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Science of the Anthropocene

POLICY BRIDGE

Emissions of NO, from blending of hydrogen
and natural gas in space heating boilers

Madeleine L. Wright" and Alastair C. Lewis?*

As part of climate change commitments, the United Kingdom is considering an incremental transition from
natural gas to hydrogen for domestic heating, blending up to 20% of hydrogen (by volume) into the national
gas network. We consider the possible impacts of this policy on nitrogen oxides (NO,) emissions, a minor waste
by-product from combustion. A meta-analysis of changes in NO, emissions from hydrogen/natural gas blends
used in gas burners is undertaken, with focus on mixtures between 5% and 20% v/v. Literature reports are
highly variable: for a 5% hydrogen blend, changes in NO, emissions, when compared to burning pure natural
gas, vary over the range -12% to +39%, with a mean change across 14 studies of +8%. These estimates
required an important assumption to be made that, when not explicitly described, all literature data on
changes in NO, emissions and/or concentrations were suitably corrected for the reduced energy density
and heat output arising once hydrogen is added. A NO, increase can be rationalized through the increased
adiabatic flame temperature generated from hydrogen combustion. The associated range of plausible damage
costs of a 5% hydrogen blend is estimated to fall within the range —117 million GBP to +362 million GBP per
year; 20% hydrogen (the maximum that could be accommodated with existing infrastructure) would lead to
a change in emissions in the range -50 to +154% with a change in damage costs of between -467 million GBP
and +1,146 million GBP per year. The mean change is estimated at 292 million GBP per year. For existing poor
performing boilers, an economic case can be made for scrappage and replacement based primarily on NO,
damage costs avoided. The response of older boilers to added hydrogen is a critical evidence gap that needs
filling before further decisions on hydrogen as a heating fuel are made.

Keywords: Net zero, Hydrogen, Space heating, Domestic combustion, Nitrogen oxides, Natural gas

Introduction

An ever-growing number of countries have announced net
zero greenhouse gas commitments to meet obligations
made in the Paris Agreement and broader objectives to
limit anthropogenic climate change. The transition away
from fossil fuels is complex with many possible techno-
logical pathways. One element of a decarbonization strat-
egy may be an increase in the production and use of
hydrogen as a fuel.

As an example, the United Kingdom has pledged net
zero emissions by 2050, a legal commitment set out in The
Climate Act (Climate Change Act, 2008). Its science advisory
body, The Committee on Climate Change (CCC), has recog-
nized the potential of hydrogen as a future energy source
and as a complementary technology to electrification (Com-
mittee on Climate Change, 2018). It emphasizes the need
for low-regret options to deploy hydrogen quickly, such that
it can be a significant part of the UK's energy mix by 2050.
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In 2019, the CCC emphasized the need for a “serious plan”
for decarbonizing space heating (Stark et al., 2019), one of
the most challenging sectors to decarbonize in many high-
income countries. Within the United Kingdom, space heat-
ing is responsible for 23% of all greenhouse gas emissions
and 73% of domestic emissions (Department of Business,
Energy and Industrial Strategy [BEIS], 2021a). The UK strat-
egy for decarbonization of homes, set out in the Govern-
ment’s Ten Point Plan to a Green Industrial Revolution, was
to support infrastructure that would enable up to 20%
blending of hydrogen into the existing natural gas distri-
bution network by 2023 (BEIS, 2020). Moving to low-
fraction hydrogen-natural gas (H2-NG) blends could offer
fast initial deployment of hydrogen with minimal infra-
structure change necessary in both distribution and end-
use processes. Transitioning to low-fraction H2-NG blends is
considered feasible without wholesale reengineering of
existing commercial or domestic gas boilers or cookers
where natural gas is used (Dadfarnia et al., 2019; Energy
Networks Association, 2020; HyDeploy, 2021).

Hydrogen can be deployed as an energy source in two
distinct ways: through combustion in boilers and engines
or in electrochemical fuel cells. The use of H2-NG blends for
domestic combustion deploys hydrogen as a combustion
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fuel, and for at least the 2020s and 2030s, this would be
the predominant application in the United Kingdom
(National Gird Electricity System Operator, 2019; BEIS,
2020, 2021a). While the major product of hydrogen com-
bustion is water vapor, a disadvantage is that combustion
can also lead to the formation of nitrogen oxides (NO,)
when the fuel is burned in air. This occurs via the Zel'dovich
mechanism (or sometimes described as thermal NO,),
whereby high temperatures in the flame lead to the split-
ting of atmospheric N, and O, into atomic N and O, which
then go on to react and form NO. By contrast, electroche-
mical fuel cells produce only water as a by-product.

In the United Kingdom, most domestic natural gas
appliances are combination boilers used for both space
heating and hot water. Although the use of gas for space
heating is restricted predominantly to cooler winter
months, boilers continue to be used in summer for hot
water. The annual split in terms of gas usage is approxi-
mately 80% for heating and 20% for hot water (Depart-
ment of Energy and Climate Change, 2013), and as
a consequence, boiler emissions of NO, do also occur
during summer months as well. Once emitted, NO quickly
reaches equilibrium with NO, via reaction with Os in air.
NO, in the presence of volatile organic compounds results
in the formation of tropospheric ozone, which estimates
suggest causes upwards of 1 million premature deaths
a year (Malley et al., 2017). NO, itself causes a range of
direct adverse health and environmental impacts, and
direct NO, damage costs are the focus in this article
(Adamkiewicz et al., 2010; Jonson et al., 2017); however,
a long-standing motivation for controlling NO,, emissions
has been to limit tropospheric ozone concentrations.

National NO, emissions have been reducing in many
high-income countries over the last 20 years through suc-
cessful application of emissions control in the energy and
transport sectors. However, further reductions in NO, are
necessary, requiring actions beyond a business-as-usual
case. The World Health Organization has recently reduced
its air quality guidelines for NO, by 75% (Defra, 2021b);
the most recent annual air quality assessment found that
the United Kingdom was noncompliant with annual mean
NO, concentrations in 5 zones (Defra, 2021a). In addition,
international transboundary obligations require the
United Kingdom to further reduce NO, emissions by
18% between 2020 and 2030 (Defra, 2022). Although
domestic combustion only accounts for 4.5% of national
NO, emissions, its share can be up to 20% in urban areas
(National Atmospheric Emissions Inventory [NAEI], 2019a,
2019b). Although NO, abatement strategies for road trans-
port are well-established and increasingly effective, NO,
regulations for domestic natural gas boilers were only
introduced in 2018 (Commission Regulation [EU], 2013).
Hence, there is potential for a shift in the major sources of
NO, in some areas of the United Kingdom unless action is
taken to further reduce NO, emissions from domestic
combustion (Lewis, 2021b).

At the high temperatures of natural gas combustion
(above 1,600 K), most NO, is formed as thermal NO,
through the Zel'dovich (1946) mechanism. This
temperature-dependent NO also forms already during pure

Wright and Lewis: NOx emissions from domestic combustion of hydrogen and natural gas blends

natural gas combustion; however, the higher adiabatic flame
temperature of hydrogen (Choudhury et al., 2020) could
mean H2-NG blends burn under hotter conditions that
increase NO, emissions. A recent engineering review of
domestic boilers with potential to run on hydrogen con-
cluded that without individual testing, it was difficult to
predict the outcome for NO, emissions, due to the uncer-
tainty in the effect of the replacement of natural gas with
hydrogen on the flame temperature (Frazer-Nash Consul-
tancy, 2018). The uncertainty of outcomes was due to vary-
ing flame sizes and temperature distributions from different
appliance and burner designs and the effect of hydrogen
addition on flame propagation (Schaffert et al., 2020).

Although considerable research and policy attention has
been paid to how hydrogen might be produced in a net
zero economy (Marban & Valdés-Solis, 2007; Kothari et al.,
2008; Stark et al., 2019; van Renssen, 2020; Ueckerdt et al.,
2021), less consideration has been given to effects at point
of use. The most “optimistic” technological solution is green
hydrogen from renewable energy being used in fuel cells.
As can be seen from UK plans however, setting aside the
question of production method, combustion appears the
likely short-term end use. Lewis (2021a) highlighted that
the adoption of hydrogen as a combustion fuel, if applied
using only existing appliance emissions regulations, would
not deliver optimal air quality cobenefits and could increase
air pollution inequalities in cities (Lewis, 2021b).

