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1 Executive summary

1.1 Aims and findings

This report looks at direct, point-of-use greenhouse gas (GHG) emissions! associated
with zero carbon heating technologies.

Direct emissions refer to those generated by a heating system at point of use, within the
curtilage? of the building. This is an important component for informing approaches to
net-zero buildings in terms of recommended technologies for space and water heating. It
is important to note that there are other important factors to consider when identifying
appropriate technologies. This includes, for example, embodied emissions, controlled
use of biomass, and air quality. While these wider considerations are outside the scope
of this study, these are being considered elsewhere by the Scottish Government.
Evidence for this report was collated from stakeholder interviews and existing literature.

Direct emissions from direct electric heaters, electric storage heaters, electric boilers,
solar thermal technologies, heat pumps?, heat networks and fuel cells are found to be
negligible.

Biomass combustion and hydrogen combustion offer significant emissions savings
compared to fossil fuel-based heating, but with varying levels of direct GHG emissions
that are important to be aware of.

Direct emissions from biomass combustion

Sustainably sourced biomass fuels are often considered carbon neutral, as the material
being burned has already absorbed carbon dioxide (CO-), and replacement biomass is

1 GHGs are defined as carbon dioxide, methane, nitrous oxide, hydrofluorocarbons, perfluorocarbons,
sulphur hexafluoride and nitrogen trifluoride (Climate Change (Scotland) Act, 2009).

2 The land and building surrounding a dwelling.

3 While there is a risk of emissions caused by refrigerant leakage from heat pumps, as discussed in
Appendix B, this can be assumed to be negligible in case of correctly installed, pressure tested and
correctly functioning systems.
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regrown in relatively short timescales.* However, combustion of biomass is associated
with direct emissions of CO», methane (CHa4) and nitrous oxide (N20). In accordance
with UK Government and Intergovernmental Panel on Climate Change (IPCC) reporting
guidelines, this report does not include direct emissions of CO> from biomass
combustion in the assessment of direct in-building emissions.

If CO2 emissions from biomass systems are thus considered to be zero, biomass
systems show significantly lower GHG emissions than the baseline emissions from a
natural gas boiler (which includes CO. emissions). Most biomass heating technologies
emit less than 2% of total natural gas boiler baseline emissions, with the non-CO>
emissions from biomass systems arising from emission of N.O and CH4. The amount of
emissions varies significantly between different biomass technologies, with systems with
more controlled fuel feed (e.g. pellet boilers) appearing to perform better than manually
fed systems such as log stoves.

Quiality of fuel and mode of operation are understood to impact emissions considerably,
although there is limited data to quantify this.

Direct emissions from hydrogen combustion

Hydrogen combustion leads to the oxidation of nitrogen, producing oxides of nitrogen
(NOy), which is not a direct GHG, as well as the GHG N2O. Research on this, however,
is limited, with N2O in particular poorly documented. The limited information available
suggests that direct GHG emissions are not significant for hydrogen combustion.
Provisional modelling in this report suggests GHG emissions could be less than 0.1% of
the total natural gas baseline. However, there is no direct data, and other evidence is
currently too limited to support a firm estimate. Further data and evidence will be needed
in order to generate firm conclusions on the level of GHG emissions associated with
hydrogen combustion for heating.

1.2 Recommendations

Data

A common theme across different technologies is a lack of data and research on direct
emissions from both manufacturers and independent researchers; therefore, further
research is needed to fill gaps and improve understanding.

Understanding of direct emissions from biomass systems would benefit greatly from
more detailed research into CH4 and N2O emissionsévariation between different
biomass technologies (and fuel type/quality). Similarly, there is a need for a focused
assessment of N>O emissions from hydrogen combustion.

In the heat pump sector, refrigerant-related emissions can be assumed to be negligible
in case of correctly installed, tested and functioning systems. However, there is a need
for better data on refrigerant leakage at different lifecycle stages, including during
operation, for different refrigerants and types of heat pump systems to strengthen the
evidence base. This may partly be achieved through effective application of existing F-
gas Regulations, with more effective reporting and information collection.

4 In the context of this report, sustainably sourced biomass refers to biomass fuels where equivalent
levels of biomass are able to regrow after harvesting and so reabsorb the carbon dioxide emitted
through combustion of the fuel. Other aspects of sustainability in the fuel supply chain, while important,
are not within the scope of this report.
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Mitigating emissions from b iomass combustion

For biomass combustion for heating, there may be an important role for education and
awareness raising. Information could be provided to operators/users around types of fuel
and fuel quality and how these impact emissions. As with any introduction of tighter
controls, this too is subject to gaining improved understanding of how emissions vary by
technology, mode of operation, fuel and quality of fuel.

