformity Assessment.

Publication of the 2010: Domestic Building Services Compliance Guide'* (DBSCG): This sets a

mini mum efficiency threshol-65%0gr6Seshbi dnfiluébrdiopgi mpo e
gr osso. The project teamsdé experience is that there
exceeded this minimum level of performance prior to this guidance being published.

Ecodesign regulation for solid fuel space heaters!® which came into force 2022: This sets the
minimum threshold for seasonal space heating energy efficiency to not be less than 65 % net, and sets
emission limits for NOx, OGC, particulate, and CO. In the regulation seasonal efficiency is efficiency
measured at rated output -10% for appliances without controls or electrical supplementary heating. So,
a measured efficiency of not less than 75 % net must be achieved in standard type tests. The Ecodesign
benchmark is seasonal efficiency of 86% net. Note that Ecodesign regulations use market surveillance
to assess product performance which is markedly different from the type approval controls on
Construction Products.

clearSkies?'® - Since early 2020 the clearSkies Mark certification scheme has been operating and shows

that a significant number of products are available in the market that exceed the requirements of the
Ecodesign regulation. Pr i dcodesign-r et hey & |l eias Skngs waar v i
numerous stoves were included in this for two or more years prior to clearSkies. Note that in addition

to the clearSkies ecolabel, the HETAS Cleaner Choicel’” ecolabel provides third party certification of

stoves in the UK.

These developments have impacted the performance of stoves and therefore impacted the installed
base of appliances. As the appliance inventory has been built up over decades, it is not possible for a
single appliance to give statistically robust representation of the products installed over timeframes of
10 or more years. Therefore, selection of appliances solely on the basis of age in order to fit with the
NAEI stove classification system will not necessarily result in appropriate representation of the
performance of these segments of the installed population. This is highlighted by the publication of the

13 Construction Products Directive (Council Directive 89/106/EEC) (CPD) is a now repealed European Union Directive which
aimed to remove technical barriers to trade in construction products between Member States in the European Union. The directive
is now replaced by Regulation (EU) No 305/2011

14 https://www.gov.uk/government/publications/amended-approved-document-I1b-and-domestic-building-services-compliance-
quide

15 https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=uriserv%3A0J.L._.2015.193.01.0001.01.ENG

16 www.clearskiesmark.org

1" HETAS Cleaner Choice - New Scheme Raising Industry Standards
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2010: DBSCG which set minimum efficiency thresholds which many appliances were already meeting.
Because of this, appliance choice should not be based just on age but also its relative performance to
the installed inventory.

3.2 APPLIANCE CATEGORIES AND STOVE SELECTION

Appliances were selected for WP3 which built on the work completed in WP1 and WP2. This meant
selecting additional stoves from existing categories and choosing new appliances from new categories
to develop the emissions factors produced.

WP1 / WP2 Criteria

i. open fires

i. pre 2000 closed stoves

iii. 2000-2009 closed stove

iv. modern stove (Ecodesign-compliant, clearSkies level 2 or above)

Expanded WP3 Criteria

V. Larger appliance

Vi. Modern Blue Angel appliance
Vii. Pellet Stove
Viii. Modern stove (Ecodesign-compliant, clearSkies level 1 or below

The stoves selected for testing and fuels tested in WP3 are detailed in Table 3-1. Further information
for each stove can be found in Appendix A.2. Note that appliances tested in WP1 and WP2 were tested
for one additional fuel in WP3 (wood briquettes) with note that the pre-2000 stoves proved difficult to
source. Several options were found but their size and/or condition was not appropriate for use in the
test program.

Installation data was available from Hetas for years after 2006 and helped to identify common
appliances in categories iii and iv. However it was notable that there are a large range of stove models
available and no individual stove dominated the installations.
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Table 3-1 Summary of appliances tested in WP3

Appliance
category

Appliance

Fuel type

Fuels tested

Commentary

Parkray Paragon inset
open fire, 400mm

Wood briguettes

nominal width Multifuel Wood briquettes
Coal
Open fire Low sulphur MSF | These appliances are seen as representative of the open fires in use in
i UK.
16 inch Cromwell fire High sulphur MSF
basket (WP3) Multifuel Wet wood
Seasoned wood
Dry wood
Wood briguettes
Coffee logs
_ There is little detail on this appliance as the manufacturer no longer
Hunter Oakwood Multifuel Wood briquettes |have records of their discontin
which was part of the air system has been blocked for the test program
according to manufacturerdés reco
Coal
Pre 2000
closed stove LC_JW sulphur MSF The Coalbrookdale (Aga) Little Wenlock is a cast iron stove suited to
Coalbrookdale (Aga) _ High sulphur MSF | smaller rooms. The stove incorporates airwash to keep the glass clear
Little Wenlock (WP3) Multifuel Wet wood and has a reported 79% efficiency rating. The woodburning version is
Seasoned wood approved for burning wood in smoke control areas. It has a nominal
heat output of 4.5kW18,.
Dry wood

18 Whatstoves 7 Little Wenlock Stove review https://www.whatstove.co.uk/little-wenlock-stove-reviews
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Appliance
category

Appliance

Fuel type

Fuels tested

Commentary

Coffee logs

Stovax / Dovre Model
Dovre 500MRF

Wood briquettes

This traditional multi fuel cast iron stove has reported efficiency of 79%
and a heat output of 8kW and an airwash system to keep the door glass
clean. The wood burning stove incorporates a Cleanburn system and

Multifuel is suitable for use in Smoke Control Areas?®. Hetas installation data for
years after 2006 indicate that it made up 2.9% of installations in the
period.

2000-2009 Coal
closed stove L‘_)W sulphur MSF | A iron and steel construction stove. The heavy gauge steel firebox
Redfyre (Gazco) High sulphur MSF | features airtight cast iron doors and cast iron fittings. It has a rotating
Kensal 20 RF- | Multifuel Wet wood grate th.at can be .rlddled. from outside the stove .to _improve
KEN20M (WP3) Seasoned wood co_mbustlonzo. Hetas m_stallat_lon da_\ta for years after 2006 indicate that
Dry wood this was a popular appliance in period.
Wood briquettes
Coffee logs

Modern
Ecodesign
stove

Charnwood Model:
C4. Woodburner in
WP1, multifuel version
used for WP2.

Wood-burner
(WP1)

Multifuel (WP2)

Wood briguettes

The smallest model in the C-Series, delivering a heat output to the room
of between 2 to 5.5kW with a rated output of 4.9kW. The stove meets
Clean Air Act requirements for smoke control exemption; allowing wood
to be burnt i n s?ndet&Es instalatian datd indieate €
the stove represented about 1% of installations in period July 2020-june
2021. Note that a multifuel variant was used in WP2,

Hunter Aspect 5
(WP3)

Multifuel

Coal
Low sulphur MSF
High sulphur MSF

The Aspect 5 stove delivers a nominal heat output of 5 kW The stove
adheres to Ecodesign and Defra regulations, and is suitable for

19 Country Wood Burning Centre i Dovre 500 Stove http://www.countywoodburningcentre.co.uk/stoves/dovre-500-stove.html
20 Stovedirectory Redfyre Kensal 20 https://www.stovedirectory.co.uk/stoves/redfyre-kensall-20/

21 Charnwood Stoves C-Four https://www.charnwood.com/all-stoves/room-heating-stoves/c-series/c-four/

Page 34 of 345



Appliance
category

Appliance

Fuel type

Fuels tested

Commentary

Wet wood installation in smoke-controlled areas??. Hetas installation data indicate
the stove was a common choice for recent installations.
Seasoned wood
Dry wood
Wood briquettes
Coffee logs
Coal
Low sulphur MSF
Hunter  Aspect 8 High sulphur MSF The Aspect-8stovehas a manufacturersé qu
(Large stove) (WP3). Wet wood and a nominal heat output of 8kW?23, Hetas installation data indicate
Included part load | Multifuel the stove was a common choice of larger stove for recent
tests. Seasoned wood | installations.
Dry wood
Wood briguettes
Coffee logs
Wet wood ] . . ] )
Stovax Stockton 5 Eco Seasoned wood An Ecodesign compliant Wood—burnlng_ stove WhICh was obtained frpm
wood FT (WP3) Wood-burner Dry wood the manufacturer from stoc_k. _Hetas installation data for the period
y January 2021 to June 2023 indicated a popular stove with about 0.6%
Wood briquettes | of installations
Coffee logs
A Blue Angel ecolabel wood-burning stove was chosen to represent a
Very modern Wet wood very modern appliance. Blue Angel includes an expanded test process
stove  (Blue ] Seasoned wood and requirements are stricter than defined in Ecodesign Regulations.
Angel- Hase Sila IQ+ (WP3) | \\,0 4 burner Dry wood For example, stoves appliances holding the Blue Angel must comply
ecolabel Wood briquettes with a particle mass concentration limit of 15 mg/ms3. 24
stove) Coffee logs The appliance selection was limited by the small number of appliances
which have gone through the ecol

22 Hunter Stoves Apsect-5 https://www.hunterstoves.co.uk/product/aspect-5-eco/
2 Hunter Stoves Aspect-8 https://www.hunterstoves.co.uk/product/aspect-8-eco/
24 Blue Angel The German Ecolabel https://www.blauer-engel.de/en/productworld/stoves-for-wood
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Appliance Fuels tested

category Appliance Fuel type Commentary

limiting factor is the technology. Most manufacturers have selected an
electrostatic precipitator (ESP) technology to enable them to meet the
particulate emission requirements of the Blue Angel certification.
However, the ESP technology was a constraint for installation in the
test rig as the appliances are tall and the high voltages were a concern
for manoeuvring sampling equipment.

The Hase SILA iQ+ stove incorporates a catalyst for emission control
and has technology continuously monitoring the combustion chamber
to regulate the air flows and temperature. The stove has a heat output
5.5 - 7.5kW?25,

The Ramsey is a slimline pellet stove with a 12kg pellet hopper
capacity. It is Ecodesign compliant and has a reported efficiency of
Island stoves, . . .
Pellets Wood pellets 82%. The appliance is Defra Approved for use in Smoke Controlled
Ramsey (WP3) Areas?s

Pellet stove

% Hase Stoves SILA PLUS IQ+ https://www.hase-stoves.com/ig-technology
% Island Pellet Stoves https://www.islandpelletstoves.co.uk/shop/pellet-stoves/ramsey-4-supply-install-with-balanced-flue/
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4 WP3 POLLUTANT MEASUREMENTS

4.1 TEST PROTOCOL

Initial testing and discussions with the Steering Group informed the development of a Test Protocol,
which defined how the measurement programme should be undertaken to develop the emissions
factors for all the specified fuels and appliances. The Test Protocol was largely developed before the
round-robin tests began and was subsequently updated based on the challenges and findings from the
round-robin tests. The Test Protocol was presented to the Steering Group on 25" November 2021 and
was approved for use. A final version?” was used in the WP3 test programme. A modified test protocol
was applied for the Blue Angel stove and for the pellet stove (see Section 4.1.1).