This article examines in more detail the potential out-
comes for NO, emissions of low-fraction H2-NG blends if
applied in residential gas burners. It generates a meta-
analysis of existing evidence on NO, emissions from H2-
NG blends when combusted. We estimate that the range
of plausible NO, emissions changes if low-fraction H2-NG
blends were applied in the United Kingdom for domestic
combustion, using existing appliances without modifica-
tion or additional regulation on emissions. Based on liter-
ature emissions, best, worst, and mean air quality damage
costs (and savings) are estimated to indicate the possible
scale of impacts in economic terms. Effects of different
NO, scenarios are also considered on both a single house-
hold scale and an urban budget. We include data from
a range of domestic burner end uses in our meta-
analysis, since these would all be affected by hydrogen
blending in gas networks. However, discussion is focused
on space heating since other appliances, such as gas coo-
kers and gas fires, are more likely to be replaced by electric
equivalents. Widespread deployment of electric heat
pumps, the electrification alternative to gas boilers, may
be constrained in the United Kingdom by available elec-
trical power in winter and high consumer installation
costs (Bell et al., 2016; Rendali et al., 2021), so hydrogen
remains a plausible approach for homes decarbonation.

Literature review

A literature review was conducted to (1) identify studies
and experiments estimating NO, emissions from combus-
tion systems analogous to those of domestic burners,
where the H2-NG composition was varied; and (2) extract
data and reported relationships between fractional hydro-
gen content in the fuel and reported changes in NO,
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emissions, relative to a 100% natural gas or methane
base case.

Aside from hydrogen fraction in the combustion fuel,
several other experimental factors are found to affect
flame temperature and therefore NO,. These include
equivalence ratio (¢, the ratio of fuel to air), burner geom-
etry, and the degree of fuel and air premixing (Ilbas et al.,
2005a; Dutka et al., 2015). Each has a different effect on
the temperature of combustion. The higher adiabatic
flame temperature of hydrogen is expected to increase
thermal NO emissions relative to methane. However, these
other factors could act to either diminish or exacerbate
this effect. Should hydrogen be blended into existing gas
networks, the response of individual appliances will be
highly dependent on these factors and are difficult to
anticipate in advance.

For nonpremixed flames, most literature indicates that
increasing hydrogen fraction leads to increased NO, emis-
sions. However, there is disagreement regarding which
process is responsible. Aside from the Zel'dovich mecha-
nism, the other main route to NO is the Fenimore mech-
anism. This forms prompt NO and is highly dependent on
the concentration of CH radicals in the flame front (Ilbas
et al., 2005a; El-Ghafour et al., 2010). Some studies found
an augmented Zel'dovich mechanism to be responsible,
due to correlation of NO, and temperature profiles
(Choudhuri and Gollahalli, 2000; Cozzi and Coghe,
2006). Others attributed the NO, increase at low hydrogen
compositions (0%—-50% v/v) to prompt NO, from correla-
tion of CH and NO radical profiles (Rortveit and Hustad,
2003; El-Ghafour et al., 2010). Although it has been sug-
gested that NO, emissions can be controlled by fixing the
equivalence ratio in nonpremixed flames (Leicher et al.,
2022), results from the literature discussed do not find
this to be the case.

Other studies found little change or a slight decrease in
NO, emissions. This was often the result when premixed
or partially premixed flames were used (Zhao et al., 20192,
2019b) and/or lack of combustion control meant equi-
valence ratio was not kept constant (Kim et al., 2009;
Kippers et al., 2011; Nitschke-Kowsky and Wessing,
2012). As hydrogen is added to these systems, the increas-
ingly fuel-lean conditions can act to suppress the expected
temperature increase. However, this has an inherent effect
on the efficiency of an appliance (Lewis, 2021a), and
derating has been observed on hydrogen addition (Gran-
ville et al., 2022). It is also possible that combustion con-
trol in premixed burners does not respond properly to
hydrogen addition, such that NO, emissions are not
reduced (Leicher et al., 2022).

A review as part of the Testing Hydrogen admixture for
Gas Applications (THyGA) project found that NO, emis-
sions from boilers burning H2-NG blends were similar to
those of natural gas combustion (Schaffert et al., 2020).
However, data from recently developed ultra-low-NO, boi-
lers (yet to be widely installed) predominated in this
review and may have steered this conclusion. In addition,
not all studies considered had their results corrected for
energy equivalence. Hence, this conclusion may not be
applicable to evaluating the impacts of hydrogen fuel
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policy when considering older preexisting boilers. In the
recently published intermediate testing report, the THyGA
project tested a range of domestic gas combustion appli-
ances (Schweitzer, 2022). Although NO, emissions gener-
ally decreased for 0%-60% hydrogen addition, the
observed reduction in heat input resulted in increased
time to heat water when testing a cooker. This has been
observed by other studies on 3 different boiler designs,
who suggest that this reduction in load is enough to sig-
nificantly increase consumer complaints (Nitschke-Kowsky
and Wessing, 2012).

Literature sources come to very different conclusions
about the impact of hydrogen fraction in H2-NG blends
on NO, emissions. Since this relationship is complex
(Granville et al., 2022), the discrepancy is most likely due
to experimental variation between studies. Another con-
sideration is whether the burner studied is designed spe-
cifically for research or for domestic end use. It is possible
that more research burners see an increase in NO, than
domestic burners, but this is not always the case and other
experimental variation obscures this potential result. How
the age and year of production of the burner affects the
relationship between hydrogen fraction and NO, also suf-
fers from similar issues.

The testing procedures in many studies do not align
with UK Government ambitions of 20% volumetric hydro-
gen addition, with no data points between 0% and 70%
hydrogen in some cases (e.g., Cellek and Pinarbasi, 2018;
Bilyiikakin and Oztuna, 2020). Some studies do not cor-
rect for the reduction in heat input observed on (volumet-
ric) hydrogen addition, which would be necessary for
providing consumers with a reliable and efficient energy
source. This article aims to provide information that is
directly relevant to real-world hydrogen blending, in
a UK context.

Here, we consider the range of plausible NO, emissions
outcomes that might occur, accounting for the unpredict-
able old stocks of gas boilers that may persist for many
years. Since so little is known about how preexisting boi-
lers may respond to a change in fuel blend, we use all
available literature sources to generate a representative
range of possible NO, impacts. Although some data sets
are based on research burners rather than end-use appli-
ances, these are included in further analysis to increase
our evidence base. Since there is no detailed information
on the number of different domestic burner types in the
United Kingdom, we do not consider any result more or
less likely but generate these to inform future policy-
making and illuminate the potential scale of effects.

Literature containing suitable emissions data was iden-
tified as part of the review and is presented in Table 1.
Papers reporting syngas combustion products were
excluded from Table 1 due to the presence of significant
amounts of CO in the fuel (Garcia-Armingol and Ballester,
2015; Brown et al., 2019; Pashchenko, 2020), which could
impact NO, emissions via the prompt formation mecha-
nism. (It is unlikely to influence combustion temperature
as both CO and hydrogen have an adiabatic flame tem-
perature of 2,400 K). Data sets with fewer than three
different H2-NG blends/compositions were excluded
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Table 1. Summary of literature containing hydrogen-natural gas nitrogen oxides (NO,) emissions data used in this work. DOI: https://doi.org/10.1525/elementa.2021.00114.t1