Moreover, as well as supporting improved air quality, controls on fuel quality are likely to
result in reduced GHG emissions. In order to confirm this, however, improved
understanding of CH4 and N>O emissions and their variation across different biomass
technologies and by quality of fuel, would be beneficial, as mentioned above.
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Glossary
Name Description
F-gases Fluorinated greenhouse gases, including

hydrofluorocarbons (HFCs), are man-made gases, which
can stay in the atmosphere for centuries, contributing to
global warming.

certification

F-gas Regulations and

From 1st January 2020, the EU Fluorinated Greenhouse
Gases Regulation (also known as the EU F-gas
Regulation) will ban the use of refrigerants with a Global
Warming Potential (GWP) of 2,500 or more in certain
refrigeration units.

Foll owing the UK&s depar-gas n
Regulations came into effect on 1st January 2021 across
Great Britain, effectively transferring the requirements of
the current EU regulations directly into GB legislation.

This F-gas certification scheme is aimed at businesses
working with F-gas refrigeration, air-conditioning and heat
pump equipment containing or designed to contain
fluorinated greenhouse gases.

Greenhouse Gas (GHG)

Greenhouse gases include water vapour, carbon dioxide,
methane, nitrous oxide, ozone and some artificial
chemicals such as chlorofluorocarbons (CFCs).

GHGs absorb and emit radiant energy within the thermal
infrared range, causing the fgreenhouse effecta

(GWP)

Global Warming Potential

Global Warming Potential is defined as the potential for
global warming that a chemical has relative to 1 unit of
carbon dioxide, the primary anthropogenic greenhouse
gas.

In determining the GWP of a refrigerant, the
Intergovernmental Panel on Climate Change (IPCC)
methodology uses a 100-year integrated time horizon.

(HCFCs)

Hydrochlorofluorocarbons

Hydrochlorofluorocarbons have been widely used as
refrigerants, introduced as substitute for the ozone-
depleting chlorofluorocarbons (CFCs) following the
adoption of the Montreal Protocol. HCFCs also deplete
the ozone layer, but to a lesser degree than CFCs. The
use of HCFCs has been regulated since 1997, and has
been banned for use in the EU since 2015.

Hydrofluorocarbons
(HFC)

Hydrofluorocarbons (HFCs) are used as refrigerants. They
were developed to replace substances that were phased
out under the Montreal Protocol. While HFCs do not
cause ozone depletion, these refrigerants are now
regulated due to their frequently high GWP.
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Hydrofluoroolefin (HFO)

Hydrofluoroolefins are used as refrigerants and are
unsaturated HFCs. This means they are made up of the
same atoms as HFCs but contain a carbon-carbon double
bond, which means they have a less stable molecular
structure and thus decompose faster in the atmosphere.

In-building emissions

The research focus was on direct, in-building greenhouse
gas (GHG) emissions. This means that emissions not at
point of use were excluded from the scope. This research
project does not, therefore, include consideration of
emissions from electricity used in heat pumps for
example, or the embodied carbon of any of the heating
systems. We also do not consider the direct emissions of
COz from the burning of biofuels, in line with UK and IPCC
reporting guidelines.

Kigali Amendment

This is an amendment to the Montreal Protocol, which
added HFCs to the list of chemicals that countries agree
to phase out, due to the high global warming potential of
HFCs. The UK Government ratified the Kigali amendment
in 2017, which came into effect in January 2019.

Manufacturing Readiness
Level (MRL)

Manufacturing Readiness Levels are a measure
developed by the US Department of Defence to assess
the maturity of manufacturing readiness. This allows users
to assess the costs and risks that may be associated with
production of that particular product. They are defined on
a scale from 1 to 10. Level 1 represents where very basic
manufacturing implications have been considered, and
level 10 being full rate production with streamlining.

MRLs are a useful complement to Technology Readiness
Levels (TRLs). There can be risks in solely using TRLs
when wider considerations of manufacturing barriers have
not been taken into account. For example, a product may
be made up of a number of standardised individual
components all with high TRL. However, if the
manufacturing structure in not in place to mass produce
these components, the technology would have a lower
MRL.

However, technologies with low MRLs should not be
discounted, but that efforts and/or investment should be
focussed on removing barriers to manufacturing.

As noted in Section 3 of the main report, stakeholders did
not respond to questions on MRLs, providing instead high-
level commentary on market penetration and
manufacturing and supply issues.

Modified Combustion
Efficiencies (MCE)

Modified Combustion Efficiencies can be used to give an
indication of what stage of combustion a system is in. For
example, the combustion efficiency will be lower during
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the start-up or ignition stages and reach its maximum
during normal operation.

Monobloc Heat Pump
System

The Monobloc configuration keeps all components of the
heat pump within a single outdoor enclosure. Two pipes
carry either water, or a mixture of water and antifreeze
between the outdoor unit and the interior portions of the
over all Ssystem.

Montreal Protocol

The Montreal Protocol was originally adopted to preserve
and r est or kyertahddas cangidenedeto have
been successful todate. T h e Hgsabn dageemerit
between participating countries to phase out certain
ozone-depleting substances. HFCs were used to replace
the substances banned in that agreement because they
have zero impact on the ozone.

Natural refrigerant

There are an increasing range of ultra-low GWP natural
heat pump refrigerants available, including CO2, ammonia
and propane.