The test protocol addresses several considerations including:

f
f
f
f
f

f
f

How to meawarled®remil ssi on
Consistent appliance operation

Pollutant Measurements

Methodology development for black carbon measurements and characterisation of
condensables

Performance characterisation - assessments of uncertainty, variability, and accuracy of
measurements through repeatability testing

Uncertainty and accuracy of results

Method for the creation of final emissions factors and co-operation with NAEI agency

perfor mance

The Test Protocol describes the equipment set up, methodology, appliance operation and operating
parameters in detail and this is not duplicated in this report.

The following data were recorded by the project:

Figure 4-1 Components measured in WP3

Measurement Measurement location | Comments

CcoO Continuous measurement, unweighted CO and

CO» Oz used to standardise integrated samples.

TOCHC Appliance outlet Weighted data used to standardise continuous
measurements. NOx data used in preference to

NOx dilution tunnel data.

NOx Continuous measurements, unweighted CO data

co used to establish dilution ratio for integrated

CO, Dilution tunnel sgm_ples. _Welghted_ CO data used to establish
dilution ratio for continuous measurements. NOx

SO not used (close to limit of detection and/or too

HC variable).

PM Appliance outlet Heated filter measurement, integrated samples
for alternate phases of burn cycle.

PM Dilution tunnel Heated filter measurement, integrated samples
for alternate phases of burn cycle.

Dioxins & Furans Integrated samples collected over entire burn

PAH Dilution tunnel cycle (a combln_ed sample system for PCDD/F
and PAH analysis and a separate sample system

Heavy metals for heavy metals).

27 Emission Factors for Domestic Solid Fuels: Deliverable 1.1 i Test Protocol, Ref: ED 14880, Issue 1, 11/2/22
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Measurement Measurement location | Comments

PM Impactor measurement, integrated samples for
PMio, _— alternate phases of burn cycle. PM data
Dilution tunnel . .

PMas, compared with PM at appliance outlet to assess

PM: condensable PM component (by difference).

Integrated samples collected over short periods
in alternate phases of burn cycle. Analysed for
Black carbon Dilution tunnel EC and OC. Note that a single sample was
collected for each fuel and following the WP1
work, additional testing is planned in WP3.

Difference between impactor and heated filter
Condensable PM By calculation measurements at dilution tunnel and appliance
outlet respectively.

In addition, oxygen concentrations, flue gas temperatures, mass burnt, burn rate, appliance draught
and ambient temperature were all monitored. PCDD/F, PAH, heavy metals and, in some instances,
SOx have been determined using integrated samples collected over the entire burn cycle. PM species
were measured during each type of phase (ignition, refuel and burnout). Samples for Black Carbon
were collected for short periods during selected ignition, refuel and burnout phases with timings
informed by preliminary tests at the University of Manchester. NOx, SOz, CO, TOC, Oz and CO2 were
monitored continuously over entire burn cycle. Some measurements were undertaken at the appliance
outlet, but most emissions were measured using a dilution tunnel.

Three measurements were undertaken on each appliance + fuel combination. The test protocol
included ignition, one or two refuels and a burnout phase. Note that the number of refuels depended on
how quickly a fuel load was consumed for each appliance and fuel combination. Wood and biomass
fuels required more refuels than mineral fuels to provide sufficient burn duration to replicate real world
operation of 4 hours. Wood and biomass fuels typically required at least two refuels to achieve burn
time whereas mineral fuels only required one refuel due to the longer burn period of the fuels.

The amount of fuel used per refuel depended on the appliance and fuel type under test. This is because
the primary air supply through the grate is the main source of combustion air for mineral fuels and MSF.
This is a key difference compared to wood fuels for which the main combustion air is from secondary
air (air wash). The covering of the grate is therefore very important for effective and consistent
combustion for mineral solid fuels. If part of the grate is left uncovered, then combustion air will bypass
the fuel bed and the fuel will only burn partially. As the grate sizes vary between stoves the mass of fuel
needed to cover the grates changes therefore the mass of fuel used varies between appliance + fuel
combination.

Two of the stoves, the Blue-Angel certified and the pellet stove, had some level of automatic control
and required amendments to the test protocol, these are described in section 4.1.1.

All measurements in WP3 were conducted on the test rig constructed at Kiwa, Cheltenham, with Kiwa
and ECL undertaking measurements.

4.1.1 Changes to the Test Protocol
4.1.1.1 Procedure adaptations for the Hase Blue Angel Stove

The main updates to the protocol and procedures relate to the inclusion of the catalytic technology in
the stove body. This catalytic technology has a cleaning procedure which was completed before each
test with the stove. This cleaning involves brushing the surface to ensure that the entrance to the
structure is not blocked prior to testing. This cleaning is suggested by the manufacturer periodically to
ensure good operation. While the stove would not be cleaned as frequently during real operation,
cleaning this surface between tests ensures that each test is comparable.
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Additional repeat measurements were taken outside the main test program with seasoned wood to
check for degradation of the catalyst between the testing with different fuels.

For the operation of the stove, the manufacturer® operating instructions were followed. The main
difference for this stove compared to the other wood log stoves tested is that the stove includes a fan
to force air through the fuel bed and the flue gasses through the catalytic structure. This air rate is
controlled using temperature sensors in the stove. To enable testing there have been some minor
changes to procedures:

1. The stove door was closed after ignition (for other stoves the stove door was kept open for a
period after ignition).

2. The procedures have also been adjusted to ensure that the stove® automatic refuel detection
was not triggered by opening the door of the stove prematurely before a refuel. This can occur
during testing, for example to reposition fuel. However, this cannot be completed on the HASE
stove due to its automatic controls.

The stove itself also prompts the user to refuel, this function was not used as part of the tests. This has
been done for consistency with the test protocol and procedures used on other stoves where the flame
out point has been used as a trigger for refueling.

4.1.2 Procedure adaptations for the Pellet Stove

Pellet stoves operate in different modes to traditional solid fuel appliances. As they are automatically
controlled, they have different outputs during an operating period and they are often designed to
maintain an internal temperature rather than being manually controlled by the user. So, they need their
own operating procedure. To complete this one of the most appropriate pieces of research used was
the beReal test method?®which was also used to inform the development of the wood log stove test
procedure. We have adapted the principles of the beReal me t h gpdllét stove test cycle for the UK
operating period to provide a test cycle which includes ignition, reduced output and standby operation.
The following table shows the test cycle adopted for the pellet stove:

Table 4-17 Test Protocol for Pellet Stove

Operation Time (minutes) Power setting
Cold start (high load) 30 5
Low output (low load) 45 1
Shutdown 30 -
Warm start (high load) 45 5
Shutdown 30 -
Warm start (medium load) 45 3
Shutdown 30 -

Total 255 minutes - 4.25 hours

The stove has 5 power settings which allowed modulation of the output between 100% (5.7 kW setting
5) and 50% (2.8 kW setting 1). Note that the duration of shutdown periods was determined by the
stovebs operating softwar e 3Wrinuesof gshudowa.nt ed a rest art

Extractive particulate sample measurements were taken continuously for the total particulate.
Gravimetric analysis and EC/OC split were taken during the cold start (high load), during steady
operation (15 mins after warm start) and during final shutdown.

28

https://www.researchgate.net/publication/321292705_Development_of _a_Test_Procedure_to_Reflect_the Real_Life_Operatio
n_of Pellet_Stoves
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4.1.3 Measurement Issues

Although some of the burn cycles proved difficult to control (particularly on the older appliances), the
continuous monitoring data indicate that emission trends and burn rates during consecutive burn cycles
were consistent. Maintaining a high level of dilution proved difficult on some appliances including the
open fireplace.

4.1.3.1 Measurement Issues - Stockton 5

As part of WP3 a Stockton 5 ECO WOOD FT stove model was selected for testing. This is a popular
wood-only stove that is a representative example of a modern Ecodesign stove used in the UK. The
Stockton 5 ECO WOOD FT was obtained from the manufacturer from stock.

Please note that the Stockton 5 is one of only three wood-only Ecodesign stoves tested i the WP1
stove was for wood only (a variant was tested for other fuels in WP2) and the second wood-only stove
in WP3 is the Blue Angel stove, which is fitted with a catalyst and not representative of typical UK
appliances. The other modern stoves tested in WP1 and WP3 are all multifuel devices.

The issue - during testing issues emerged in the performance of the Stockton 5 appliance. Tests were
completed measuring a range of pollutant emissions under real world conditions with five fuels
appropriate for a wood-burning appliance:

1 Three wood log fuels at different moisture contents
0 Seasoned wood
o Wetwood
o Dry wood

1 Coffee log fuel

1 Wood briquette fuel

During these tests, testing staff noticed some irregularities with the appliance performance that would
not be expected of a modern Ecodesign stove. These variations in expected performance were most
noticeable when testing with seasoned wood as this is the material the stove is designed to burn and is
the fuel used when undertaking performance testing for certification to EN Standards.

Initially the stove was inspected by the Solid Fuel team at Kiwa Energy for defects in its manufacture
and for any operation during testing that was different from the recommended operation as described
in the stoves operating manual. No defects were found in the inspection of the appliance by the testing
staff.

The stove was then tested on the performance testing equipment at Kiwa Energy which is used for
certifying the performance of solid fuel appliances. These tests found that the efficiency of the stove
was lower than expected with the appliance not meeting Ecodesign efficiency requirements and well

belownetef f i ci ency reported in the stoveds decl arat.i

on

At t his time the stove manufacturer was contacted

performance. The manufacturer sent images and details to check on the appliance. These checks
identified that during manufacture the flue collar had been installed incorrectly. This was something that
could be corrected by reinstalling the part in the correct orientation.

The appliance manufacturer also attended the Kiwa testing facility to assist the investigations. The stove
was retested on the performance testing rig with the manufacturer present on the 25" January. The
results showed that the stove performance was improved by changes made to the stove on the day.

1 Test 1 - Flue collar adjustment and tightening of fixings on the stove;
I Test 2 - Taping up of the slider gap for the tertiary air control;

I Test 3 - Final run with adjustments made.
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However, the stove was still unable to meet the Ecodesign requirements even with these improvements.
This suggests that there were defects which remained in the stove after these changes were made, so
the manufacturer removed the stove for further investigation at their own facility.

A second Stockton 5 stove was supplied by the manufacturer and tested without the manufacturer
present on the 26" January. This second stove had been thoroughly checked and results were
consistent with what was expected of an Ecodesign stove and very close to the stated performance of
the appliance. Although the exact stated performance was not met, the testing team believe that it is
very likely that further optimization would have resulted in the stated performance being matched.

The resolution - additional tests were completed on the replacement appliance to measure the
differences between the replacement and original appliance when tested with dry and seasoned
wood. This enabled the team to create correction factors which when applied to the previously
completed tests allowed for adjustments to be made to the emission factors. This enabled all the
results from the original stove tests to be utilised and not just the repeat tests.

4.1.3.2 Measurement issue - Kensal Redfyre

The issue - Emission factors for the Kensal Redfyre were inconsistent with other appliances for several
pollutants when burning dry and seasoned wood. Analysis of the data indicated a high dilution ratio for
the test rig during emission testing (low CO concentrations determined at the dilution tunnel). However,
a high dilution ratio was considered unlikely as no changes to the test rig had occurred. A high dilution
ratio was also recorded for one test (of three) for wood briquettes.