Year of Combustion Burner End Range of ¢? (Fuel to NO, With
Data Set Authors Publication Title Data Location Type Use H; (%) Air Ratio)  Increasing H,
1 M. S. Cellek and A. Pinarbasi 2018 Investigations on performance and Fig. 12a N/A Research 0-100 (mass) 0.833 Increase
emission characteristics of an
industrial low swirl burner while
burning natural gas, methane,
hydrogen-enriched natural gas, and
hydrogen as fuels
2 M. K. Buyukakin and S. 2020 Numerical investigation on hydrogen- Fig. 9 Nonpremixed =~ Domestic 0-75 (mass) 0.833 Increase
Oztuna enriched methane combustion in boiler
a domestic back-pressure boiler and
nonpremixed burner system from
flame structure and pollutants aspect
3 S. Choudhury, V. McDonell, 2020 Combustion performance of low-NO,and ~ Fig. 7b ° Partially Water storage 0-30 (vol.) >1 Negligible
and S. Samuelsen conventional water heaters operated premixed heater
on hydrogen enriched gas
4 Y. Zhao, V. McDonell, and S. 2019b Experimental assessment of the Fig. 12a® Partially Oven burner 0-25 (vol.) 1.55-14 Negligible
Samuelsen combustion performance of an oven premixed
burner operated on pipeline natural
gas mixed with hydrogen
5 Y. Zhao, V. McDonell, and S. 2019a Influence of hydrogen addition to Fig. 12a Premixed Cooktop 0-50 (vol.) 2-15 Decrease
Samuelsen pipeline natural gas on the burner
combustion performance of a cooktop
burner
6 S. A. A. El-Ghafour, A. H. E. 2010 Combustion characteristics of natural Fig. 5 ¢ Nonpremixed  Research 0-50 (vol.) N/A Increase
El-dein, and A. A. R. Aref gas-hydrogen hybrid fuel turbulent
diffusion flame
7 F. Cozzi and A. Coghe 2006 Behavior of hydrogen-enriched Fig. 9 Nonpremixed  Research 0-100 (vol.) 0.71-0.17 Increase
nonpremixed swirled natural gas
flames
8a P. Rajpara, R. Shah, and J. 2018 Effect of hydrogen addition on Fig. 12a N/A Research 0-10 (mass) 0.3 Increase

Banerjee

combustion and emission
characteristics of methane fueled
upward swirl can combustor
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8b

10

11a

11b

12

13

14

P. Rajpara, R. Shah, and J.
Banerjee

F. H. V. Coppens, J. De
Ruyck, and A. A. Konnov

H. S. Kim, V. K. Arghode, and
A. K. Gupta

P. Nitschke-Kowsky and W.
Wessing

P. Nitschke-Kowsky and W.
Wessing

M. J. Kippers, J. C. De Laat,
R. J. M. Hermkens, J. J.
Overdiep, A. van der
Molen, W. C. van Erp, and
A. van der Meer

M. Ilbas, I. Yilmaz, N.
Vesiroglu, and Y. Kaplan

S. Naha and S. K. Aggarwal

2018

2007

2009

2012

2012

2011

2005

2004

Effect of hydrogen addition on

combustion and emission

characteristics of methane fueled

upward swirl can combustor

Effects of hydrogen enrichment on
adiabatic burning velocity and NO
formation in methane + air flames

Flame characteristics of hydrogen-
enriched methane—air premixed

swirling flames

Impact of hydrogen admixture in

installed gas appliances

Impact of hydrogen admixture in

installed gas appliances

Pilot project on hydrogen injection in
natural gas on island Ameland in the

Netherlands

Hydrogen as burner fuel: modeling of
hydrogen—hydrocarbon composite fuel
combustion and NO, formation in

a small burner

Fuel effects on NO, emissions in partially

premixed flames

“Ranges are displayed in order of low to high hydrogen fraction.

Fig. 12b

Fig. 6

Fig. 9e ¢

Fig. 10
Fig. 11

Fig. 9

Table III

Fig. 12

N/A

N/A

Premixed

Premixed

Premixed

Condensing
boiler

Nonpremixed

Partially
premixed

Research

Research

Research

Domestic
boiler

Domestic
boiler

Domestic
boiler

Research

Research

0-80 (vol.)

0-35 (mol.)

0-9 (mass)

0-30 (vol.)

0-30 (vol.)

0-20 (vol.)

0-100 (vol.)

0-90 (vol.)

0.345-0.14

1.25

0.717-0.694

N/A

N/A

N/A

N/A

Increase

Decrease

Increase

Decrease

Decrease

Decrease

Increase

Negligible

PCorrection to 3% O, has been chosen as data for use here, as this is most commonly used for stationary combustion. Authors suggest that correction to CO, is affected by hydrogen rich fuels and may not be
a fair method here.

“Data were taken from midburner and radial distance of 7 mm (2dj), as this is where maximum NO, emissions were measured. This is useful for considering a worst-case scenario.

dData were taken from midswirl strength and 2.5 mm from burner exit, as this is where maximum NO, emissions were measured. This is useful for considering a worst-case scenario.
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(Schefer et al., 2002; Colorado et al., 2017). H2-NG com-
positions ranging from 0 to at least 20 vol% were consid-
ered necessary for inclusion, so that there was a clear
trend within the range being considered in this article.
Data sets not covering this were excluded (Choudhuri and
Gollahalli, 2000; de Santoli et al., 2020). Data where the
temperature is kept constant across H2-NG compositions
through the use of a diluent are also excluded as this is
not how domestic boilers would operate in the real world
(Rortveit and Hustad, 2003). Both old and more recent
papers were included in Table 1, providing data for
a range of appliances, consistent with other current test-
ing programs (Schweitzer, 2022). This will allow us to
deduce the full range of outcomes for NO, emissions,
representing different rates of boiler replacement in the
United Kingdom.

Method

Literature reports of experiments of hydrogen and natural
gas/methane flames can express the blends used in a vari-
ety of units. Where necessary, hydrogen fraction was con-
verted from percentage by mass to percentage by volume
through Equation 1,

_ S
f”*ﬁﬁ+0.127(1—fm)’ )

where f, and f,, are the volume and mass fractions of
hydrogen, respectively, and 0.127 is the ratio of densities
of hydrogen to methane at room temperature and pres-
sure. Natural gas is taken as 100% methane in this calcu-
lation. An example of natural gas composition was given
in Data Set 1 (Cellek and Pinarbasi, 2018) as over 95%
methane, so this is taken to be a reasonable approxima-
tion. Fuel composition was expressed as vol.% to be
consistent with the policy description of future implemen-
tation within the Hydrogen Strategy (BEIS, 2021a) and
because it yields data points over a larger range of percen-
tages. Mole fraction data (Coppens et al., 2007) were
assumed equivalent to f,. A relative change in NO, emis-
sions compared to 100% natural gas was calculated for
each data set. The absolute amount of NO, emissions in
each literature study is not required, since we are consid-
ering only the relative change in emissions that may arise
from a change in fuel blend. Least squares regression
analysis was performed on each data set to give a simple
expression of change in NO, for different hydrogen frac-
tions. Although there is no simple expression that can
accurately describe the change in NO, across a range of
appliances, linear expressions were suitable in this case
since most R* values were above .9 for all data sets in
Table 1 and all were above .75. Combining all relevant
literature studies and resulting linear expressions pro-
vided the span of possible effects on NO, emissions as
hydrogen fraction is changed.

Interpolation of experimental data from Ilbas et al.
(2005b) was carried out using accompanying numerical
data from modeling, to produce a more complete data
set. Figure S1 shows the calibration curve used.

Wright and Lewis: NOx emissions from domestic combustion of hydrogen and natural gas blends

The lower energy density of hydrogen compared to
natural gas means that, without correction for energy
equivalence, hydrogen addition results in a reduction
in heat output on combustion, which leads to reduced
thermal efficiency. Some of the studies accounted for this
by keeping the energy input of the fuel constant across
the different fuel compositions, but it was unclear in
many cases whether this had been accounted for. Due
to wide experimental variation across studies, further
corrections for energy equivalence were not applied.
Hence, it is possible that calculations based on this
meta-analysis are an underestimation due this lower out-
put effect.

For 5, 10, 15, and 20 vol.% hydrogen blends, NO, emis-
sions were evaluated as percentage changes compared to
a 100% natural gas base case. The literature evaluated
gave a wide range of possible outcomes with increasing
hydrogen fraction, from substantially increased NO, emis-
sions to some studies that reported modest reductions.
Three scenarios were considered in more detail:

1. A worst case (Ilbas et al., 2005b), where hydrogen
addition causes the greatest increase in NO,
emissions. This would correspond to a scenario,
in which current boilers respond poorly to H2-
NG blends and are not replaced by lower-NO,
technology.

2. A best case, where hydrogen addition causes the
greatest decrease in NO, emissions (Nitschke-
Kowsky and Wessing, 2012). This would relate to
a case where the United Kingdom sees wide-
spread adoption of boiler technology that
reduces NO, emissions without a decrease in
efficiency, at the time of hydrogen blending.

3. A mean value, corresponding to the average NO,
emissions from all data. The context of this lies
between best and worst cases, where a range of
burner technologies in homes results in a range
of NO, responses observed across appliances.