Seasonal performance
factor (SPF) and
Coefficient of
Performance (CoP)

Seasonal performance factor (SPF) is the average
coefficient of performance (CoP) of a heat pump over the
heating season. CoP is the ratio of heat output (kW) to
electrical input (kW) at any one time.

Split Heat Pump System

A split system configuration uses refrigerant lines to
connect between the outdoor unit, and the indoor unit.
The outdoor unit contains the compressor, air to
refrigerant heat exchanger, and outdoor air fan. The
indoor unit contains the refrigerant to water heat
exchanger, circulator, expansion tank, controls, and in
some systems an electric resistance element for auxiliary
heating.

Technology Readiness
Level (TRL)

Technology Readiness Levels are a measure developed
by the US Department of Defence to assess the maturity
level of a particular technology. They are defined on a
scale from 1 to 9. Level 1 represents a technology that is
only at the stage of scientific research, and level 9 being
full rate deployment.

TRLs complement Manufacturing Readiness Levels
(TRLS).

However, technologies with low TRLs should not be
discounted, but that efforts and/or investment should be
focussed on removing barriers to deployment.

As noted in Section 3 of the main report, stakeholders did
not respond to questions on TRLs, providing instead high-
level commentary on market penetration and
manufacturing and supply issues.
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2 Introduction

This report, prepared by ACE Research (ACE-R) at the Association for Decentralised
Energy (ADE) and the Energy Saving Trust (EST), details research findings to support
the Scottish Government in understanding the direct, point-of-use greenhouse gas
(GHG) emissions® associated with zero carbon heating technologies.

2.1 Policy context

In June 2019, the UK Parliament passed legislation requiring the government to reduce
t he UKO6s netGHE&shy $08% relatige toal990 levels by 2050. The Scottish
Government went further in its Climate Change (Emissions Reduction Targets)
(Scotland) Act 2019, requiring net emissions of greenhouse gases to be reduced by
100% relative to 1990 levels by 2045. Interim targets include a 75% emissions reduction
by 2030, and 90% by 2040.

In parallel to such ambitious overarching net-zero emissions targets, Scotland has
developed specific policies to decarbonise emissions from buildings. In 2021, the
Scottish Government (2021a) published the Heat in Buildings Strategy which outlines
the steps that will be taken to reduce GHG emissions by at least 68% by 2030 from
Sc ot | @mekticand non-domestic buildings, including both new-build and existing
stock.

The Scottish Government is committed to ensuring that, from 2024, new buildings
applying for a building warrant must use heating systems which produce zero direct
GHG emissions at the point of use. This ambition has been explored through an initial
scoping consultation that set out the high-level vision for the New Build Heat Standard
(Scottish Government, 2021b).

The Scottish Government has also been consulting on minimum standards applicable to
both new build and existing buildings through Building Regulations standards (Scottish
Government, 2021c).

2.2 Setting the scene

Significant progress has been made in decarbonising electricity supplies. Policy makers
and industry are now focusing on decarbonising heat and reaching net zero across the
entire economy.

Whilst there is a good understanding of the carbon dioxide (CO2) emissions from most
fossil fuel combustion systems, there is much less understanding of the impact on
emissions of other GHGs f r o m t h epeiatiors ancgdedoranigsionimg of
heating systems, including those considered to be low or zero carbon.

It is vital that these in-building GHG emissions are fully understood and evaluated so
that appropriate legislation can be developed to drive specifiers and installers to fit
heatngsyst ems t hat genuinely contribute to

The wider net zero target requires all GHG emissions to be addressed, whether within
the building curtilage or not. However, heating system specifiers usually have little or no
influence over the GHG intensity of the electricity, gas or external heat supplies
available. It, therefore, makes sense to require those specifiers to meet limits on in-

5 GHGs are defined as carbon dioxide, methane, nitrous oxide, hydrofluorocarbons, perfluorocarbons,
sulphur hexafluoride and nitrogen trifluoride (Climate Change (Scotland) Act, 2009).

www.climatexchange.org.uk
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building emissions specifically, while decarbonisation of energy supply continues to be
driven by separate regulation and support.

Nevertheless, it will be important to ensure that efforts to reduce both direct (in-building)
and indirect (emissions from external supply) GHG emissions happen in a co-ordinated
way to avoid unintended consequences, such as the specification of systems that meet
the in-building requirement but hamper efforts to decarbonise external supply.

2.3 Project scope

This research project used stakeholder interviews and published literature (see
Appendix A for research approach) to look at a range of technologies in domestic and
non-domestic new build and existing properties.

The research focus was on direct, in-building GHGs, in keeping with the Scottish
Government's proposals to regulate those direct GHGs from heating within the building,
with indirect GHGs regulated elsewhere, such as by the UK Emissions Trading Scheme
which regulates GHG emissions from generation of electricity. This means that
emissions not at point of use were excluded from the scope. This research project does
not, therefore, include consideration of emissions from electricity used in heat pumps or
direct electric heaters for example. Nor does it include emissions from the production of
hydrogen, nor the embodied carbon of any of the heating systems. Notably, our key
outputs on direct GHG emissions from the burning of biofuels do not include emissions
of CO: at point of use, from the burning of biofuels; this is in line with UK Government
and IPCC reporting guidelines, recognising that these CO> emissions would have
occurred anyway during natural decay of the plants, from which biomass is derived.