The resolution T for the wood briquette test, the dilution ratios for ignition, refuel and burnout periods
were aggregated for the two other tests and applied to the third test. For the dry and seasoned wood,
appliance outlet oxygen content and dilution ratio for the ignition, refuel and burnout phases for other
stoves when burning dry and seasoned wood were compared. The appliance outlet oxygen content
measured for the Kensal Redfyre was used to estimate the likely dilution ratio for the tests.
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4.2 TEST SCHEDULE

The test schedule is summarised in Table 4-2.

Table 4-2 Emission test programme

WP1

WP2

WP3

Optional

Stove Category

Wet
Wood

Dry Seasoned
Wood Wood

High Sulphur
MSF

Low
Sulphur
MSF

Coal
Trebles

Coffee
Logs

Anthracite

Wood
Briquettes

Wood
Pellets

WP1/WP2 Stov

Open fire

Pre2000 closed stove

Old stove

Very efficient modern
stove

WP3 Stove Category

Defra exempt stove

Large stove (low
output)

Large stove (high
output)

Post2000 older stove

Ecedesign compliant
stove

Open fire

Very good modern
stove

Pre2000 closed stove

Pellet stove (current,
new)

| Tested

| Not tested |
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4.3 QUALITY ASSURANCE AND QUALITY CONTROL

4.3.1 Importance of QA/QC

The emission factors developed through this project will be used directly in the UK National Atmospheric

Emissions Inventory (NAEI), which fulfils reporting requirements under the National Emissions Ceiling

Directive (NECD), transposed into UK law as the National Emissions Ceiling Regulations (NECR), and

the United Nations Economic Commission for Europe ( UNECE) 6 s Convention on L
Transboundary Air Pollution (CLRTAP).

In addition to fulfiling the national and international reporting requirements, the NAEI provides
emissions data for a wide range of other uses including providing policy makers and the public with an
understanding of the key polluting sources, how these sources have varied over time and how they are
likely to contribute to pollution in the future. NAEI data are publicly available via
https://naei.energysecurity.gov.uk/ and their uses include:

1 Annual reporting of Accredited Official Statistics.

I Input into models used for academic research and policy making (including Pollution Climate
Mapping and UK Integrated Assessment Model) and analysis by expert groups on air quality.

1 Inputinto ambient air quality mapping for compliance assessments against the requirements of the

Fourth Daughter Directive (2004/107/EC) and the Ambient Air Quality Directive (2008/50/EC) and

assessment against Air Quality Strategy Objectives.

Development and assessing progress of national air quality plans.

Local and regional reporting including production of inventories for England, Scotland, Wales and

Northern Ireland, Local Air Quality Management and Clean Air Zones.

1 Responding to Freedom of Information Act and Environmental Information Regulation requests,
Parliamentary Questions and general queries from the public.

= =4

It is therefore critical that the measurements and derived emission factors are of high quality, and
subject to checks that give the users confidence in the reported data i particularly around uncertainty
in the emission factors data and applicability to UK domestic burning. It is a key responsibility of the
Steering Group to guide the project team in this respect and communication with the Steering Group
has been frequent and valuable.

4.3.2 QA/QC of measurements and outputs

The initial phase of the project included test protocol development, which was subsequently used to
determine repeatability and reproducibility of the protocol, through round-robin testing within the
laboratories at Kiwa, Leeds and Manchester. Analysis of the round-robin data has provided an
understanding of the uncertainties associated with the test protocol.

The main body of the work of testing of appliances and fuels has been undertaken in the Kiwa

| aboratory. Testing of solid fuel appliances undertak
by the systems required by the testing laboratory standard (ISO 17025) and the relevant appliance

standards (BS EN 16510-1, BS EN 13240 and BS EN 13229). For this work the appliance operation

protocol has sometimes been different to those defined in appliance testing standards, as described

and explained in the Test Protocol, but the support systems of sensor calibration, data collection and

checking for accredited work have been applied throughout WP3. Where changes to methods were

required, these have been documented in this report and/or in the Test Protocol and have been

validated during the development and round-robin activities. In addition, measurement refinements for

PM, heavy metals and Black Carbon identified in WP1 and WP2 have been implemented in WP3.

Regular checks have been carried out to ensure equipment is calibrated and working within

specification. For measurements of components at the dilution tunnel (gaseous pollutants,

PCDD/PCDF, PAH & Heavy Metals) sampling has been undertaken in accordance with the ECL

Procedures based on EN Standards but with some deviations to combine sampling (for example

mercury and other metals and, PAH and PCDD/F). Where possible, testing has been undertaken in
accordance with ECLG6s organi,baMCERTS alalified @&ddRnd andccr edi t
with MCERTS approved monitoring equipment to ensure that the highest quality of data is obtained.
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Analytical methodologies have been applied as described in the Test Protocol. Compositional analyses
of fuel samples have been undertaken at accredited test laboratories. The accuracy and uncertainty of
results from accredited laboratories is reported with the results of the measurements.

Automatic logging of data has been used where possible, with additional manual quality checks to check
completeness and accuracy. Other data and metadata have been recorded manually in a dated and
signed laboratory book, or electronically with associated files. All documents, datasets and other
relevant files will be provided to Defra, with a backup held by Ricardo.

4.4 UNCERTAINTY ASSESSMENT
The uncertainty in the final emission factors comprises a range of contributing elements including:

1 Representativeness of the appliances

91 Variation in fuels

9 \Variation in operation

1 Measurementi include measurement method, sampling protocol, analysis Limits of Detection
(LoD), calibration/reference materials

1 Data handling i data acquisition, storage and handling i the processes to work up the
measured data into the final emission factors.

4.4.1 Appliance representativeness

The work programme has tested across thirteen appliances in total which have been selected as
representing different types of solid fuel room heater technology used in UK. The choice of type of
appliance was based on the broad types of appliance categories (open/stove) and aligned the stove
age classification used in the NAEI to a technology type (basic control/secondary air/secondary and
tertiary air) as set out to the EFDSF steering group earlier in the project. The EFDSF steering group
helped identify the most popular installed stoves in recent years and also provided information on the
older appliances. The choice of appliances has been endorsed by the EFDSF steering group 71
recognising that it is a small subset of the diverse range of appliances in use in UK.

4.4.2 Fuel type and quality

The procurement of the fuel has been undertaken to ensure as much as possible the consistency of the
fuel to reduce uncertainty in the testing. All the five fuel types detailed in section 2 have been procured
as a single batch from either the manufacturer or as with the coffee logs and anthracite a third-party
supplier. This was done to ensure that the fuel is consistent as possible and from the same source /
batch with each of the fuels stored together in stable conditions throughout the test programme to
ensure fuel properties such as moisture remain constant between tests.

There are two main characteristics which are different between the fuels which impact the uncertainty
of the results: material consistency and shape. Three of the fuel types are manufactured fuels which
are formed into a product of consistent material and shape. This helps to reduce the uncertainty of the
testing as the consistent material ensures tests are burning the same material and the consistent shape
ensures the fuels distribution within the stove is consistent. The remaining fuels, House Coal trebles
and Anthracite small nuts are formed naturally in rock strata which are mined and screened to provide
a fuel of similar sized pieces. The uniformity of these naturally formed fuels is therefore less consistent
than the MSF products with the size and shape of the fuels also making the distribution in the fuel bed
less consistent.

The increased number of fuel pieces used during tests with the two MSFs, coal and anthracite will help
to reduce overall uncertainty between tests. This is because the variation in the average distribution of
fuel within the stove is reduced when there are more pieces of fuel and the burn rate and air distribution
is easier to maintain between tests. This removes some of the randomness of fuel distribution caused
by large pieces of fuel which can impact testing. Coffee logs are large pieces of fuel and the way they
break down inside the stove during combustion changes the distribution of the fuel inside the stove, and
therefore burn rates and air distribution, thus increasing the uncertainty in the results. Every care has
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been taken to ensure that the stoves are refuelled identically for each load to minimise this vector of
uncertainty.

4.4.3 Operation

The appliance test cycle for the measurement programme is based on the typical UK hours of use and,
comprises an ignition phase, normal operation with refuels and a burnout phase (based on the Defra
burning survey and an indoor air quality survey). The number of refuels depends on the duration of the
burn and is aimed at replicating typical UK hours of use. For mineral fuels the number of refuels was 1,
for wood fuels and coffee logs the number of refuels ranged from 2 to 7. Aggregate emission factors
have been constructed for this test cycle based on combining each of these phases for each test. Note
that it is possible, for some pollutants, to calculate other aggregations for example as a sensitivity check
or to reflect different durations of operation.

444 Measurement

The appliance test protocol includes test methods which draw on EN Standards and/or EN Technical
Specifications for emission and appliance testing but with compromises to reflect the challenges of
sampling emissions from a small, batch-fired combustion appliance and a bespoke test protocol. Where
no EN Standard exists, literature and research were used to guide the test methodology. The main
measurements have been undertaken by IEC/ISO 17025 accredited test houses i recognising that
many of the measurements are outside the scope of accreditation (because of changes from the
accredited test methods to accommodate the test protocol and constraints of the test facility). For
example, measurement during ignition (appliance testing) and combined PAH and PCDD/F sampling
(emission testing). However, the test protocol reflects the objectives of the project and incorporated
suggestions from the steering group to align operation closer with real-world operating conditions (for
example around the appliance draught and, for wood logs, retaining bark).

Measurement uncertainties provided by the test houses for the reported concentrations do not reflect
uncertainties in the choice of appliance, test protocol or fuel but selected uncertainties are shown in
Table 4-3.

Some measurements have more uncertainty than others due to a range of factors including analytical
uncertainty. The analysis of the individual PCDD/F congeners indicated that although some congeners
in the tests were reported as below the field blank?® there were relatively few tests where the tetra and
penta-chlorinated PCDD congeners and penta-chlorinated PCDF congeners with the highest toxic
equivalent factors were below the LoD. In the PAH samples, the four compounds used for international
reporting were rarely found below the LoD (2/211 tests in WP3). Chloranthene, was below the LoD for
104 of the 211 tests in WP3, in these cases the field blank value is used however contribution to totals
(assuming present at field blank concentration) was <<1%. For the metals testing there were 8
occurrences out of 966 measurements when the metals were below the field blank value in WP3,
although there were significantly more occurrences in WP230, In these cases the field blank
concentration was used instead, most of these occurred for coal trebles for a variety of the metal
pollutants.

445 Data handling

For some pollutants integrated samples were collected over the entire test cycle (PCDD/F, PAH,
metals), some were measured continuously over the entire test cycle and data have also been gathered
for each phase of operation (CO, NOx, SOz, TOC). For some pollutants, integrated samples were
collected in selected phases of operation i ignition, 2" refuel and burn out (PM, PM size). These latter
samples were taken from one refuel phase (of up to three) so are likely to have higher uncertainty than
measurement which sampled all phases of operation.

2 The measurement procedure requires a blank sample to be prepared and recovered at the measurement site for each group
of tests (one field blank for each set of three tests) i the field bank is prepared and recovered in the same way as a measurement
sample except no flue gases are sampled.