These three linear regressions were then considered in
further calculations of possible NO, response to 5%, 10%,
15%, and 20% hydrogen blends if applied in the United
Kingdom, a country heavily reliant on natural gas boilers
for domestic space heating.

Percentage change in emissions was converted to an
annual mass change in NO, emissions in tons, using the
most recent available data for NO, emissions from domes-
tic combustion of natural gas, provided by the NAEI
(2019a). This assumed a full replacement of natural gas
with a H2-NG blend right across the United Kingdom.
Potential changes in national annual emissions for differ-
ence slope scenarios and blends were then converted to
damage costs (in GBP) using latest UK Government
accounting values. See HM Treasury Green Book damage
costs (Birchby et al., 2020).

Damage costs are estimated using a complex method-
ology that accounts for the health economic impacts of
a pollutant via morbidity and mortality changes. Atmo-
spheric emissions are transformed into a change in
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concentration via a model and that change linked to
known disease or mortality concentration response func-
tions. Since different emissions lead to different changes
in concentrations and exposure, depending on where
a pollutant is released, a range of estimates of damage
costs exist. For example, 1 ton of road transport emissions
in a city center has greater health “cost” than the same
from a 50-m high rural power station stack. In the case of
NO,, a cost is attributed to the change in incidence in
mortality arising from exposure to an increment in con-
centration, recently updated in Committee on the Medical
Effects of Air Pollution (2018), and the change in inci-
dence in rates of asthma, diabetes, and lung cancer. Cost
estimates are then derived from quality-adjusted life years
lost, multiplied by a standardized value of a life year lost.
A detailed description of the underlying methodologies is
provided in Ricardo plc (2019). The values per ton of pol-
lutant are then incorporated into the UK Treasury Green
Book of damage costs (Birchby et al., 2020) used for policy
value-for-money assessments.

Three sensitivities of damage costs are published for
NO, emissions relevant to a domestic setting, accounting
for a range of potential geographies; 48,078 GBP per ton
of NO,, the high sensitivity damage cost, was used since
this was most representative value for emissions sources
occurring in or close to population centers, which is ulti-
mately where most of the UK population lives (83% urban
and 17% rural). In addition, this was the highest damage
cost so gives the fullest plausible range of potential
changes in NO, when multiplied by our three scenarios.

To consider the effect on a local scale, lifetime emis-
sions of a boiler were estimated, assuming a boiler is
replaced on average every 15 years (Aste et al., 2013; Vig-
nali, 2017) and that 23 million homes in the United King-
dom are connected to natural gas networks.

The NAEI (2019b) interactive map was used to analyze
the effect of H2-NG blends to annual NO, emissions in
asmall city. A 11 x 13 km” section of the city of York was
resolved in 1 km x 1 km squares. NO, emission from
“nonindustrial combustion plants” was calculated as an
average from 3 screen-grabs of the same 11 x 13 km?
section. Nonindustrial combustion plants were the most
appropriate emission reported sector available in the
interactive inventory for translation to domestic combus-
tion. All calculations were also carried out using NAEI
2019 NO, emissions from domestic combustion, as a com-
parison to current emissions.

To put NO, damage cost estimates into broader envi-
ronmental context, a similar financial accounting
approach was applied to carbon savings based on green
hydrogen displacement of natural gas. Each H2-NG blend
was converted to a natural gas saving, assuming hydrogen
is 3.5 times less energy-dense than natural gas (Staffell,
2011; BEIS, 2021b). In 2019, the CO, emissions from res-
idential combustion of natural gas were 66.5 Mt and with
natural gas responsible for 86% of this (Bell et al., 2016;
BEIS, 2021c). The amount of carbon saved relative to this
was estimated for each H2-NG blend. Using the UK carbon
price for November 2021 of 60 GBP per ton (Ember,
2021), carbon savings in millions of GBP were calculated.
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NO, emission changes for different H2-NG fuel
blends —Literature synthesis

The linearized response of NO, emissions from domestic
combustion of H2-NG fuel blends is presented in Figure 1.
The range of 0%-20% is considered as this is of interest
for initial blending policies in the United Kingdom and is
the range that is likely safely compatible with existing
boilers without any substantial modification. For 5%
hydrogen, this analysis suggests that NO,, emissions could
change somewhere in the range —12 to +39%. For a 20%
hydrogen blend, the span of effects increases, to the range
of —50 to +154%.

There is no accurate information available regarding
weighted types of domestic boiler/combustion appliances
in use in the United Kingdom. The most useful informa-
tion available is that in 2020, and 76% of homes with
boilers have condensing boilers (Department for Levelling
Up, Housing and Communities, 2021). Since these are
often premixed, it could be implied from inspection
Table 1 that NO, emissions will follow a case somewhere
between the mean and best-case scenario. However, not
all studies used account for the reduced energy output
resulting from an increase in hydrogen fraction of H2-
NG, including the study representing the best-case sce-
nario. We also note the significant number of studies
which showed a large increase in NO, emissions. Hence,
we cannot rule out with any certainty any of the given
scenarios. The large differences between studies originate
from different flame burner designs and experimental
conditions used; equally, a wide range of different boilers
and designs are likely in use currently in UK homes (Ven-
field and Brown, 2018). Hence, a mean regression scenario
is reasonable to consider, shown in Figure 1 in dashed red
and used in our later analyses. Taking all relevant literature
values and weighting equally give a mean NO, emission
increase of 7%-30% for blends of over the range 5%-—
20% hydrogen by volume. It is possible that this average
scenario is a slight overestimation due to the inclusion of
research burners in literature, but the inclusion of data
from papers that may not have corrected for energy equiv-
alence will balance this out to some degree. The annual
UK NO, emissions damage costs of different H2-NG blends
are shown in Figure 2 and are compared against the
current estimated damage cost from natural gas domestic
combustion of approximately 940 million GBP per year.
Analysis of hydrogen effects is relative to a business-as-
usual natural gas scenario to highlight the impact of an
H2-NG blending policy in isolation. We do not attempt to
account for other parallel policy interventions, such as
increased buildings insulation, or the adoption of alterna-
tive low carbon technologies, such as heat pumps.

By increasing hydrogen fraction from 0% to 20%, dam-
age costs would almost halve to 470 million GBP per year
should emissions follow the best-case scenario (e.g., the
most optimistic literature report), suggesting that with the
right burner condition, hydrogen addition could be sub-
stantially beneficial for NO,, when compared to natural
gas. The mean (and likely most plausible) case indicates an
increase in NO, emissions and associated damage costs,
rising by 292 million GBP per year compared to business
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Figure 1. Nitrogen oxide (NO,) emissions for hydrogen-natural gas fuel blends in domestic burners. Summary
of reported effects of adding hydrogen to natural gas in domestic burners and resulting NO, emissions. Numbers in
the legend reference papers in Table 1, from which raw data were extracted. Presented here are the linear regression
analyses of raw data from each study. NO, emissions are presented relative to a pure natural gas or methane base case.
The mean relationship (red, dashed) of all studies is also presented, weighting all studies equally. DOI: https://
doi.org/10.1525/elementa.2021.00114.f1
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Figure 2. Annual nitrogen oxide (NO,) emissions damage costs. Calculated for best (orange), mean (gray), and
worst-case (yellow) scenarios derived from Figure 1. Natural gas domestic combustion 2019 (blue) is the current
annual damage cost of NO, emissions arising from domestic combustion of natural gas in 2019 (National Atmospheric
Emissions Inventory, 2019a), presented here for comparison. DOI: https://doi.org/10.1525/elementa.2021.00114.f2
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Figure 3. Carbon savings from addition of hydrogen into the United Kingdom natural gas network. Mass-based
carbon savings are presented on the left axis. An estimation of carbon savings as an economic metric is presented on
the right axis. This is based on a carbon price of 60 GBP/ton (Ember, 2021). DOI: https://doi.org/10.1525/