However, given that all these external factors significantly affect the climate impact of a
heating technology choice, we do reference these factors in our conclusions and
recommendations to provide appropriate context for our findings.

In addition, the research considers the market maturity and market penetration of each
technology, as well as applying the findings to a range of standard building archetypes in
order to understand emissions relative to reference heating technologies.

www.climatexchange.org.uk
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3 Heating technology profiles

This research looks at a range of technologies:

9 Zero direct emission technologies, including direct electric heaters, electric
storage heaters, electric boilers, solar thermal and solar thermal storage,
heat pumps and heat networks.

1 Biomass combustion.

1 Hydrogen combustion and fuel cells.

1 Other technologies.

The research team investigated Manufacturing Readiness Levels (MRLs) and
Technology Readiness Levels (TRLS) to understand market penetration rates and
deployment barriers for different technology levels. While stakeholders, particularly for
heat pumps, did not have commentary on MRLs or TRLs for the technologies in scope
specifically, the research team was provided with high level commentary on market
penetration and current and potential manufacturing and supply issues.

3.1 Market penetration

The Renewable Heat in Scotland 2019 report (Energy Saving Trust, 2020) provides
information on the total number of installations in Scotland of modern solid biomass
systems (not including log stoves), heat pumps and solar thermal (Table 1). Percentages
of the total housing and non-domestic building stock are also included but are only
indications, as the installation numbers are split by size rather than by use type.

Table 1: Market penetration of solid biomass systems, heat pumps and solar thermal (source:
Renewable Heat Scotland)

Domestic scale Commercial scale

Number % Number %
Solid biomass 5,000 0.20% 3500 1.75%
Heat pump 16,800 0.66% 350 0.18%
Solar thermal 4,600 0.18% - -

TheEner gy Saving Trustoés Home Analytics databas
Performance Certificate (EPC) Register, the Scottish House Condition Survey and other

sources and has been used to provide market penetration figures for other technologies

in scope in domestic buildings Table 2). These figures relate specifically to domestic

properties rather than being based on system size.

Table 2: Market penetration of direct electric heating and district heating (source: Energy Saving

Trust)
Domestic scale
Number %
Direct electric 302,100 11.86%
District heating 33,100 1.30%

www.climatexchange.org.uk
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3.2 Zero direct emission technologies

3.2.1 Direct electric heaters

Electric panel heaters

Electric panel heaters use electricity to heat a space through convection heat and
consist of a resistive element within a protective casing that can be switched on or off as
required. There are no GHGs involved in this process, and thus no direct in-building
emissions.

Electric fan heaters

A fan heater operates by using a fan to push air over an internal heating element. There
are no GHGs involved in this process, and thus no direct in-building emissions.

Thermal fluid filled radiators

Thermal fluid filled radiators use an electrical element to heat a reservoir of oil or thermal
fluid sealed within the radiator unit. Glycol is typically used as the thermal fluid, with
negligible GWP and low vapour pressure and, therefore, unlikely to leak to the
atmosphere. Thus, direct in-building emissions can be assumed to be zero.

Electric radiant heaters

Electric radiant heaters generate heat using infrared waves. There are no GHGs
involved in this process, and thus no direct in-building emissions.

3.2.2 Electric storage heaters

No GHGs are emitted directly within the building, as the heater is based on bricks or
ceramics with solid insulation rather than gases or fluids.

3.2.3 Electric boilers

Electric boilers operate by passing running water pass through an element, which is
heated by electricity, after which the heated water passes through the buildings heating
system to warm the space to a desired temperature. There are no direct in-building
emissions associated with this process.

3.2.4 Solar thermal and solar t hermal storage

Solar water heating systems, or solar thermal systems, use heat from the sun to warm
water providing domestic hot water, rather than space heating. Using solar panels,
called collectors which are filled with working fluid which absorbs heat from the sun, heat
is transferred to water stored in a hot water cylinder.

The only potential source of GHG emissions from solar thermal systems is through
leakage of working fluid®. Working fluids differ between systems, but typically used is
propylene glycol (a non-toxic liquid with negligible GWP, with low vapour pressure) -
which is unlikely to leak into the atmosphere.

Moreover, solar thermal systems should be designed such that any leakage of working
fluid is negligible, with a well-designed system not expected to require any refilling of
working fluid over its lifetime (Energy Saving Trust, 2019).

6 Please note that it is common in life cycle emission assessments of solar thermal systems to allocate
emissions to the use phase due to emissions from an assumed fossil-fuelled auxiliary heating system;
as this is a separate system, we do not include consideration of any auxiliary heating system in present
analysis.

www.climatexchange.org.uk



http://www.climatexchange.org.uk/

Direct greenhouse gas emissions from low and zero carbon heating systems Page |12

3.2.5 Heat pumps

The only risk of direct in-building GHG emissions from heat pumps is in case of leakage
of refrigerant, which can be assumed to be negligible for heat pumps correctly installed,
pressure tested and correctly functioning. See Appendix B for detailed considerations
around refrigerant emissions and monitoring and mitigation measures, and Appendix C
on modelling of refrigerant related emissions.