30 57/784 occurrences of metals below the field blank in WP2.
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In addition to the measurement uncertainties all pollutants required the following calculations to reach
an emission factor based on the concentration data:

1. Application of a dilution ratio based on CO concentrations measured at appliance outlet and
dilution tunnel

2. Standardisation of undiluted concentration to a reference oxygen content

3. Application of a conversion factor to calculate an emission factor

4. Aggregation of short-term emission factors to cover the entire burn cycle.

These operations contribute additional uncertainty to the measurement uncertainty.

Three sets of measurements were undertaken for each fuel and appliance combination, and this has
allowed calculation of standard deviation and other indicators of repeatability. The EMEP/EEA
Guidebook confidence intervals for emission factors are generally (much) larger but are typically based
on expert judgment to assign an indicative uncertainty range. This reflects the challenges in
understanding the uncertainty from combining emission factors reported by a range of studies (or
calculated from reported data) with differing objectives, different appliances and often different
measurement approaches.

Table 4-3 Selected measurement uncertainties

Measurement Lab Maximum Allowed Range of recorded
Uncertainty of Method uncertainty
(MCERTS), %

Concentrations

PCDD/F ECL 30% 157 25%
PAH ECL 30% 157 25%
SOx ECL 20% 10T 20%
TOC ECL 15%* 157 25%
CO ECL 6%0* 5T 15%

Method uncertainty

CcoO Kiwa 6%
NOx Kiwa +1.2 ppm
CO2 Kiwa 2%
02 Kiwa 2%
PM Kiwa 0.29g/h
Other

Appliance/Fuel weight | Kiwa +20g
Fuel load Kiwa +5¢
Flue gas Draught Kiwa +2Pa
Flue gas temp Kiwa +5°C

1 MCERTS maximum allowed uncertainties are for application on industrial activities (specifically
6Part A6 activities regulated under Schedul e
(England & Wales) 2016 and equivalent in Scotland and Northern Ireland).
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1 MCERTS TOC and CO uncertainties are defined in terms of Emission Limit Values (ELVs) for
TOC and CO but ELVs for stoves are not applicable for measurement on diluted exhaust gases.
1 PM uncertainty is for DIN+ PM test method (at appliance outlet).
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5 EMISSION FACTORS

The emission factors presented here are expressed as mass of pollutant (usually grams but different
mass units apply for PCDD/F, PAHs and heavy metals) per gigajoule of fuel burnt (on a net heat input
basis), as described in section 1.1. The emission factors units are aligned to those used in the NAEI
and in the EMEP/EEA Emission Inventory Guidebook3!. Emission factors can also be expressed on a
mass basis (for example per tonne of fuel burned).

5.1 METHODOLOGY

The measurement programme provided:

1 continuously monitored emission concentration data throughout the different phases of the
burning cycle for some gaseous measurements (CO, COz2, Oz, NOx, SOz, TOC),

1 an integrated concentration measurement for (PCDD/F, PAH and metals) over the whole burn
cycle,

1 integrated PM-related concentrations measurements for alternate phases of the burning cycle
(ignition, an operation phase and burnout phases).

Measurements were generally undertaken at the dilution tunnel with selected measurements also
undertaken at the appliance outlet.

Emission measurements were generally provided as concentrations (a volume or mass in a known
volume of sampled gas). Continuously monitored data has a weighting to adjust for different burn rate
at each 1-minute average data point (not applied to integrated samples). Black carbon and particle size
data were reported as weights or similar metric and were developed into concentrations based on
sample duration and reported sampling rate.

The calculation of emission factors for each appliance and fuel combination from the emission
concentration data reported by the test houses required several calculation stages:

1 Initial data check to confirm concentration provided at STP (0°C, 101.3kPa) and dry gas for
period sampled, identification of odd data for review.
I Conversion to a mass concentration at STP for a dry gas (where required).

9 Correction to undiluted concentration applying ratio of CO determined at appliance outlet and
dilution tunnel (where required).

9 Standardising to a reference oxygen concentration (13% O3).

1 Converting to a g/GJ net heat input emission factor by applying a stoichiometric dry flue gas
volume (adjusted to 13% O) for each fuel (see Table 2-2).

1 Aggregating emission factors for each phase for full burn cycle (weighted for fuel burned in
each phase).
1 Averaging for each appliance/fuel combination (3 tests to single value).

The procedure used the same methodology and calculation template as used in the previous two work
packages but modified for the number of appliances, fuel characteristics and number of refuels.

Some components were determined from an integrated sample collected across the entire burn cycle,
others from integrated samples from selected phases of the burn cycle and, some using continuous
monitoring data. Where possible, average concentrations have been calculated for each phase
(ignition, refuel and burnout phases) and then developed into emission factors. An aggregate emission

31 Emission factors for residential combustion are provided in sectoral guidance Chapter 1A4 for small combustion available here:
https://www.eea.europa.eu/publications/emep-eea-guidebook-2023/part-b-sectoral-guidance-chapters/1-enerqy/1-a-
combustion/1-a-4-small-combustion-2023/view

32 Conversion between energy input and mass basis requires knowledge of the calorific value of the fuel.
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factor for the entire burn cycle was then constructed using the weight of fuel burned in each phase to
develop a weighted average.

For continuously-monitored pollutants, data were recorded as one-minute averages and an additional
weighting was undertaken to reflect variation of fuel burn rate during each phase i that is, the weighted
average in each phase reflects the combination of emission concentration and burn rate at the minute
average data.

5.2 SUMMARY OF EMISSION FACTORS

The figures below provide a summary of selected emission factor data to illustrate emissions from fuels
and appliances from WP1, WP2 and WP3. Appliance-specific emission factors for WP3 only are
provided at Appendix A3-A7.

The coloured bars represent emission factors for each fuel and appliance group with the black dots
representing the associated existing NAEI emission factor from the most recent inventory submission
(NAEI22) for the fuel and technology or EMEP/EEA Guidebook 2019 emission factors. Note that most
emission factors for solid fuels used in the NAEI are derived from EMEP/EEA Guidebook 2019 emission
factors with some country-specific emission factors. However, non-PM EFDSF emission factors from
WP1 were included in the 2024 NAEI submission (for years to 2022 - NAEI22).

For wood/biomass emission factors, comparisons are with EMEP/EEA Guidebook 2019 emission
factors.

Emission estimates from use of coffee logs, wood briquettes and pellets will be included in the NAEI for
the first time in the 2025 submission. The emission factors from this project for wood logs, coal,
anthracite and manufactured solid fuels from WP1, WP2 and WP3 will be included in the 2025 NAEI
inventory submission.
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5.2.1 Wood and biomass fuels
5.2.1.1 Carbon monoxide (CO)

Figure 5-1 Carbon monoxide emission factors for wood and biomass fuels
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Emission factors generally increase as moisture increases on the open fireplace and older stoves. This
is consistent with higher fuel moisture decreasing combustion efficiency. On the modern appliances,
CO emissions are higher for both dry and wet fuels. The CO emissions (Figure 5-1) when using dry
wood logs in the modern stove are unexpectedly high in comparison with the older technologies which
would be expected to have poorer energy and combustion efficiency.

The emissions observed for the modern appliance may indicate that the appliance design has been
optimised for seasoned wood. Drier wood log fuels may increase emissions in the modern stoves
(compared to the seasoned moisture level) because drier fuels will have a higher burnrate and the air
supply may be limited compared to the older devices. The coffee log emission factors show little
variability across the appliance categories compared to wood briquettes.

5.2.1.2 Particulate matter

Total particulate matter, PM2s and condensable PM emission factors determined at the dilution tunnel
are presented in Figure 5-3 , Figure 5-2 and Figure 5-4 respectively. The highest emission factors for
each appliance were for wet wood logs. Emission factors for seasoned wood are all lower than used in
the current NAEIL. The modern stove emission factors determined when burning wet and dry wood are
higher than the current NAEI emission factor (from EMEP/EEA Guidebook 2019).

Particle size distribution based on the aggregated emission factors are consistent with the NAEI for
PM1o and PMzs but the PMs fraction is higher than applied currently in the NAEI. For wood logs the
PMu fraction is variable but is typically more than about 65% of the total PM emission (Table 5-1). The
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PM: fraction for mineral fuels is less variable than for wood fuels and generally forms more than about
65% of the total PM emission (Table 5-2). The proportion appears slightly higher for the manufactured
solid fuels (generally greater than 75%).The collected PM is predominantly PM: for all wood/biomass
fuels but others have reported that material larger than PMz is negligible for wood-burning stoves3:.
Note that emission data reported for this study include sample probe washings (assigned to the >PMio
size fraction) and the sampling system included a sample inlet aligned to the gas flow with near
isokinetic sampling (it was not designed to exclude larger particle sizes).

Table 5-1 - Particle size distributions for wood/biomass fuels, shown as % of total PM

Stove Seasoned Wood

Type Pollutant Dry wood wood Wet wood briquettes Coffee logs
PM10 88% 79% 93% 90% 86%
Mode | pm2.5 86% 77% 92% 88% 84%
PM1 77% 69% 80% 80% 70%
PM10 91% 85% 94% 88% 81%
Mddle | pm2.5 76% 84% 93% 85% 78%
PM1 66% 79% 86% 76% 70%
PM10 91% 78% 89% 92% 829%
o PM2.5 89% 75% 88% 89% 81%
PM1 81% 69% 79% 81% 75%
PM10 87% 86% 95% 92% 86%
ﬁggfg‘ce PM2.5 85% 85% 93% 90% 84%
PM1 74% 73% 74% 86% 67%

Table 5-2 - Particle size distributions for mineral fuels, shown as % of total PM

High Sulphur  Low Sulphur

Stove Type Pollutant MSE MSE Coal Trebles Anthracite
PM10 97% 92% 91% 70%
Modern PM2.5 95% 89% 88% 65%
PM1 78% 79% 68% 54%
PM10 96% 94% 92% 74%
Middle PM2.5 95% 92% 88% 69%
PM1 86% 90% 7% 64%
PM10 94% 90% 92% 83%
Oldstove | PM25 92% 89% 89% 79%
PM1 67% 79% 76% 71%

33 Fachinger, F. et al How the user can influence particulate emissions from residential wood and pellet stoves: Emission factors
for different fuels and burning conditions. Atmospheric Environment, Volume 158, June 2017, Pages 216-226.
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PM10 92% 90% 91% i

Open
fireplace PM2.5 91% 89% 89% -
PM1 88% 86% 81% -

In the PM datasets (and others including CO) the emission factors determined for the stoves might be
expected to increase with the age of stove across each of the fuel types. However, this is not always
evident in the measured data. In part this is likely due to how each appliance has been operated,
variability between manufacturers, efficiency of the combustion chambers, and the condition of each
individual appliance (particularly relevant for the older pre-owned stoves). Features of the test protocol,
including retention of bark on the wood logs (more representative of real-life use of the stoves), result
in more heterogenicity between fuel loadings which means that it is harder to assess trends. There are
many variables to consider to fully characterise emissions and operation and these have not been
tested in isolation within the test programme.
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Figure 5-3 TPM emission factors for wood and biomass fuels
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Figure 5-2 PM2.5 emission factors for wood and biomass fuels
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Figure 5-4 Condensable PM emission factors for wood and biomass fuels
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5.2.1.3 Total organic compounds (HC/OGC/TOC)

Higher fuel moisture increases TOC emissions (also referred to as HC and OGC) which is consistent
with higher fuel moisture decreasing combustion efficiency. However, the middle and modern stove
also had higher TOC emissions when burning drier wood (Figure 6-5Figure 5-6). Note that
measurements include methane and that emission factors used for international reporting are for non-
methane volatile organic compounds (NMVOC). TOC emission factors have been modified for use in
the NAEI by applying the NMVOC/methane ratio in the current NAEI (45%-67% depending on appliance
type). Derived NMVOC emission factors are shown in Figure 5-6.