elementa.2021.00114.f3

as usual with 100% natural gas. A significant increase in
damage costs of 1,146 million GBP per year is estimated
for the worst-case scenario (the least optimistic published
raw data). These savings/costs are potentially large; how-
ever, the lack of directly relevant data and the sensitivity of
outcomes to individual burner designs mean that the
impacts are very difficult to predict with any certainty. This
work can however provide some informative and
evidence-based bounds to the possible scale of effect.
Figure 3 shows mass-based carbon savings from a H2-
NG blending policy of up to 20% hydrogen. Due to the
lower energy density of hydrogen compared to natural gas,
a nationwide blending of 20% hydrogen would only reduce
CO, emissions by 5.7% (3.3 Mt). If hydrogen blending is to
become a mechanism for substantial national carbon emis-
sions reduction, then the transition to higher hydrogen
fraction fuels (beyond 20%) would need to occur relatively
quickly after the infrastructure for blending is established.
Comparing NO, damage costs to carbon impacts,
expressed in economic terms in Figure 3, allows for an
accounting-based estimate to be made of the overall
environmental damage saving/cost of the policy to be
evaluated. We acknowledge that NO, damage cost and
carbon pricing are not directly equivalent scientific
metrics, the latter market-derived, the former a fixed
value based on expert assessment. However, in policy-
making apples versus oranges comparisons are fre-
quently made when placed in an economic context. In
addition, possible NO, or indeed greenhouse gas emis-
sions from the hydrogen production process have not
been considered here. However, looking at the problem
from an “emissions accounting” perspective may be use-
ful for policy-makers to assess whether hydrogen-specific
NO, standards are needed. For the mean scenario of all
H2-NG compositions considered, the economic cost of the

small increase in NO, emissions is offset by about two
thirds by the carbon reduction arising from adding hydro-
gen to natural gas. However, when considering the worst-
case NO, emissions, carbon savings offset less than 16% of
additional NO, damage costs. In the most optimistic sce-
nario, there is a combined benefit of around 650 million
GBP per year for a 20% hydrogen fuel. Although the carbon
price can fluctuate significantly, this analysis shows that
best and worst cases lead to very different net outcomes
in environmental economic terms.

Even with a 5% blend, the smallest hydrogen fraction
fuel considered, the least optimistic scenario still brings
risk. If boilers were to respond poorly to blending, a dam-
age cost in the region of 300 million per year would be
plausible. However, should the response in the real world
follow the mean scenario then a small increase in NO,
damage cost could be anticipated, but offset to a large
degree by carbon savings, a close to neutral policy in
economic terms. Correcting for energy density, a 5% blend
only saves 1.4 vol.% of natural gas. Hence, it should be
considered whether this high risk for low reward is justi-
fied as a steppingstone to a long-term goal of full decar-
bonization of domestic combustion with hydrogen.

Impacts on NO, emissions from H2-NG blends

at appliance scale

The estimated impacts for NO, emissions from a single
boiler are presented in Figure 4. This follows the same
pattern as annual NO, emissions damage costs but
emphasizes effects on individual households. It is clear
from literature that it is feasible to engineer a gas boiler
to emit lower NO, from H2-NG blends, and regulation
would ideally require that. Assuming a relatively long ser-
vice lifetime of 15 years means it will likely be some time
until hydrogen boilers, or those specifically designed for
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Figure 4. Estimated nitrogen oxide (NO,) emissions for a single boiler over 15 years for different hydrogen-
natural gas fuel compositions. An average 15-year boiler lifetime is assumed. Calculated for best (orange), mean
(gray), and worst-case (yellow) scenarios determined from literature data in Figure 1. The natural gas domestic
combustion (NGDC) value is derived from national emission estimates with a denominator of households
connected to the gas network in the United Kingdom, estimated as 23,000,000 (Bell et al., 2016). NGDC 2019
(blue) is the current annual NO, emissions from domestic combustion of natural gas in 2019 (National
Atmospheric Emissions Inventory, 2019a). DOI: https://doi.org/10.1525/elementa.2021.00114.f4

H2-NG blends, are deployed at scale. If hydrogen blending
is introduced in 2025, this would mean boilers supplied in
2010 would still be widely in use. Since regulations on
NO, from space heating were not introduced in the United
Kingdom until 2018 (Commission Regulation [EU], 2013),
these are unlikely to be the low-NO, boilers that have
been recently developed. Undoubtedly over time, the pos-
sible negative effects of hydrogen addition would dimin-
ish leaving only boilers designed for this fuel. However,
that transition could take upwards of 20 years to fully
complete, considering that hydrogen boilers are still in
prototype stages and natural gas boiler installations in
existing homes are not expected to be banned until
2035 (BEIS, 2021d). The effects here therefore represent
impacts on “day one” in a hydrogen fuel transition. Miti-
gation of NO, emissions effects, for example, through
accelerated boiler replacement, would not be necessary
in the best-case scenario. Should emissions follow the
worst-case scenario, there is potential for emissions per
boiler to increase to 32.3 kg in its lifetime if run on
20% hydrogen. Using the high sensitivity damage cost
values for emissions in the urban environment, 32.3 kg
of NO, would generate approximately 1,590 GBP in dam-
age costs over the 15-year lifetime of the boiler (5%
annual discount rate applied). Accounting for carbon sav-
ings (with the same discount rate) reduces the net cost to
approximately 750 GBP, suggesting boiler replacement
may not be necessary. If carbon savings are not considered,
however, assuming a new boiler price approximately 2,000
GBP, this would indicate an approximate 1.25-life cycle
payback based solely on NO, emissions avoided. This

suggests that an economic case for accelerated home boiler
replacement could be constructed largely around a justifica-
tion of “NO, avoided” rather than the perhaps more intu-
itive “carbon saved.”

Significance for an urban NO, budget

In locations where urban NO, emissions from road trans-
port are declining due to better regulation and fleet elec-
trification, it is valuable to consider what fraction of urban
emissions derive from domestic combustion and how
this might change in the future. The impacts on annual
NO, emissions in York, UK (population approximately
210,000, urban area approximately 140 km?, and total
area 270 km?) have also been considered using the 3 pos-
sible hydrogen scenarios. York was chosen to model a small
city whose major source of NO, emissions, aside from
transport, is domestic combustion. There are no large
industrial sources, energy production facilities, or other
sources such as shipping or aviation. Currently, annual
NO, emissions from nonindustrial combustion plants
from the 143 km? area considered are 175 ton per year
or 14% of total city NO, emissions. Blending of 20%
hydrogen into the gas network in the city could see emis-
sions from this sector reduce to 88 ton or 8% of total NO,
in a best-case scenario, to the other extreme increase by
445 ton of NO, in the worst case, making up almost 30%
of total NO, emissions. Based on current projections, road
transport emissions in UK cities are estimated to fall by
a further 40% by 2030, which would leave domestic com-
bustion from a H2-NG making up 35% of emissions in
2030. With transport making up only 30% of NO,
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emissions in this scenario, domestic combustion could
become the dominant source of NO, emissions in the city.

Conclusions

In this article, we have conducted a meta-analysis of exist-
ing data on NO, emissions from the combustion of H2-NG
blends in gas boilers. This has allowed us to present the
range of possible changes in NO, emissions if hydrogen
was added into the natural gas network, a policy that has
significant political support in the United Kingdom (BEIS,
2021a). We consider only the impacts of blends up to 20
vol.% hydrogen, consistent with the short-term aims of
the UK Hydrogen Strategy, and a gas mixture that would
likely be safely compatible with existing equipment.
Despite the rapid development of test case deployments
and proposals for scale-up, we find remarkably little in the
way of quantitative assessment of how adding hydrogen
to natural gas may impact on NO, emissions, a crucial
component of air quality and public health.

A review of literature reveals a huge range of possible
changes in NO, emissions from H2-NG fuel blends, a result
of experimental and appliance variation in the original
literature. A key issue is the inconsistency regarding
whether the difference in energy density of hydrogen and
natural gas is accounted for in literature data. Nonethe-
less, this is the only firm evidence base available from
which estimates of effects or at least bounds on effect can
be made. Since we do not have information on the specific
types of domestic burner systems used in the United King-
dom, we do not propose any of our scenarios to be more
likely than another. But we do note that much of the
literature data indicates increasing NO, emissions as
hydrogen composition is increased. These limitations
deriving from the original literature mean our necessary
methodological assumptions are integrated within results
but have allowed us to present the full range of potential
outcomes for NO,. The primary aim of hydrogen blending
is not to reduce NO, emissions but to decarbonize domes-
tic combustion through a low-regret option. Analysis indi-
cates that hydrogen blends could indeed be low regret if
burned in favorable boilers and would generate a substan-
tial air quality cobenefit in addition to the primary carbon
reduction objective. However, our mean and worst-case
scenarios show sizable increases in NO, emissions, where
the damage costs begin to significantly outweigh carbon
savings. The air quality risk associated with hydrogen
blending should be considered, especially since the small
hydrogen fractions considered in this study result in car-
bon savings of less than 6%.