3.2.6 Heat networks

A heat network is a distribution system of insulated pipes that distributes heat to multiple
buildings from a central source. Heat networks are generally not associated with direct,
in-building GHG emissions.

In line with our assessment of emissions from heat pumps, emissions can also be
assumed to be negligible in case of ambient loop heat networks’ that rely on heat pump
technologies, where the only risk of emissions is due to risk of refrigerant leakage. (See
Appendix B for detailed considerations around refrigerant emissions and monitoring and
mitigation measures.)

3.2.7 Fuelcells

Fuel cells are electrochemical devices, which generate electricity by a chemical reaction
between a fuel (typically hydrogen) and an oxidising agent (typically oxygen). Hydrogen
fuel cells produce electricity and heat without any combustion, and it is,
therefore,assumed that in-building GHG emissions are zero.

3.3 Biomass combustion

There are a range of biomass technologies and fuels available, including solid, liquid
and gaseous options. Sustainably sourced® biomass fuels are often considered zero
carbon, as the material being burned has already absorbed CO; from the atmosphere
and replacement biomass can be grown in relatively short timescales, reabsorbing the
CO: to create a closed carbon cycle.

However, combustion of biomass does produce CO. within the curtilage of the building,
along with emissions of CHs and N2O.

A range of biomass heating systems are available. Chip, pellet and log boilers, along
with pellet and log stoves use solid fuels. While stoves often provide space heating for
individual rooms, they can be connected to back boilers to provide heat for an entire
property.

BioLPG and BioDiesel heating systems are similar or identical to LPG and diesel-
powered systems, but the fuel is produced from biological sources which may be
considered sustainable.

3.3.1 Source of in -building emissions

It is worth discussing how each of CO2, CH4 and N2O are formed to understand where
the emissions arise.

7 An ambient loop heat network is a low temperature system with heat pumps installed in each premises,
which use the low-grade heat to heat water to the temperature required for heating and hot water.

8 In the context of this report, sustainably sourced biomass refers to biomass fuels where equivalent
levels of biomass are able to regrow after harvesting and so reabsorb the carbon dioxide emitted
through combustion of the fuel. Other aspects of sustainability in the fuel supply chain, while important,
are not within the scope of this report.
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http://www.climatexchange.org.uk/

Direct greenhouse gas emissions from low and zero carbon heating systems Page |13

As with all hydrocarbon and carbohydrate fuels, CO; is generated during combustion, as
the carbon in the fuel reacts with oxygen in the air to produce CO:.. If the fuel and air mix
were to only contain carbon, hydrogen and oxygen, only water and CO> would be
produced, however due to other components in the fuel and air, other products are also
formed.

CHa4 is formed during incomplete combustion of the hydrocarbon fuel (or non-combustion
of biomethane). This is most likely to occur during start-up or shutdown as the conditions
within the boiler/stove may not be correct to ensure the complete combustion.

N20 and oxides of nitrogen (NOy) emissions in biomass predominantly arise from the
reaction of nitrogen within the fuels. For combustion occurring at high temperatures,
nitrogen in the air can also contribute to these emissions. The relationship between N>O
and NOx emissions is complex and currently not well understood in this context.

Solid biomass fuel

Solid biomass is produced from a wide range of sources around the world but, in terms
of heating buildings in Scotland, it is effectively all produced from wood. There is limited
data available for the emissions of interest (N2O and CH4) from wood-fuelled heating
systems. Existing research focusses predominantly on particulate PM.s and NOy
emissions, due to their impact on air quality, neither of which are within the scope of this
report focusing on GHG. We have, therefore, derived emissions from the limited
literature available. The approach is covered in Section 3.3.4.

Liguid/gaseous biomass fuel

Liguid and gaseous fuels have a much more consistent combustion process than solid
fuels, due to the more homogenous fuel and the ease of mixing with combustion air. The
GHGs emitted are the same as for solid biomass, except that fuel nitrogen may be
lower, or even zero for biomethane, while combustion temperatures can be higher. N2O
emissions are, therefore, more likely to come from oxidation of nitrogen in the air than
from nitrogen in the fuel.

GHG reporting conversion factors provide fixed emission factors for CO,, CH4 and N2O
for many biofuels, and we found no evidence to support deviating from these.

3.3.2 Market penetration

Biomass heating systems are technically and commercially well-established
technologies. Wood fuel combustion systems have been popular in many countries for
many years, and in Scotland modern wood fuel systems have become increasingly
common since the introduction of the Renewable Heat Incentive (RHI), alongside
traditional log stoves.

BioLPG, biodiesel and biomethane are designed to be burnt in existing conventional gas
and oil boilers. The technology is, therefore, well established and widespread, but the
penetration of the fuels is largely negligible. Biomethane is being produced in significant
guantities but is largely injected into the gas grid, where it forms part of the natural gas
supply that is used in this report as the baseline, rather than in the form of bespoke low-
carbon heating systems for buildings.