Figure 5-5 Total Organic Compounds emission factors for wood and biomass fuels
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Figure 5-6 NMVOC emissions for wood and biomass fuels
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5.2.1.4 Nitrogen oxides (NOx)

Emission factors for NOx do not generally reflect fuel moisture content or technology. Notably the coffee
logs show significantly higher NOx emissions factors than the wood fuels but this reflects a higher
nitrogen content in coffee logs compared to wood.

Figure 5-7 NOx emission factors for wood and biomass fuels
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5.2.1.5 Sulphur oxides (SOx)

A periodic, integrated sampling methodology was applied as the anticipated concentrations after
dilution were expected to result in concentrations close to the limit of detection for continuous
measurement techniques. The measured emission factors are low for wood fuels but consistent with
EMEP/EEA Guidebook 2019 emission factors. The measured emission factors for SOx are
significantly higher from coffee logs Figure 5-8, which reflects a higher sulphur content in this fuel.

Figure 5-8 Sulphur dioxide emission factors for wood and biomass fuels

SOx EFs

100-
é
o
x
o)
152
50+

o . = . ~ . = . Q .
., 'HB'm 'Hw ‘B'w ‘H'H

D'ry Seasoned Wet Wood b‘riquettes Coffee logs

Stove_Type Modern Stove - Middle Stove Old Stove - Fireplace

5.2.1.6 Dioxin and furans (PCDD/F)

The PCDD/F emission factors were lower than the EMEP/EEA Guidebook 2019 default emission factors
Figure 5-9. The highest emission factors were observed with the middle stove when burning wood
briquettes fuel. Some of the higher PCDD/F emission factors in literature may be due to inclusion of
wastes and non-wood fuels in the briquette feedstock.
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Figure 5-9 PCDD/F emission factors for wood and biomass fuels
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5.2.1.7 Polynuclear Aromatic Hydrocarbons (PAH)

PAH emission factors were generally lower than current EMEP/EEA Guidebook 2019 emission factors
for seasoned and wet wood logs but emission factors determined for wood briquettes are generally
higher than the EMEP/EEA Guidebook wood log emission factors (except on the open fireplace).

Notably, PAH emission factors determined for the modern appliances were higher than the EMEP/EEA
Guidebook 2019 emission factors for all fuels.

Figure 5-10 PAH emission factors for wood and biomass fuels
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Figure 5-11 BaP emission factors for wood and biomass fuels
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5.2.2 Mineral fuels

It is notable that for the modern Ecodesign appliance using anthracite and MSF mineral fuels that there
are frequently higher emission factors for CO, PM and TOC/OGC (which have emission limits in the
Ecodesign Regulation) and PAH compared to the older appliances. Smaller differences in emission
factors will be mitigated by higher energy efficiency for the modern appliance but the emission factors
for the modern appliances are often higher than could be offset by improved energy efficiency.
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5.2.2.1 Carbon monoxide (CO)
Figure 5-12 Carbon monoxide emission factors for mineral fuels
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Carbon monoxide emission factors were notably high for the modern appliance for anthracite and both
the approved and non-approved MSF, having the highest EF of all the stoves for anthracite and the
non-approved MSF. The lowest CO emission factors were found for the open fireplace for all fuels
except for anthracite which was not tested on this appliance type. In general emission factors were
lower than the comparable emission factor used in the NAEI (EMEP/EEA Guidebook 2019) but notably
the emission factors for the modern appliance were higher (and often higher than emission factors
determined for older stoves and the open fireplace).
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5.2.2.2 Particulate matter

WP3 Report

Figure 5-13 Total Particulate matter emission factors for mineral fuels
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Figure 5-14 PM2.s emission factors for mineral fuels
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For TPM and PMzs, the emission factors determined for approved and non-approved MSF are higher
than the emission factors used by the NAEI, but for coal the emission factors are generally lower than
current NAEI emission factors. The emission factors for the modern stove are higher than the older
stove for the MSFs and higher than the emission factors in the NAEI for all mineral fuels.

For condensable PM (Figure 5-15), which is not currently reported in the NAEI, the relatively high
contribution from condensable PM for anthracite and MSFs (on the modern stove) is a little surprising
as these fuels have a low volatile matter content or are sold as smokeless products. The condensable
PM emission factors appear lower on the older closed appliances.
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Figure 5-15 Condensable PM emission factors for mineral fuels
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5.2.2.3 Total organic compounds (HC/OGC/TOC)

The NAEI reports methane and non-methane volatile organic compounds (NMVOC) separately. In the
test programme, the measurements are of total organic compounds (TOC but sometimes known as
OGC or total hydrocarbons). Figure 5-16 shows TOC emission factors. Figure 5-17 shows NMVOC
emission factors derived from TOC measurements and methane emission factors. The NMVOC
emission factors derived in WP3 are generally similar to the NAEI emission factors, however, the
modern stove had higher emission factors when burning anthracite and the manufactured solid mineral
fuels than applied in the NAEIL.

Page 65 of 345



Ricardo WP3 Report

Figure 5-16 Total Organic Compounds emission factors for mineral fuels
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Figure 5-17 NMVOC emission factors for mineral fuels
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5.2.2.4 Nitrogen oxides (NOx)

Emission factors for NOx are broadly similar for the stoves although the open fireplace is lower for the
MSFs (see Figure 5-18). The emission factors for the modern stove were lower for all fuels than the
value used in NAEI.

Figure 5-18 NOx emission factors for mineral fuels
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5.2.2.5 Sulphur oxides (SOx)

Note that emission factors represent sulphur dioxide (SO2) as they are derived from an SOz continuous
measurement system. Emission factors vary between fuels more so than between appliance type. The
highest emissions are seen for the manufactured solid fuels. Compared to the current NAEI emission
factors the MSFs are generally higher whereas anthracite and coal both have lower sulphur dioxide
emission factors in this test programme than estimated in the current NAEI. Note that the NAEI
emission factors are derived from sulphur analysis provided by fuel suppliers, but the number of mines
and suppliers of coal has decreased over recent years and this has increased the uncertainty of the
NAEI estimates of sulphur oxides emissions for domestic combustion.

Figure 5-19 Sulphur dioxide emission factors for mineral fuels
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5.2.2.6 Dioxin and furans (PCDD/F)

Figure 5-20 PCDD/F emission factors for mineral fuels
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Figure 5-20 shows the PCDD/F emission factors determined for mineral fuels. Emission factors were
lower than the NAEI default emission factors all fuels except for the non-approved MSF which had
higher emissions factors for the modern and old stove. The PCDD/F emission factors for the approved
MSF were considerably lower than for the non-approved fuel.

5.2.2.7 Polynuclear Aromatic Hydrocarbons (PAH)
A suite of 16 PAH were determined:

Anthanthrene

=

Benzo(a)anthracene
Benzo(a)pyrene
Benzo(b)fluoranthene
Benzo(b)naptho(2,1-d)thiophene
Benzo(c)phenanthrene
Benzo(ghi)Perylene
Benzo(k)fluoranthene
Cholanthrene

Chrysene

=A =4 =4 =4 =4 4 A4 4 - A

Cyclopenta(cd)pyrene

Page 70 of 345



Ricardo WP3 Report

1 Dibenzo (ai)pyrene

1 Dibenzo(ah)anthracene

1 Fluoranthene

1 Indeno(123-cd)pyrene

1 Naphthalene
The PAH highlighted in bold are used for international emission inventory reporting.
Figure 5-21 PAH emission factors for mineral fuels
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Sixteen PAH compounds were determined, however only four are used for international reporting for
emission inventories. Figure 5-21 compares the sum of the four PAH used in international reporting
from the measurement programme with emission factors used in the NAEI. Benzo(a)pyrene emission
factors are shown in Figure 5-22. The PAH emission factors determined for solid mineral fuels were
all lower than the NAEI default factors. The emission factors determined on the modern stove were
highest for the both the MSFs. Findings for B(a)P emission factors are broadly similar as for PAH
although notably the modern stove emission factors are higher than the NAEI factors for the MSFs.

Page 71 of 345




Ricardo WP3 Report

Figure 5-22 Benzo(a)pyrene emission factors
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5.2.2.8 Heavy Metals

For mineral fuels a suite of fourteen metals were also sampled:

]

Antimony (Sb)
Arsenic (As)
Cadmium (Cd)
Chromium (Cr)
Cobalt (Co)
Copper (Cu)
Lead (Pb)
Manganese (Mn)
Mercury (Hg)
Nickel (Ni)
Selenium (Se)
Thallium (Th)
Vanadium (V)
Zinc (Zn)

=A =4 =8 =4 8 8 -4 -8 4 9 -9 -8 -9

The metals highlighted in bold are reported in the NAEI and emission results are illustrated in the
following figures. Metals were sampled to collect both solid and vapour phases. Three sets of samples

(and a field blank) were collected for each appliance and fuel combination across the WPs.
Samples were recovered in several fractions:
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Probe rinse (particulate fraction)

Filter (particulate fraction)

Absorber group 1, Impinger 1 &2 (vapour phase fraction)
Absorber group 1, Impinger 3 (vapour phase fraction)
Absorber Group 2, Impinger 1 (vapour phase Hg fraction)
Absorber Group 2, Impinger 2 (vapour phase Hg fraction)

=A =4 =4 =4 4 4

The particulate fractions (filter and probe rinse) were digested prior to analysis. Absorbent solutions
and washings were analysed without digestion.

In WP2, several tests were affected by large particulate and/or gaseous contributions to selected metals
for one or more of the three tests undertaken for each fuel and appliance combination. In some
instances, the calculated emission factors were higher than indicated by fuel analysis and higher than
EMEP/EEA Guidebook 2019 emission factors. Following a review of data and measurement
procedures, sample recovery and preparation measures were modified to minimise the risk of such
incidents.

Following discussion with the project steering group, criteria were applied to data to exclude potentially
anomalous results and this approach was continued in WP3.

Although emission monitoring provides a well-established and standardised approach to determination
of emissions of heavy metals, the EFDSF measurements indicate that concentrations of most metals
concentrations are at, or close to, the Limit of detection. Adoption of other approaches such as fuel
and ash sampling and analysis may potentially provide data with less uncertainty.