For boilers that perform poorly with H2-NG blends,
a positive economic case for investment in accelerated
scrappage and replacement can be constructed based on
the combined NO, and carbon reductions that might be
delivered from new custom designed boilers. Although
undoubtedly any introduction of hydrogen into a national
gas network would proceed slowly, and most likely only on
a regional basis initially, we estimate that even small %
blends could have notable impacts on NO, emissions and
that these may be significant at city scale in the wider
context of ever-reducing road transport emissions of NO,.
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Our analysis should not be construed as either pro or anti-
hydrogen as a fuel. We raise only the issue of limited evi-
dence on the performance of the existing boiler
infrastructure and the possible effects on NO, emissions,
something which in turn may alter the economic case for
hydrogen as a net zero fuel for domestic combustion. A
program of testing of older representative appliances would
help resolve this important outstanding evidence gap, as
would the inclusion of NO, monitoring in field trials where
H2-NG gas is being deployed. This would allow our range of
NO, outcomes to be narrowed, potentially leading to more
certainty on the most likely NO, scenario as a result of H2-
NG blending in the United Kingdom.

Data accessibility statement

All data in this study are derived from the existing litera-
ture sources. A compilation of all raw data from each
relevant literature study and the linear regression analyses
is publicly available as a data set from the University of
York: Lewis, Alastair; Wright, Madeleine (2021), [Meta-
analysis dataset for hydrogen—natural gas NO, emissions],
University of York, https://doi.org/10.15124/796b46d1-
7b61-478e-98d6-6bcd4af274b1.

Supplemental files
The supplemental files for this article can be found as
follows:

Figure S1. Calibration curve to expand experimental
data from data set 13 (Table 1).

Acknowledgment

ACL acknowledges financial support from the National
Centre for Atmospheric Science National Capability under-
pinning program of Natural Environment Research
Council.

Funding
This study has been supported by the Natural Environ-
ment Research Council.

Competing interests

ACL is an associate editor of Elementa but has not been
involved at any stage in the reviewing or assessment of
this article for publication.

Author contributions
Contributed to conception and design: MLW, ACL.
Contributed to acquisition of data: MLW, ACL.
Contributed to analysis and interpretation of data:
MLW, ACL.
Drafted and/or revised this article: MLW, ACL.
Approved the submitted version for publication: MLW,
ACL.

References

Adamkiewicz, G, Coglian, OV, Choi, H, Delgado
Saborit, JM, Krzyzanowski, M, Harrison, P, Har-
rison, RM, Henderson, RF Jarvis, D, Kaden, DA,
Kelly, FJ, Kephalopoulos, S, Kirchner, S, Klein-
mann, MT, Komulainen, H, Kotzias, D, Kreuzer,

2202 AInf Gz U0 Jasn 304 Jo Ausseniun Aq jpd-y1 L 00" LZ0Z BIUBWRIS/01L60./¥L L 00/1/0 L /Ppd-ajolie/ejusws|s/nps ssaidon-auljuo//:dyy woly papeojumoq


https://doi.org/10.15124/796b46d1-7b61-478e-98d6-6bcd4af274b1
https://doi.org/10.15124/796b46d1-7b61-478e-98d6-6bcd4af274b1

Art. 10(1) page 12 of 15

M, Lebret, E, Levesque, B, Mandin, C, Maynard,
RL, McLaughlin, J, Metianinen, P, Molhave, L,
Morawska, L, Newnow, S, Nevalainen, A, Nielsen,
G, Nijhuis, N, Penney, DG, Phillips, D, Rapp, R,
Rouselle, C, Sagunski, H, Seifert, B, Shinohara,
N, Simth, KR, Sram, R}, Tomasek, L, Waeber, R,
Wolkoff, P, Zeeb, H. 2010. Nitrogen dioxide, in
WHO guidelines for indoor air quality: Selected pollu-
tants. Copenhagen, Denmark: WHO Regional Office
for Europe: 201-248. Available at https://www.
euro.who.int/_data/assets/pdf_file/0009/128169/
€94535.pdf. Accessed 18 November 2021.

Aste, N, Adhikari, RS, Compostella, J, Pero, CD. 2013.
Energy and environmental impact of domestic heat-
ing in Italy: Evaluation of national NOx emissions.
Energy Policy 53: 353-360. DOI: https://dx.doi.org/
10.1016/j.enpol.2012.10.064.

Bell, M, Gault, A, Thompson, M, Hill, J, Joffe, D, Hall-
worth, T, Tvaruzek, L, Vause, E. 2016. Next steps for
UK heat policy: Annex 2. Heat in UK buildings today.
London, UK: Committee on Climate Change. Avail-
able at https://www.theccc.org.uk/publication/
next-steps-for-uk-heat-policy/. Accessed 18 Novem-
ber 2021.

Birchby, D, Stedman, J, Stephenson, S, Wareham, ]J,
Williams, C. 2020. Air Quality damage cost update
2020. Victoria Street, UK: Department for Business,
Energy and Industrial Strategy. Ricardo/ED12633/
Issue Number 1.0. Available at https://uk-air.defra.
gov.uk/assets/documents/reports/cat09/20070
31424_Damage_cost_update_2020_FINAL.pdf.
Accessed 22 March 2022.

Brown, M, Murugan, A, Foster, S. 2019. Hydrogen
purity—Final report. London, UK: Department for
Business, Energy and Industrial Strategy. 101231
73-FINAL PURITY, Rev. 05. Available at https://
www.hy4heat.info/reports. Accessed 18 November
2021.

Biiyiikakin, MK, Oztuna, S. 2020. Numerical investiga-
tion on hydrogen-enriched methane combustion in
a domestic back-pressure boiler and non-premixed
burner system from flame structure and pollutants
aspect. International Journal of Hydrogen Energy
45(60): 35246-35256. DOI: https://dx.doi.org/10.
1016/j.ijhydene.2020.03.117.

Cellek, MS, Pinarbasi, A. 2018. Investigations on perfor-
mance and emission characteristics of an industrial
low swirl burner while burning natural gas, meth-
ane, hydrogen-enriched natural gas and hydrogen as
fuels. International Journal of Hydrogen Energy
43(2): 1194-1207. DOI: https://dx.doi.org/10.
1016/j.ijhydene.2017.05.107.

Choudhuri, AR, Gollahalli, SR. 2000. Combustion char-
acteristics of hydrogen-hydrocarbon hybrid fuels.
International Journal of Hydrogen Energy 25:
451-462. DOI: https://dx.doi.org/10.1016/S0360-
3199(99)00027-0.

Choudhury, S, McDonell, VG, Samuelsen, S. 2020. Com-
bustion performance of low-NOx and conventional
storage water heaters operated on hydrogen

Wright and Lewis: NOx emissions from domestic combustion of hydrogen and natural gas blends

enriched natural gas. International Journal of Hydro-
gen Energy 45(3): 2405-2417. DOI: https://dx.doi.
org/10.1016/j.ijhydene.2019.11.043.

The Climate Change Act. 2008. C. 27. Available at
https://www.legislation.gov.uk/ukpga/2008/27/
contents. Accessed 22 March 2022.

Colorado, A, McDonell, V, Samuelsen, S. 2017. Direct
emissions of nitrous oxide from combustion of gas-
eous fuels. International Journal of Hydrogen Energy
42(1): 711-719. DOL: https://dx.doi.org/10.1016/].
ijhydene.2016.09.202.

Commission Regulation (EU). 2013. SI 813/2013. Avail-
able at https://www.legislation.gov.uk/eur/2013/
813/contents. Accessed 22 March 2022.

Committee on Climate Change. 2018. Hydrogen in
a low-carbon economy. Available at www.theccc.org.
uk/publications. Accessed 18 November 2021.

Committee on the Medical Effects of Air Pollution.
2018. Associations of long-term average concentra-
tions of nitrogen dioxide with mortality. PHE pub-
lishing gateway number: 2018238. Available at
https://assets.publishing.service.gov.uk/govern
ment/uploads/system/uploads/attachment_data/
file/734799/COMEAP_NO2_Report.pdf. Accessed
18 November 2021.