3.3.3 Monitoring and mitigation

As noted above, there has been little measurement of GHG emissions from biomass
heating systems to date in either laboratory or real-world environments. A significant
programme of measurement would be required across the range of systems, fuels and
operating practices before accurate estimates of likely emissions could be generated.

www.climatexchange.org.uk
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CO. emissions are well understood and can be deduced from fuel usage and
combustion efficiency, but measurement of CH4 and N2O requires specialist equipment
and has rarely been carried out, even in laboratory conditions. Actual monitoring of in-
situ emissions in buildings is, therefore, unlikely to be practical except in the largest
systems.

Mitigation may be possible through further standards for manufacture and installation of
systems, and for quality of fuels, but also through guidance on better operation of
systems, especially manually-fed systems such as log stoves. The efficiency can vary
greatly depending on how it is used by the consumer.

Improved combustion efficiency links closely to reduced CH4 emissions, and is likely to
also reduce NOyx emissions. It may also lead to reduced N>O emissions, as less nitrogen
from the combustion air is oxidised and this may limit N2O production. However, there is
no evidence to confirm or quantify a direct or consistent correlation, and there is even
the potential for reduced NOy to mean an increase in N2O (Kiwa, 2018).

3.3.4 Emissions assessment methodology: biomass

The GHG emission factors for biomass systems are based on a combination of the three
gases which are applicable: CO,, CH4 and N20O. Different methods are required for solid
and liquid/gaseous fuels and are presented briefly below and in more detail in Appendix
D. Each of the combined factors is based purely on the total kWh of fuel required, with
currently no data available to apply factors for other variables (e.g. system size).

We have developed indicative GHG factors for a range of wood-burning systems, based
on the limited data available. Due to the above shortcomings in the data, individual
results are not rigorous enough to support policy decisions that differentiate between
technologies, and are presented here to indicate the potential scale of the issues and
whether further research is justified.

Emissions factors for CH4 and N>O were derived for each solid fuel technology using
data from Bhattu et al. (2019) and Tsupari et al. (2005) and are summarised below (for
full details see Appendix D).

1. CHs emission estimated for each technology at start-up and normal operation.
2. N2O emissions estimated in two ways:
o A constant ratio between CH4 and N2O emissions reported by Tsupari et
al.
o A constant value for all solid biomass based on the report by Tsupari et al.
T this is thought to be more accurate as while the CH4 emissions vary
depending on combustion efficiency, N2O emissions should be fixed as it
is based on the nitrogen content of the fuel which for wood fuel can be
assumed to be relatively constant
3. CHs and N2O emissions are combined to give the values in Table 3.

Table 3: Solid biomass emissions by technology

Technology Methane emissions Nitrous oxide emissions Total emissions
(kgCO 2e/kWh) (kgCO2e/ kWh) (kgCO2el kWh)
15kW pellet boiler 1.3x10° 0.2-0.9x103 1.5-2.2x103
6kW pellet stove 0.5x103 0.2-0.4x103 0.8-0.9x10
30kW log boiler 2.0x103 0.2-1.5x103 2.3-3.5x103
4.6kW adv log stove | 3.0x103 0.2-2.2x103 3.3-5.2x103
8kW adv log stove 22.0x103 0.2-15.7x10-3 22.2-37.7x103
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6kW simple log stove | 7.0x103 0.2-5.0x103 7.2-11.9x103
Chip boiler 0.3x103 0.2x103 0.6x103

For these cases we have assumed a CO2> GWP of 0 in line with the UK methodology.
Technically, this is ignoring significant in-building emissions of a GHG but is in line with
the established approach of assuming that these emissions make no net contribution to
global warming. For completeness we have included figures in Appendix G using a GWP
of 1 for biomass CO., effectively treating these emissions in the same way as fossil
carbon. It should be stressed that these figures do not represent any real assessment of
the possible impact of biomass emissions i they are included simply to demonstrate the
impact of different approaches to CO, accounting in this context. In principle, it would be
possible to establish appropriate GWP factors for some common biofuel supply chains,
but that is outside the scope for this project.

For liquid/gaseous fuels, as mentioned above, we found no evidence to support
deviating from the BEIS (2021) reporting guideline factors for common bioliquids and
gases. We, therefore, used the published CH4 and N2O factors to calculate direct GHG
emissions for these fuels, with the combined emissions shown in Table 4. As with solid
biomass, CO, was assumed to have a GWP of zero. Emissions were calculated for each
archetype assuming the same efficiency factors as for gas systems (see Section 0).