Figure 5-23 Arsenic emission factors
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Arsenic - The Arsenic emission factors calculated are generally consistent with the NAEI for each fuel
type. Also, the emission factor does not vary with the appliance types very much. The exception to this
is the emission factors from Anthracite, these are much higher than the current NAEI factors. The data
for the Dovre (Middle) and Hunter Aspect 5 (Modern) stoves for Coal Trebles each had the vapour
phase removed for 2 of the 3 tests due to high vapour phases recorded which were much higher than
the particle phase.

Figure 5-24 Chromium emission factors
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Chromium

Chromium emission factors are variable between fuels and stoves. High vapour phase emissions were
found for some tests and may be due to migration of potassium dichromate solution in the sampling
train (used to collect mercury vapour). The vapour phase for chromium should be a very small fraction
of the sample with most metal expected to be present in the particle phase. Where the vapour phase
was the issue, the vapour phase data has been removed for all three tests and the remaining particle
phase data has been used to develop an emission factor. The calculated mission factors for chromium
are higher than the factors currently used in the NAEI.
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Figure 5-25 Cadmium emission factors
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Emission factors calculated are generally in line with, if not slightly higher than, the NAEI factors for
each fuel type and do not vary much between fuels. Also, the emission factor does not vary much
between appliance types although the emission factors for the coal trebles and non-approved MSF are
higher for the Middle Stove.
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Figure 5-26 Copper emission factors
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Copper emissions are quite variable between fuel and stove type. The emission factors for Anthracite
and the manufactured solid fuels are quite similar to the NAEI factors. Whereas the Coal Trebles
emission factor was significantly higher for the Middle Stove. For some of the tests one repeat has been
excluded as they were a clear outlier.
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Figure 5-27 Nickel emission factors
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The nickel emission factors are all observed to be higher than the current NAEI emission factors. The
highest emission factor was found for non-approved MSF in the open fireplace. For some of the tests
one repeat has been excluded as they were a clear outlier.
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Figure 5-28 Selenium emission factors
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All emission factors are higher than the current NAEI emission factors. The emission factors for
Anthracite are the largest across the stove types and are larger than the NAEI factors. There is not

much variation across the stove types except for the coal trebles where the middle stove emission factor
is highest.
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Figure 5-29 Zinc emission factors
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Zinc emission factors are generally much lower than the current NAEI factors, with the exception of the
middle stove for anthracite and coal trebles. For some of the tests one repeat has been excluded as
they were a clear outlier.
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Figure 5-30 Lead emission factors
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Lead emission factors are lower than the current NAEI emission factors for all fuels with the highest emission
factors coming from anthracite.
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Figure 5-31 Mercury emission factors
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The Anthracite and approved MSF emission factors are similar to those used in the NAEI. Whilst the emission
factors from the non-approved MSF are significantly lower than those used in the NAEI. This is also true for
coal trebles except for the middle stove which exceeds the NAEI value. There is some variation between the
appliances.

5.2.3 Black Carbon

These represent measurement of Elemental Carbon and the data provided is derived only from tests
conducted in WP3 as the methodology was amended from the previous work packages to provide a greater
number of samples. In the previous work packages one sample was collected in each type of operating phase
(ignition, operation and burnout) from one of three tests for each fuel and appliance combination. In WP3
additional measurements provided at least three sets of samples for each fuel and technology combination.

The BC results are expressed as percentages of the PMzs emission factor. Note that a small number of
samples for individual operating phases indicated BC quantities higher than the PMzs for the same phase.
The BC samples are collected over a shorter sampling period than the PM2.s samples so it is possible that
sampling coincided with a period of relatively high emission. In such cases, the BC value has been moderated
to match the PMzs value.
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Black carbon emission factors for wood and biomass fuels are general highest from wet wood (Table 5-3). For
the modern stove emission factors from dry wood are higher compared to burning seasoned wood.

Table 5-3 Black carbon emission factors (%PM:z.s) for wood and biomass fuels

Stove Type Dry Wood Seve\%%r(]jed Wet Wood BrY(\qlﬁgges Coffee Logs
Modern Stove 44% 36% 63% 33% 36%
Middle Stove 65% 39% 97% 58% 20%
Old Stove 49% 5% 14% 18% 41%
Open fireplace 53% 94% 100% 20% 90%

Among the four appliance types, modern stoves have the highest black carbon emission factors for mineral
fuels, except for the approved (low sulphur) MSF (Table 5-4). The open fireplace has the lowest black carbon
emission factors for mineral fuels.

Table 5-4 Black carbon emission factors (%PM2.5) for mineral fuels

Stove Type High Sulphur MSF  Low Sulphur MSF Coal Trebles Anthracite
Modern Stove 61% 47% 74% 72%
Middle Stove 76% 56% 72% 36%
Old Stove 12% 2% 14% 38%
Open fireplace 1% 1% 14% Not tested

5.2.4 Additional Stove Comparisons
5.2.4.1 Blue Angel and pellet stove emission factors

The emission factors for the Blue Angel and pellet stove are compared with the modern stoves in Table 5-5.
The Blue Angel stove which incorporates automatic management of the combustion process and a catalyst for
emission control has lower emission factors for all fuels compared to the modern conventional stoves and
indicates that a higher level of emission performance is possible for wood log appliances. The Blue Angel
stove appears more able to cope with high moisture content wood logs.

Similarly, the emission factors for the pellet stove indicate improved emission performance compared to
modern conventional wood log stoves. Surprisingly, a higher SOx emission factor was found for the pellet
stove indicating high sulphur levels in wood pellets compared to wood logs. A high PCDD/F emission factor
was also found.

5.2.4.2 Larger appliance reduced output tests

Emission tests on an 8kW output appliance were undertaken at rated output and part load on selected fuels
to assess impact of load on emissions. For seasoned wood, pollutant emission factors increased at part load
however for other fuels the changes are less consistent (Table 5-6, Table 5-7).
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Table 5-5 Comparison of Modern Stove, Blue Angel Stove and Pellet Stove emission factors

Emission
factor

CO (g/GJ)
TPM (g/GJ)
PMo (9/GJ)
PM2s (g/GJ)

Condensable
PM (g/GJ)

TOC (g/GJ)

NMVOC
(9/GJ)

NOx (g/GJ)
SOx (g/GJ)

PCDD/F
(9ITEq)
B[a]P
(mg/GJ)
B[b]F
(mg/GJ)
B[K]F
(mg/GJ)
1(123-cd)P
(mg/GJ)
Black

Carbon
(9/GJ)

Wet
Wood

3315
382
360
359

237

1657

753

55

80

59

33

19

52

161

Seasoned
Wood

1503
65
49
48

42

212

96

55

66

23

17

11

20

16

Modern Stove

Dry
Wood

2386
151
135
131

96
821
373

41

81

140

121

76

154

a7

Wood
Briquettes

1728
204
185
181

105
341
112

46
7

199

184

158

104

200

16

Coffee Logs

1992
177
153
151

118
664
184

155
128

61

61

49

28

67

18

Wet
Wood

463
39
24
23

20

71

32

64

42

Seasoned
Wood

427
31
22
19

18

48

22

57
3

48

Blue Angel Stove

Dry
Wood

1261
52
46
43

22
186
85

47

66

81

78

49

86

24

Wood
Briquettes

1260
122
116
113

54
165
75

28

103

61

Coffee Logs

519
85
78
77

32
53
24

108
71

27

12

55

Pellet
Stove

Pellets

502
54
21
17

36

6

3

66
90

1467
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Table 5-6 Comparison of Hunter Aspect 8 emission factors at rated and low output for wood and biomass fuels

Hunter Aspect 8 1 Rated Output Hunter Aspect 8 1 Low Output

Emission Wet | Seasoned Dry Wood Coffee | Wet | Seasoned Dry Wood Coffee
factor Wood Wood Wood | Briquettes | Logs | Wood Wood Wood | Briquettes | Logs
CO (g/GJ) 3649 1688 2734 1436 1882 | 4161 2031 1819 1390 1941
TPM (g/GJ) 463 73 209 317 116 684 141 106 179 260
PM10 (g/GJ) | 440 54 191 281 100 646 126 93 157 245
PM2.5
(/GJ) 438 54 185 277 99 623 125 90 152 242
CEILEIRELE| - oy 43 157 206 9 | 352 96 60 65 216
PM (g/GJ)
TOC (g/GJ) 999 168 1457 173 192 957 288 105 107 411
NMVOC
(9/GJ) 454 76 662 78 87 435 131 48 49 187
NOx (g/GJ) 56 53 37 55 196 111 60 54 37 235
SOx (g/GJ) 5 4 10 6 117 5 11 8 8 166
PCDD/F
6 10 88 76 38 12 33 23 181 65
(9ITEQ)
B[a]P
(Mg/GJ) 22 9 212 120 12 51 14 29 80 8
B[b]F
(Mg/GJ) 15 8 233 116 16 39 12 23 97 10
B[K]F
(Mg/GJ) 9 5 149 69 9 21 7 13 61 5
1(123-cd)P
(Mg/GJ) 13 12 281 119 15 31 10 22 87 8
Black
Carbon 64 22 48 8 13 491 132 10 21 1
(0/GJ)
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Table 5-7 Comparison of Hunter Aspect 8 emission factors at rated and low output for mineral fuels

Hunter Aspect 8 1 Rated Output Hunter Aspect 8 1 Low Output

Emission factor

CO (g/GJ)
TPM (g/GJ)
PM10 (g/GJ)

PM2.5 (9/GJ)

Condensable
PM (g/GJ)

TOC (g/GJ)
NMVOC (g/GJ)
NOx (g/GJ)
SOx (g/GJ)
PCDD/F (gITEq)
B[a]P (mg/GJ)
B[b]F (mg/GJ)
B[K]F (mg/GJ)

1(123-cd)P
(mg/GJ)
Black Carbon
(9/GJ)

Approved MSF

3475
408
395
393

141

1654
827
122

1644

3
167
121

25

39

155

Non-approved
MSF

4183
358
339
335

233

5241
2621
143
971
10
125
104
32

28

207

Coal Trebles

3249
362
334
322

186

831
416
94
197
17
77
138
84

79

177

Anthracite

5890
72
61
59

48

850

425
86

623

53

Approved MSF

3919
456
442
440

261

893
446
148
1838
15
224
101
51

39

53

Non-approved
MSF

5862
351
333
331

203

1149
575
116
777
23
16
94
62

127

Coal Trebles

4302
473
442
424

283

716
358
115
263
4
137
280
152

194

37

Anthracite

5130
147
136
134

120

744

372
65

441
57
74
79
45

26

19
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5.3 COMPARISON WITH CURRENT NAEI EMISSION ESTIMATES

The results from this study have been presented to the NAEI Air Quality Inventory Steering Group, which is a
separate body of UK experts with responsibility for overseeing and approving major changes to the UK NAEI
and have been approved for inclusion in the 2025 submission.

The likely changes to the NAEI emissions as a result of implementing the EFDSF emission factors are shown
in the following figures. A series of comparative charts are provided and show the impact of proposed emission
factors on emissions from the most recent submission of the NAEI (NAEI22) from wood and biomass fuel use,
mineral fuel use, the residential sector (NFR 1A4bi) and National Totals.