Coppens, FHV, de Ruyck, J, Konnov, AA. 2007. Effects of
hydrogen enrichment on adiabatic burning velocity
and NO formation in methane + air flames. Exper-
imental Thermal and Fluid Science 31(5): 437—-444.
DOI: https://dx.doi.org/10.1016/].expthermflusci.
2006.04.012.

Cozzi, F Coghe, A. 2006. Behavior of hydrogen-enriched
non-premixed swirled natural gas flames. Interna-
tional Journal of Hydrogen Energy 31(6): 669-677.
DOI: https://dx.doi.org/10.1016/j.ijhydene.2005.
05.013.

Dadfarnia, M, Sofronis, P, Brouwer, J, Sosa, S. 2019.
Assessment of resistance to fatigue crack growth
of natural gas line pipe steels carrying gas mixed
with hydrogen. International Journal of Hydrogen
Energy 44(21): 10808-10822. DOI: https://dx.doi.
org/10.1016/j.ijhydene.2019.02.216.

de Santoli, L, Paiolo, R, lo Basso, G. 2020. Energy-
environmental experimental campaign on a com-
mercial CHP fueled with H2NG blends and oxygen
enriched air hailing from on-site electrolysis. Energy
195: 116820. DOI: https://dx.doi.org/10.1016/j.
energy.2019.116820.

Defra. 2021a. Air pollution in the UK 2020—Compliance
assessment summary. Available at https://uk-air.
defra.gov.uk/library/annualreport/. Accessed 18
November 2021.

Defra. 2021b. WHO updates guideline levels for air pollu-
tants [Internet]. Defra Press Office. Available at
https://deframedia.blog.gov.uk/2021/09/23/who-
updates-guideline-levels-for-air-pollutants/.
Accessed 20 March 2022.

Defra. 2022. Emissions of air pollutants in the UK—Nitro-
gen oxides (NOx) [Internet]. Available at https://
www.gov.uk/government/statistics/emissions-of-

2202 AInf Gz U0 Jasn 304 Jo Ausseniun Aq jpd-y1 L 00" LZ0Z BIUBWRIS/01L60./¥L L 00/1/0 L /Ppd-ajolie/ejusws|s/nps ssaidon-auljuo//:dyy woly papeojumoq


https://www.euro.who.int/_data/assets/pdf_file/0009/128169/e94535.pdf
https://www.euro.who.int/_data/assets/pdf_file/0009/128169/e94535.pdf
https://www.euro.who.int/_data/assets/pdf_file/0009/128169/e94535.pdf
https://dx.doi.org/10.1016/j.enpol.2012.10.064
https://dx.doi.org/10.1016/j.enpol.2012.10.064
https://www.theccc.org.uk/publication/next-steps-for-uk-heat-policy/
https://www.theccc.org.uk/publication/next-steps-for-uk-heat-policy/
https://uk-air.defra.gov.uk/assets/documents/reports/cat09/2007031424_Damage_cost_update_2020_FINAL.pdf
https://uk-air.defra.gov.uk/assets/documents/reports/cat09/2007031424_Damage_cost_update_2020_FINAL.pdf
https://uk-air.defra.gov.uk/assets/documents/reports/cat09/2007031424_Damage_cost_update_2020_FINAL.pdf
https://www.hy4heat.info/reports
https://www.hy4heat.info/reports
https://dx.doi.org/10.1016/j.ijhydene.2020.03.117
https://dx.doi.org/10.1016/j.ijhydene.2020.03.117
https://dx.doi.org/10.1016/j.ijhydene.2017.05.107
https://dx.doi.org/10.1016/j.ijhydene.2017.05.107
https://dx.doi.org/10.1016/S0360-3199(99)00027-0
https://dx.doi.org/10.1016/S0360-3199(99)00027-0
https://dx.doi.org/10.1016/j.ijhydene.2019.11.043
https://dx.doi.org/10.1016/j.ijhydene.2019.11.043
https://www.legislation.gov.uk/ukpga/2008/27/contents
https://www.legislation.gov.uk/ukpga/2008/27/contents
https://dx.doi.org/10.1016/j.ijhydene.2016.09.202
https://dx.doi.org/10.1016/j.ijhydene.2016.09.202
https://www.legislation.gov.uk/eur/2013/813/contents
https://www.legislation.gov.uk/eur/2013/813/contents
www.theccc.org.uk/publications
www.theccc.org.uk/publications
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/734799/COMEAP_NO2_Report.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/734799/COMEAP_NO2_Report.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/734799/COMEAP_NO2_Report.pdf
https://dx.doi.org/10.1016/j.expthermflusci.2006.04.012
https://dx.doi.org/10.1016/j.expthermflusci.2006.04.012
https://dx.doi.org/10.1016/j.ijhydene.2005.05.013
https://dx.doi.org/10.1016/j.ijhydene.2005.05.013
https://dx.doi.org/10.1016/j.ijhydene.2019.02.216
https://dx.doi.org/10.1016/j.ijhydene.2019.02.216
https://dx.doi.org/10.1016/j.energy.2019.116820
https://dx.doi.org/10.1016/j.energy.2019.116820
https://uk-air.defra.gov.uk/library/annualreport/
https://uk-air.defra.gov.uk/library/annualreport/
https://deframedia.blog.gov.uk/2021/09/23/who-updates-guideline-levels-for-air-pollutants/
https://deframedia.blog.gov.uk/2021/09/23/who-updates-guideline-levels-for-air-pollutants/
https://www.gov.uk/government/statistics/emissions-of-air-pollutants/emissions-of-air-pollutants-in-the-uk-nitrogen-oxides-nox
https://www.gov.uk/government/statistics/emissions-of-air-pollutants/emissions-of-air-pollutants-in-the-uk-nitrogen-oxides-nox

Wright and Lewis: NOx emissions from domestic combustion of hydrogen and natural gas blends

air-pollutants/emissions-of-air-pollutants-in-the-uk-
nitrogen-oxides-nox. Accessed 20 March 2022.

Department of Business, Energy and Industrial Strat-
egy. 2020. The ten point plan for a green industrial
revolution. London, UK: Prime Minister's Office.
Available at https://www.gov.uk/government/publi
cations/the-ten-point-plan-for-a-green-industrial-
revolution. Accessed 18 November 2021.

Department of Business, Energy and Industrial Strat-
egy. 2021a. UK hydrogen strategy. London, UK:
Department for Business, Energy and Industrial
Strategy. Available at https://www.gov.uk/
government/publications/uk-hydrogen-strategy.
Accessed 18 November 2021.

Department of Business, Energy and Industrial Strat-
egy. 2021b. Estimated average calorific values and
density of fuels (DUKES 1.1-1.4) [dataset]. Microsoft
Excel workbook (253 KB). Table A.1. Available at
https://www.gov.uk/government/collections/
digest-of-uk-energy-statistics-dukes. Accessed 18
November 2021.

Department of Business, Energy and Industrial Strat-
egy. 2021c. 2019 UK greenhouse gas emissions:
Final figures—Data tables [dataset]. Microsoft Excel
workbook (764 KB). Table 1.3. Available at https://
www.gov.uk/government/statistics/final-uk-
greenhouse-gas-emissions-national-statistics-1990-to-
2019. Accessed 18 November 2021.

Department of Business, Energy and Industrial Strat-
egy. 2021d. Heat and buildings strategy. London,
UK: Department for Business, Energy and Industrial
Strategy. Available at https://www.gov.uk/govern
ment/publications/heat-and-buildings-strategy.
Accessed 18 November 2021.

Department of Energy and Climate Change. 2013.
Energy Consumption in the UK: Estimates of heat
us in the United Kingdom. Available at https://
assets.publishing.service.gov.uk/government/
uploads/system/uploads/attachment_data/file/
386858/Estimates_of_heat_use.pdf. Accessed 18
November 2021.

Department of Levelling Up Housing and Commun-
ties. 2021. English Housing Survey 2020-2021:
Headline report. London, UK: Department Levelling
Up, Housing and Communities. Available at https://
www.gov.uk/government/statistics/english-housing-
survey-2020-to-2021-headline-report. Accessed 20
March 2022.

Dutka, M, Ditaranto, M, Lavas, T. 2015. Application of
a central composite design for the study of NOx
emission performance of a low NOx burner. Energies
8(5): 3606—3627. DOL: https://dx.doi.org/10.3390/
en8053606.