Table 4: Combined emissions for liquid / gaseous fuels (BEIS, 2021)

Fuel type Combined emissions (kgCO »e/kWh)
HVO (biodiesel) 0.00373
BioLPG (40%) 0.08598
BioLPG (100%) 0.00030
Biomethane 0.00038

3.4 Hydrogen

Hydrogen can be burnt in boilers in much the same way as natural gas to provide hot
water for space heating and domestic hot water supply. Hydrogen can be blended with
natural gas to provide a fuel with reduced carbon content. However, any blend with
significant CH4 content would still produce significant CO, emissions and would,
therefore, be out of scope for this study. There is also the potential for pure hydrogen to
be made available via the existing gas grid, which would allow buildings to be heated by
hydrogen if fitted with appropriate boilers. Hydrogen contains no carbon, so COz is not
produced at the point of combustion, and hydrogen boilers are often described as a
zero-carbon heating option.

Hydrogen can also be used to drive a fuel cell i a solid state device that produces both
electricity and heat. Fuel cells can be used as combined heat and power (CHP) systems
within buildings to provide space heating as well as electricity for use in the building, and
for export.

3.4.1 Source of in -building emissions

Hydrogen is understood to produce no carbon emissions at the point of use, as you burn
hydrogen in oxygen to produce heat and water. However, due to the presence of
nitrogen in the air, NOx and (very probably) the GHG N2O are produced. While not a
direct GHG, NOy emissions from boilers are routinely measured to ensure compliance
with the Ecodesign limits (for air quality rather than GHG purposes), whereas no
monitoring data is available on emissions of the GHG, N2O, and the relationship
between the two is not understood sufficiently to quantify.
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Hydrogen burns at a higher temperature than natural gas, which would imply higher NOx
emissions. However, tests on domestic hydrogen boilers have shown NOx emissions (an
air pollutant) of 22 mg per kWh of gas, compared to 40 mg per kwWh for natural gas. One
industry expert, interviewed for this research, believed this was due to shorter retention
time within the high temperature flame zone. In the absence of evidence to the contrary,
they took this to suggest that N2O (GHG) emissions would be similarly lower for
hydrogen than for natural gas.

Hydrogen fuel cells produce electricity and heat without any combustion, and it is,
therefore, assumed that in-building GHG emissions are zero.

3.4.2 Market penetration

Hydrogen is not available as a fuel in the UK outside of some small trials of a few
hundred homes. Hydrogen boilers are, therefore, not being purchased or installed
outside of these trials. Hydrogen ready boilers have been produced as prototypes at
domestic and non-domestic sizes, and are being used in those trials, but are not
currently offered commercially.

We understand that at least two major domestic gas boiler manufacturers would be
ready to roll out commercial hydrogen models at scale within a matter of months should
a market develop. We are not aware of hydrogen fuel cells being installed in buildings in
Scotland at present.

3.4.3 Monitoring and mitigation

There is currently no monitoring of NoO emissions from hydrogen boilers. As there is no
available data on N>-O emissions from hydrogen combustion, it cannot be confirmed
whether this technology is associated with GHG emissions or warranting of the
introduction of monitoring and mitigation measures. Based on data showing low
emissions of the related gases, NOy, it may be expected that N.O GHG emissions are
negligible, in which case there would be little need for mitigation or in-situ monitoring.
However, the research team would recommend that further testing is required to confirm
whether levels of N2O emissions are indeed negligible.

3.4.4 Emissions Assessment Methodology: Hydrogen combu stion

Due to the lack of data on GHG emissions from hydrogen boilers, the factor we have
chosen to use is based on information obtained from interviews with industry experts.
The only relevant emissions are N2O, generated by high combustion temperatures.

There are no reported data on N>O for hydrogen boilers. However, if we were to assume
that the same ratio of N>O to NOy for natural gas combustion applied also to hydrogen
combustion, it would be possible to estimate emissions of N2O, on the basis of
measured NOyx emissions from hydrogen boilers.

Basedonone manuf act ureemissioss oi22 mgeNDx perkWh fuel used by
the hydrogen boiler and 40 mg NOx per kWh for natural gas, corroborated by similar
results from one other manufacturer, we could scale the UK GHG reporting factor for
N2O for natural gas to one for hydrogen using the equation below, where NOxu2 and
NOxnc are the measured NOx emissions from a hydrogen and natural gas boiler,
respectively, N2Ong is the N>O emission factor for natural gas in kgCO.e/kWh and N2On2
is the overall N2O emissions for a hydrogen boiler in kgCO.e/kWh:

| @ / Cgq
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Notably, the combustion of hydrogen and the combustion of natural gas differ in terms of
temperature and other physical characteristics, and we cannot, therefore, be certain that
nitrogen oxidation and reduction processes are equivalent, or, therefore, that the N2O to
NOxy ratio would necessarily be the same, or even similar. Figures calculated on the
basis of these assumptions can, therefore, only give an indication of the possible scale
of emissions in the absence of any data to support a firm estimate, and should be
interpreted with care.

Further data and evidence will be needed in order to generate firm conclusions on the
level of GHG emissions associated with hydrogen combustion for heating.

3.5 Other technologies

Based on a review of current innovation projects and trials as well as stakeholder
interviews, we have not identified any further technologies under development for
consideration in this report.

Current innovation projects include hybrid solutions using a mix of technologies
reviewed above (e.g. solar assisted heat pump systems). Emissions from such systems
can be assumed to correspond to those of each individual technology involved, as
discussed above.