Note that NAEI22 included non-PM EFDSF WP1 emission factors for wood logs.
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Carbon monoxide

WP3 Report

Figure 5-32 Historic impact of new EFs on CO emissions in domestic combustion (solid fuels) sector
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Figure 5-33 Historic impact of new EFs on CO emissions in domestic combustion sector
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Figure 5-34 Historic impact of new EFs on CO emissions in all sectors
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Although residential combustion (NFR 1A4bi) is a key source in the NAEI and revision of solid fuel emission
factors has a major impact on emissions attributed to mineral fuels and residential combustion, the impact on
the national totals is small. The limited impact on emissions for solid wood/biomass combustion in residential
combustion indicates that the additional testing in WP3 has confirmed the WP1 emission factors.
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5.3.2

Particulate matter

WP3 Report

Figure 5-35 Historic impact of new EFs on PM2s emissions in domestic combustion (solid fuels) sector
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Figure 5-36 Historic impact of new EFs on PMz.s emissions in domestic combustion sector
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Figure 5-37 Historic impact of new EFs on PMzs emissions in all sectors
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The revision of solid fuel PMzs emission factors has a major impact on emissions attributed to wood fuel and
to a lesser degree emissions from mineral fuels (in recent years). The combined impact is a significant
decrease in emissions from residential combustion across the whole timeseries, which is still significant when
considering the national total.
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5.3.3

Non-Methane Volatile Organic Compounds

WP3 Report

Figure 5-38 Historic impact of new EFs on NMVOC emissions in domestic combustion (solid fuels) sector
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Figure 5-39 Historic impact of new EFs on NMVOC emissions in domestic combustion sector
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Figure 5-40 Historic impact of new EFs on NMVOC emissions in all sectors
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The revision of solid fuel emission factors for VOC has a major impact on emissions attributed to solid mineral
fuel but the impact on wood fuels is minor. The limited impact on emissions for solid wood/biomass combustion
in residential combustion (Figure 5-38) indicates that the additional testing in WP3 has confirmed the WP1
emission factors (which were adopted in NAEI 2022) but with some moderation (lower emission factors) for
newer stoves. Although the combined effect on emissions from residential combustion is significant, the impact
on the national totals is small because UK NMVOC emissions are dominated by other sources including
industrial sources and use of products containing solvents.
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5.3.4 Oxides of nitrogen

WP3 Report

Figure 5-41 Historic impact of new EFs on NOx emissions in domestic combustion (solid fuels) sector
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WP3 Report

Figure 5-42 Historic impact of new EFs on NOx emissions in domestic combustion sector
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Figure 5-43 Historic impact of new EFs on NOx emissions in all sectors
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The limited impact on emissions for solid wood/biomass combustion in residential combustion indicates that
the additional testing in WP3 has confirmed the WP1 emission factors. Although revision of solid fuel emission
factors has a significant impact on NOx emissions attributed to solid mineral fuel, emissions in the residential
sector in recent years are dominated by emissions from use of other fuels (in particular natural gas use) and
the impact of solid fuel emission factor changes on the national emission total is small i this is shown in Figure

5-43 as an apparent complete overlap between NAEI 2022 and EFDSF which are indistinguishable at this
scale.
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5.3.5

Sulphur dioxide

WP3 Report

Figure 5-44 Historic impact of new EFs on SO2 emissions in domestic combustion (solid mineral fuels) sector
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Ricardo WP3 Report

Figure 5-45 Historic impact of new EFs on SO2 emissions in domestic combustion sector
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Figure 5-46 Historic impact of new EFs on SO2 emissions in all sectors
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Revision of solid mineral emission factors for SOz has a significant impact on emissions attributed to solid
mineral fuel whereas the impact on emissions from wood fuels is minor. The limited impact on emissions for
solid wood/biomass combustion in residential combustion indicates that the additional testing in WP3 has
confirmed the WP1 emission factors. The combined impact on emissions from the residential sector is more
pronounced earlier in the timeseries but becomes less significant in recent years. Emissions of SOz have
declined significantly over the timeseries due to increased emission abatement and latterly decarbonisation of
the energy sector which has increased the significance of residential combustion in recent years. The impact
of emission factor changes on the national totals in recent years is small despite residential combustion being
a key source for this pollutant. Other sources include non-residential small combustion sources, industry, oil
refining and construction.
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5.3.6  Dioxins and furans (PCDDI/F)

WP3 Report

Figure 5-47 Historic impact of new EFs on PCDD/F emissions in domestic combustion (solid mineral fuels)
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Ricardo WP3 Report

Figure 5-48 Historic impact of new EFs on PCDD/F emissions in domestic combustion sector
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Figure 5-49 Historic impact of new EFs on PCDD/F emissions in all sectors
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Revision of solid fuel PCDD/F emission factors has a major impact on emissions attributed to solid mineral
fuel which are lower across the time series. For wood fuels the impact is less significant but implementation of
the emissions factors shows an increase in emissions in recent years. The limited impact on emissions for
solid wood/biomass combustion in residential combustion in early years indicates that the additional testing in
WP3 has confirmed the WP1 emission factors for open fireplaces and older appliances but moderated the
emission factor for newer appliances.

The combined impact on emissions from the residential combustion sector is a significant decrease across the
time series. Residential combustion is a key source for PCDD/F in the NAEI. The contribution of PCDD/F
emissions from residential combustion to the national total was 16% in 2022 (other key sources in 2022 include
waste activities, iron and steel production and industrial combustion activity) and the impact of revisions to
PCDD/F emission factors for residential combustion on the national totals is significant across the timeseries.
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5.3.7 PAH (Benzo[a]pyrene)

WP3 Report

Figure 5-50 Historic impact of new EFs on total PAH emissions in domestic combustion (solid mineral fuels)
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Ricardo WP3 Report

Figure 5-51 Historic impact of new EFs on total PAH emissions in domestic combustion sector
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Figure 5-52 Historic impact of new EFs on total PAH emissions in all sectors
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Revision of solid fuel PAH emission factors has a major impact on emissions attributed to solid mineral fuel
and residential combustion across the time series. The limited impact on emissions for solid wood/biomass
combustion in residential combustion indicates that the additional testing in WP3 has confirmed the WP1
emission factors. Residential combustion is the main source for PAH in the NAEI in 2022 - the contribution of
residential combustion to the national total for PAH was 88% in 2022. Consequently, the impact of revisions
to PAH emission factors for residential combustion on the national totals is significant.

5.4 INCLUSION OF EFDSF PROJECT EMISSION FACTORS IN THE UK NAEI

541 Overview

The NAEI uses emission estimation methodologies which are consistent with international guidance on

emission inventories and in particular the EMEP/EEA Emission Inventory Guidebook (EIG). The EIG sets out
methodologies for activities required for internati o n a | reporting. Di fferent met t
applied with higher tier methods providing improved uncertainty but requiring more detailed understanding of

the activity. Inventory compilers can improve uncertainty by application of country-specific emission factors

and/or higher tier methods, for example more detailed modelling of an activity.
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For residential combustion of solid fuels, the NAEI uses estimates of fuels burned at UK-level from UK energy
statistics, EI G 6 Ti er 26 def anddelected ecoungysspeoific enmissiontfactors(including EFDSF
project WP1 emission factors for wood) which cover several residential heating burning technologies:

1 Open fireplace
1 Stoves (three sub-types)
1 Boilers

The recent Defra Domestic Burning Survey has led to revision of residential energy data for wood-burning and,
for all fuels and provided improved understanding of the types of appliances used. The improved
understanding of the solid fuel technologies is key to disaggregating national residential energy use into
different technologies as this allows use of Tier 2 and country-specific emission factors.

A second Domestic Burning Survey has been undertaken and is expected to report in 2024. The Defra
Emission Factors for Domestic Solid Fuel (EFDSF) project has been developed to provide country-specific
emission factors to replace EIG default factors.

The EIG emission factors for residential biomass use are drawn from peer-reviewed scientific literature and
include several relatively recent publications. However, emission factors predate Ecodesign regulations on
solid fuel roomheaters and boilers which have set minimum emission requirements for these products. The
evolution of voluntary and mandatory Ecolabels, National and EU Ecodesign controls on solid fuel heating
appliances, means that there are appliances in the market which have different emission characteristics to the
range of appliance types provided in the EIG.

In addition, emissions from residential biomass use has been a very active research area in recent years and
there is additional information that could be incorporated into the EIG.

The EIG emission factors for residential solid mineral fuels are predominantly referenced to an earlier (2006)
version of the EIG and the original references are unclear. There are also very few recent papers for mineral
fuels for appliances or fuels used in European countries.

A review of EIG emission factors was included in the WP1 and WP2 reports. the following commentary
summarises evidence that the proposed EFs are better than current NAEI default EFs which are drawn from
the EIG and other research.

Information on uncertainty has been provided in Section 4.4 and the EFDSF project team is investigating ways
to extend the measurement uncertainty to account for the data manipulation/handling operations (including
dilution correction, normalisation of concentrations and the conversion of concentrations to emission factor) as
well as other approaches to assessing a confidence interval. However, there are a range of wider uncertainty
factors where quantification is not straightforward and not within the scope of the EFDSF project.

5.4.2 Comparison of EFDSF and EMEP/EEA Guidebook Tier 2 default emission factor references
5.4.2.1 Wood, biomass fuels

The EFDSF project test protocol has been designed to reflect the use of appliances in the UK including
evidence from the Defra Burning Survey on residential wood-burning practise in the UK. The EIG references
have applied a variety of test protocols and whilst there are similarities there are also significant differences
which arise from the aims and scope of the individual studies. The key points are outlined below:

Table 5-8 : Comparison of EFDSF and EIG

Parameter EFDSF EIG
Test period Based on UK evidence. Generally shorter than UK evidence.

Main difference is fewer refuel cycles.

There is a lack of clarity whether all measurements
include ignition and burnout phases.

Ignitions, Refuels (3), Burnout i

st developed to suit test period.

Three. Often not clearly stated in references. Where

Repeat tests . . - )
information has been provided there are typically
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Parameter

Fuel wood

Fuel quantity

Fuel moisture

Pollutant
measurements

Appliance
types (i)

Appliance type
(ii)

Appliance
draught

House
/Laboratory
measurement

Measurement
techniques

EFDSF

Beech based on analysis of available
fuels and discussion with suppliers.

1.2 kg per refuel i consistent with size of
appliances and heat output.

Dry (about 5%)
Seasoned (15%)
Wet (25%)

Measurements undertaken in parallel on
same burn cycle.

Fireplace
Old stove
Recent stove
Ecodesign stove

Multifuel and wood-burning appliances
typical for UK.

UK appliances are commonly multifuel
devices (capable of burning wood and/or
mineral fuels) with a different grate and
air management provision.

16 Pa based on UK measurements from
steering group.
Laboratory.

Based on EN and CEN/TS by accredited
testhouses.

(=[€]

fewer than the three measurements and in two
studies referenced by EIG no repeat tests were
undertaken on several appliances.

Some references used wood types and wood-based
fuels which are not typical of the UK. Several
reference papers include mixed fuels including waste
and waste woods.

Different quantities of fuel with, generally, higher
weights in refuel batches suggesting larger
appliances/higher output.

Does not provide separate EFs for different wood
moisture contents. Several EIG reference studies
consider moisture effects and there are moisture data
provided for most fuels but limited information.

Multiple references for pollutants i measurements on
different appliances and fuels. Few measurements
on same burn cycle.

No Ecodesign-compliant appliances are included in
the EIG reference studies; many appliances tested
predate the EN Standards. The EIG Tier 2 reference
studies include several types of biomass appliance
that are not common technologies in the UK.

Most EIG reference studies assessed wood-burning
stoves.

Very limited data in EIG reference studies to confirm
the draught applied.

Mainly laboratory with some monitoring on houses.

A range of measurement approaches have been
applied in EIG references including novel approaches,
short-term measurement and semi-continuous
monitoring. Often limited information on measurement
approaches or appliance operation.

5.4.2.2 Solid mineral fuels

The absence of references in the EIG makes comparison difficult. It is likely that the features of literature data
identified for wood-burning in WP1 also apply to mineral fuels with the addition that EIG emission factors for
solid mineral fuels are essentially for older appliances only (mainly before 2006). In addition, the EIG emission
factors do not distinguish different solid (mineral) fuels whereas the EFDSF provides emission factors for coal,
anthracite and MSF types.

5.4.3 Comparison of EFDSF and current NAEI country-specific emission factors

The NAEI currently uses some country-specific emission factors for certain pollutants from solid mineral fuels
including:

1 PM emission factors i based on EIG Tier 2 emission factors for coal but with anthracite and solid
smokeless fuel (SSF) set at one-fifth of the EIG factor based on dated UK country-specific research
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on emission limits for Authorised fuels approved for use in Smoke Control Areas under the Clean Air
Act 1969.

I SOx 1 country-specific data for sulphur content but with the reduction in coal use and fewer mines in
operation the data are increasingly uncertain.

1 NMVOC T EIG Tier 2 emission factors applied to coal but with dated UK country-specific research for
manufactured solid mineral fuels.

The EFDSF emission factors cover a range of fuels and appliance types (including more appliances and fuels)
using a test cycle consistent with UK burning practises and applied testing based on EN and CEN/TS methods
undertaken by accredited testhouses.

5.4.4 Conclusion

The EFDSF project team considers that the proposed country-specific emission factors from EFDSF are an
improvement on current NAEI emission factors because they :

1. Better represent UK operating practise with respect to burn duration, number of refuels, fuel load,
draught and fuel types.

2. Are largely based on three replicate test cycles 1 the number of replicate tests is unknown for many

of the EIG emission factors.

Better represent the range of appliances used in UK

Are based on tests for the same appliance and same test cycles for all measured pollutants.

5. Provide data measured by accredited test houses using test approaches which are consistent with
EN and CEN/TS approaches for emission measurement.

6. Allow application of emission factors for a wider range of fuels (wood logs at different moisture
levels, anthracite and manufactured solid fuels).

hw
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6 RECOMMENDATIONS AND CONCLUSIONS

6.1 CONCLUSIONS

Emission factors have been developed for use in the NAEI for wood logs, wood briquettes, coal, anthracite,
manufactured solid (mineral) fuels and coffee logs for four appliance types for PM, PM2.s, PM1o, NOX, SOz,
CO, NMVOC, PAH, PCDD/F and Black Carbon. In addition, heavy metal emission factors have been
determined for selected solid mineral fuels, condensable PM emission factors have been determined (these
are not currently applied in the NAEI as total filterable+condensable emissions are reported) and emission
factors for a wood pellet stove and a Blue Angel ecolabel stove have been determined for selected wood fuels.

Although substantial changes can be seen for emission estimates from residential solid fuel use, the impact of
changes on UK national emissions is generally small. However, the new emission factors for PM2s, PAH
including Benzo(a)pyrene and PCDD/F would result in a significant reduction in national emissions.

The proposed country-specific emission factors are an improvement on current emission factors used by the
NAEI because they:

1 Better represent UK operating practise with respect to burn duration, number of refuels, fuel load,
draught and the types of solid mineral fuels used in the UK.

Are based on three replicate test cycles.
Better represent appliances used in the UK.
Are based on tests for the same appliance and the same test cycles for measured pollutants.

= =4 =4 =

Provide data measured by accredited test houses using test approaches that are consistent with EN
and CEN/TS approaches for emission measurement.

In general, WP3 confirmed emission factors determined in WP1 for wood logs and WP2 for solid mineral fuels.

1 In WP1 and WP3 tests on appliances burning wood logs, emission factors for CO, PM (TPM, PMuyo,
PMz.5) and VOC were highest for wet fuels. PAH emission factors were generally highest for wet
fuels on the open fireplace. Dioxins emissions were more variable and showed little association with
moisture. On the modern stoves, emission factors for CO, PM, VOC and PAH were higher for dry
wood than for seasoned wood.

1 PMa2s emissions are broadly highest for the wet wood but for the modern stoves (including the Blue
Angel stove), emission factors for dry wood are higher than for seasoned wood.

I The BaP emission factors for dry wood for all the stoves are generally higher than for seasoned
wood. For most stoves emission factors for dry wood are also higher than for wet wood. For the
open appliance, BaP emission factors for wet wood are higher than for seasoned wood which are
higher than for dry wood.

1 For the modern Ecodesign appliance using mineral fuels there are higher emission factors for CO,
PM and TOC/OGC (which have emission limits in the Ecodesign Regulation) and PAH compared to
the older appliances. Smaller differences in emission factors will be mitigated by higher energy
efficiency for the modern appliance but elevated emission factors are often higher than could be
offset by improved energy efficiency. This indicates that implementation of Ecodesign Regulation
has had little beneficial impact on PMz.s emissions from stoves for solid mineral fuels.

1 The BaP emission factors for the approved MSF (Low_Sulphur_MSF) for the modern stoves are
generally higher than for older stoves and open fires.

1 The PMu fraction in PM emissions from wood-burning is variable but is typically more than about
65% of the total PM emission. The PM; fraction for mineral fuels is less variable than for wood fuels
and generally forms more than about 65% of the total PM emission.

6.2 RECOMMENDATIONS

The following recommendations are made:

1. To include the emissions factors for PM, PM2s, PM1o, NOx, SO2, CO, NMVOC, PAH, PCDD/F and

metals in the next submission of the NAEI (2025).
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To consider similar testing programmes to represent a wider range of appliances including new
appliance types and any emerging fuels.

To consider further testing on modern Ecodesign appliances to understand why emissions of certain
pollutants appear to be elevated compared to older technologies.

To consider further testing on wood pellets intended for residential use to establish typical sulphur
content and sulphur oxides emission factors.

To consider sensitivity testing of emission parameters to (for example) different ignition practises,
inclusion of fine material in fuel mix (or influence of fuel size), fuel mixtures, appliance misuse.

To consider alternatives to emission monitoring for determination of heavy metals (fuel and ash
analysis).
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A APPENDICES

Al

Table A- 1 - Summary of Fuel Analysis by an Independent Testing House 1 mineral fuel

FUEL ANALYSIS

Heat

Component Approved Bright Flame Anthracite
CV, net MJ/kg 24.270 27.919 27.293 32.490
Moisture % m/m 20.4% 14.9% 7.2% 2.10%

Ash % m/m 5.0% 3.1% 4.6% 3.90%

c % m/m 65.20% 72.90% 72.58% 87.10%

H % m/m 2.97% 3.49% 4.61% 3.72%

N % m/m 1.16% 1.14% 2.12% 1.22%

S % m/m 1.33% 3.58% 0.28% 0.81%

O (by diff) % m/m 3.90% 0.90% 8.95% 1.10%

Table A- 2 - Summary of WP3 Fuel Analysis by an Independent Testing House i wood and biomass fuels

Component Units Wet Wood Se@i%réed Dry Wood Br?/(;lﬁgtotles (ic:)f;ese ;,Z(I)Igtds
CV, net MJ/kg 13.081 14.849 17.209 17.791 17.572 | 16.935
Moisture % m/m 24.4% 15.4% 4.0% 5.6% 10.1% | 7.6%

Ash % m/m 0.5% 0.6% 0.5% 0.4% 1.0% 0.0%
c % m/m 36.35% 40.81% 46.21% 46.75% | 47.20%| 45.40%
H % m/m 4.55% 5.09% 5.73% 5.68% 5.70% | 5.74%
N % m/m 0.23% 0.21% 0.27% 0.10% 1.13% | 0.13%
S % m/m 0.02% 0.03% 0.01% 0.01% 0.04% | 0.01%
O (by diff) % m/m 33.53% 37.28% 43.05% 41.55% | 34.90%| 40.70%

Fuel was analysed by Alfred H Knight Energy Services Limited
All analysis data is on as received basis (see analysis sheets for other reporting)
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Figure A- 1 - Certificate of Analysis for Wood logs 1

CERTIFICATE OF AMALYSIS

==y

ALFRED H KNIGHT

JASON POWIS

HIWA UK

KIwa HOUSE

MALVERMN VIEW BUSINESS PARK
STELLA WAY

BISHOPS CLEEVE

CHELTEMHAM

GL52 TDO

Test Date(s): 03-Jul-2023 to 10-Jul-2023
Date of Report: 11-Jul-2023

Dt Facwiwed: 3= ul-2035

AHK Ref: DB/400214 abarial Denribant 2 WOOD LOGS
Client Ref: LAB SUPPORT WOOD LOGS (MAY 2023)

Samples were received by Alfred H Knight Energy Services Ltd and analysis results relate only to the iterms tested.

Client Ref. Test Method Urit As Recaived Dry Basis Dry Ash-Free

Wood Logs (Ma
Remaved Ash % 0.00
Contributors *
Frea Moisture * a 13.3
Tolal Moisture * SMO30 % 17.8
Total Ash Content * SM033 % o7 08
Volatile Mattar * SM032 % 69.5 B4.6 B5.4
Fixed Carbon * SMmO22 % 119 14.5 14.6
Total Sulphur * SMO34 % 0.02 0.02 0.02
Chlarine * SMD45 % =0.01 < 0.01 =0.01
Carban * SMD35 % 40.3 49.0 49.4
Hydrogen * SMOD35 % 4.95 6.02 6.07
Mitrogen * SMO35 % 0.19 0.23 0.23
Oxygen By Difference % 360 438 442
Gross Calorific Value * SMO36 MJ'Kg 15993 19.456 19.633
Mat Calorific Valua * SMO3T M.'Kg 14 482

* - Accradifed Test
o=
Gibson Kabaso

Technical Manager
For and on behalf of Alfred H Knight Energy Services Litd

Dhoc |d: DBM4002 1472 Afired H Knight Enengy Sarvices Lid Page 1af 1

Ricardo

Urit 1 Peimmrmioun! Indusined Estsle, Bypass Anes, Dundonaid Kimmmos, Aytshes, FAS SHL
Tt +44 1583 850 375 Ermeit sobdbmisSabhgroon com
ALL WORK 15 UMDERTAKEN SLELECT TO OUR STANDARD TRADING TERMS AND CONDITIONS OF BUSINESS
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Ricardo WP3 Report

Figure A- 2 - Certificate of Analysis for Wood logs 2
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