One area of innovation, which may warrant further investigation in the future, is around
fuel mixes, as the mixing of biogas with hydrogen appears to increase NOy (and most
likely N20).
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4 Benchmarks and property archetypes

In order to assess emissions from low-carbon heating technologies relative to
conventional heating technologies, this project used a set of building archetypes to
estimate emissions from low-carbon technologies. The team used two benchmark
scenarios of heating based on gas central heating and hybrid heat pump/gas boiler
systems, respectively. This section briefly describes the two benchmark scenarios and
the property archetypes across domestic and non-domestic sectors.

The primary benchmark for all archetypes is a new gas combination central heating
boiler system:

1 The main in-building GHG emissions are CO2 which are related directly to the
amount of gas consumed, and hence closely linked to the annual heating
demand. Efficiency is the only scaling variable.

1 Other emissions include CH4 during start-up and N2O at certain operating
temperatures, both of which are very small relative to CO2 emissions.

1 The key parameter is, therefore, the fuel used in kWh. The UK Government
reported GHG factor is, therefore, suitable for this scenario (BEIS, 2021).

The alternative benchmark for all archetypes is a hybrid heat pump and gas combination
boiler system:

1 This benchmark will be presented as a range of emissions due to the variability in
the proportion of heat supplied by each heating system.

1 We have assumed the entire hot water demand is met by the gas combination
boiler.

1 The space heating demand met by the heat pump will vary between 48% and

89% as presentedinE|l e me nt E01&)reportdos BEIS. We have selected

heat pumps from single homes only (i.e. large heat pumps serving multiple

homes have not been included).

GHG emissions will be calculated as in the standalone gas boiler benchmark.

Heat pump emissions are similar or equal to stand alone heat pump emissions,

although a smaller heat pump would be required. We have assumed a scaling

factor of 0.71 to the standalone heat pump in line with the ratio used in Element

Energyods report.

1 Key parameters are kWh produced, heat pump capacity, heat pump refrigerant
charge and proportion of gas contribution to heat load (which cannot be set other
than arbitrarily).

E ]

Archetypes: Archetypes were defined for domestic and non-domestic sectors, each of
which were divided into existing buildings (with lower fabric efficiency) and new build
(with higher fabric efficiency). Archetypes were defined based on key factors impacting
system size, system efficiency and sub-optimal operation, as set out in Table 5.

Table 5: Archetype factors and parameters

Factor Building parameters

Installed capacity Building size, heat loss coefficient, internal set temp, hot water demand

Annual heat demand |As above, plus occupancy pattern

Operating schedule Occupancy pattern

Flow temperature Heat distribution system, heat loss coefficient, internal set temperature

www.climatexchange.org.uk



http://www.climatexchange.org.uk/

Direct greenhouse gas emissions from low and zero carbon heating systems Page |19

4.1 Domestic archetypes

Three property types were selected to demonstrate potential emissions from domestic
properties. These were further divided based on the level of insulation to highlight the
range of emissions that might be experienced:

1 New build 7 based on the latest Scottish Government (2021d) energy standards
for new builds (advanced case).

1 Existing, insulated i a typical well insulated existing property modelled using
Dynamic Engine, a Standard Assessment Procedure (SAP) based energy model.

1 Existing, uninsulated i a typical poorly insulated existing property modelled using
Dynamic Engine.

Table 6 shows the domestic archetypes selected, together with their heating demand
and the assumed heat pump flow temperatures which will determine the efficiency of the
heat pump system. The set point temperature was assumed to be 21°C and the
occupancy profile was set to the SAP default. For further details of the modelling
assumptions used, please see Appendix E.

Table 6: Domestic archetypes definitions

Floor area |Space Heating Hot Water heating [Heat pump
Archetype (m?) Demand demand flow
(kWhlyr) (kWhlyr) temperature

4 bed detached, new build 141 2378 2688 35°C
3 bed semi, new build 84 935 2498 35°C
2 bed ground floor flat, new build{70 562 2426 35°C
4 bed detached, insulated 129 10330 4231 55°C
3 bed semi, insulated 88 5455 4115 55°C
2 bed ground floor flat, insulated (74 5573 2050 55°C
4 bed det, poorly insulated 129 24859 4231 55°C
3 bed semi, poorly insulated 88 13866 4115 55°C
2 bed GF flat, poorly insulated (74 7228 2050 55°C

4.2 Non-domestic archetypes

Non-domestic archetypes were agreed on with the project steering group and further

split into three types: new-build, well-insulated existing and poorly-insulated existing. It

should be noted that these properties represent potential properties within these

archetypes and may n o twithinegch ecategery. Thistisideetod aver age 0
limited availability of data to carry out detailed analysis of non-domestic archetypes.

Table 7 shows the non-domestic archetypes for new build and existing properties. The
full tables showing the breakdown for each type of building can be found in Appendix E.
To establish the required characteristics presented in the tables, the following
assumptions were made:

9 Total floor area was estimated based on typical sizes of known buildings within
the specific archetype (based on the Energy Performance Certificate register
(Energy Saving Trust)).
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