El-Ghafour, SAA, El-dein, AHE, Aref, AAR. 2010. Com-
bustion characteristics of natural gas-hydrogen
hybrid fuel turbulent diffusion flame. International
Journal of Hydrogen Energy 35(6): 2556—2565.
DOI: https://dx.doi.org/10.1016/j.ijhydene.2009.
12.049.

Art. 10(1) page 13 of 15

Ember. 2021. Daily carbon prices [Internet]. Available at
https://ember-climate.org/data/carbon-price-
viewer/. Accessed 18 November 2021.

Energy Networks Association. 2020. Gas goes green—
Britain’s hydrogen network plan. London, UK: Energy
Networks Association. Available at https://www.
energynetworks.org/industry-hub/resource-library/
britains-hydrogen-network-plan.pdf. Accessed 18
November 2021.

Frazer-Nash Consultancy. 2018. Appraisal of domestic
hydrogen appliances. Victoria Street, UK: Depart-
ment for Business, Energy and Industrial Strategy.
FNC 55089/46433 R Issue 1. Available at http://
www.gov.uk/government/publications/appraisal-of-
domestic-hydrogen-appliances. Accessed 18 Novem-
ber 2021.

Garcia-Armingol, T, Ballester, J. 2015. Operational issues
in premixed combustion of hydrogen-enriched and
syngas fuels. International Journal of Hydrogen
Energy 40(2): 1229-1243. DOI: https://dx.doi.org/
10.1016/j.ijhydene.2014.11.042.

Granville, P, Fridlyand, A, Sutherland, B, Liszka, M,
Zhao, Y, Bingham, L, Jorgensen, K. 2022. Impact
of hydrogen/natural gas blends on partially premixed
combustion equipment: NOx emission and opera-
tional performance. Energies 15: 1706. DOI: https://
dx.doi.org/10.3390/en15051706.

HyDeploy. 2021. Demonstrating non-disruptive carbon
savings through hydrogen blending. Available at
https://hydeploy.co.uk/about/document-library/.
Accessed 18 November 2021.

Ilbas, M, Yilmaz, I, Kaplan, Y. 2005a. Investigations of
hydrogen and hydrogen-hydrocarbon composite
fuel combustion and NOx emission characteristics
in a model combustor. International Journal of
Hydrogen Energy 30(10): 1139-1147. DOL: https://
dx.doi.org/10.1016/j.ijhydene.2004.10.016.

Ilbas, M, Yilmaz, I, Veziroglu, TN, Kaplan, Y. 2005b.
Hydrogen as burner fuel: Modelling of hydrogen-
hydrocarbon composite fuel combustion and NOx
formation in a small burner. International Journal
of Energy Research 29(11): 973-990. DOI: https://
dx.doi.org/10.1002/er.1104.

Jonson, JE, Borken-Kleefeld, ], Simpson, D, Nyiri, A,
Posch, M, Heyes, C. 2017. Impact of excess NOx
emissions from diesel cars on air quality, public
health and eutrophication in Europe. Environmental
Research Letters 12(9). DOL: https://dx.doi.org/10.
1088/1748-9326/2a8850.

Kim, HS, Arghode, VK, Gupta, AK. 2009. Flame charac-
teristics of hydrogen-enriched methane-air pre-
mixed swirling flames. International Journal of
Hydrogen Energy 34(2): 1063-1073. DOL: https://
dx.doi.org/10.1016/j.ijhydene.2008.10.035.

Kippers, M]J, de Laat, JC, Hermkens, RJM, Overdiep, JJ,
van der Molen, A, van Erp, WC, van der Meer A.
2011. Pilot project on hydrogen injection in natural
gas on island of Ameland in the Netherlands, in
International Gas Union Research Conference 2011.
Seoul, South Korea. October 19-21. Available at

2202 AInf Gz U0 Jasn 304 Jo Ausseniun Aq jpd-y1 L 00" LZ0Z BIUBWRIS/01L60./¥L L 00/1/0 L /Ppd-ajolie/ejusws|s/nps ssaidon-auljuo//:dyy woly papeojumoq


https://www.gov.uk/government/statistics/emissions-of-air-pollutants/emissions-of-air-pollutants-in-the-uk-nitrogen-oxides-nox
https://www.gov.uk/government/statistics/emissions-of-air-pollutants/emissions-of-air-pollutants-in-the-uk-nitrogen-oxides-nox
https://www.gov.uk/government/publications/the-ten-point-plan-for-a-green-industrial-revolution
https://www.gov.uk/government/publications/the-ten-point-plan-for-a-green-industrial-revolution
https://www.gov.uk/government/publications/the-ten-point-plan-for-a-green-industrial-revolution
https://www.gov.uk/government/publications/uk-hydrogen-strategy
https://www.gov.uk/government/publications/uk-hydrogen-strategy
https://www.gov.uk/government/collections/digest-of-uk-energy-statistics-dukes
https://www.gov.uk/government/collections/digest-of-uk-energy-statistics-dukes
https://www.gov.uk/government/statistics/final-uk-greenhouse-gas-emissions-national-statistics-1990-to-2019
https://www.gov.uk/government/statistics/final-uk-greenhouse-gas-emissions-national-statistics-1990-to-2019
https://www.gov.uk/government/statistics/final-uk-greenhouse-gas-emissions-national-statistics-1990-to-2019
https://www.gov.uk/government/statistics/final-uk-greenhouse-gas-emissions-national-statistics-1990-to-2019
https://www.gov.uk/government/publications/heat-and-buildings-strategy
https://www.gov.uk/government/publications/heat-and-buildings-strategy
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/386858/Estimates_of_heat_use.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/386858/Estimates_of_heat_use.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/386858/Estimates_of_heat_use.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/386858/Estimates_of_heat_use.pdf
https://www.gov.uk/government/statistics/english-housing-survey-2020-to-2021-headline-report
https://www.gov.uk/government/statistics/english-housing-survey-2020-to-2021-headline-report
https://www.gov.uk/government/statistics/english-housing-survey-2020-to-2021-headline-report
https://dx.doi.org/10.3390/en8053606
https://dx.doi.org/10.3390/en8053606
https://dx.doi.org/10.1016/j.ijhydene.2009.12.049
https://dx.doi.org/10.1016/j.ijhydene.2009.12.049
https://ember-climate.org/data/carbon-price-viewer/
https://ember-climate.org/data/carbon-price-viewer/
https://www.energynetworks.org/industry-hub/resource-library/britains-hydrogen-network-plan.pdf
https://www.energynetworks.org/industry-hub/resource-library/britains-hydrogen-network-plan.pdf
https://www.energynetworks.org/industry-hub/resource-library/britains-hydrogen-network-plan.pdf
http://www.gov.uk/government/publications/appraisal-of-domestic-hydrogen-appliances
http://www.gov.uk/government/publications/appraisal-of-domestic-hydrogen-appliances
http://www.gov.uk/government/publications/appraisal-of-domestic-hydrogen-appliances
https://dx.doi.org/10.1016/j.ijhydene.2014.11.042
https://dx.doi.org/10.1016/j.ijhydene.2014.11.042
https://dx.doi.org/10.3390/en15051706
https://dx.doi.org/10.3390/en15051706
https://hydeploy.co.uk/about/document-library/
https://dx.doi.org/10.1016/j.ijhydene.2004.10.016
https://dx.doi.org/10.1016/j.ijhydene.2004.10.016
https://dx.doi.org/10.1002/er.1104
https://dx.doi.org/10.1002/er.1104
https://dx.doi.org/10.1088/1748-9326/aa8850
https://dx.doi.org/10.1088/1748-9326/aa8850
https://dx.doi.org/10.1016/j.ijhydene.2008.10.035
https://dx.doi.org/10.1016/j.ijhydene.2008.10.035

Art. 10(1) page 14 of 15

http://members.igu.org/old/IGU%20Events/igrc/
igrc2011/igrc-2011-proceedings-and-presentations/
poster%20paper-session%201/P1-34_Mathijs
%20Kippers.pdf. Accessed 18 November 2021.

Kothari, R, Buddhi, D, Sawhney, RL. 2008. Comparison
of environmental and economic aspects of various
hydrogen production methods. Renewable and Sus-
tainable Energy Reviews. DOL: https://dx.doi.org/10.
1016/j.rser.2006.07.012. Accessed 18 November
2021.

Leicher, ], Schaffert, ], Cigarida, H, Tali, E, Burmeis-
ter, FE Gaise, A, Albus, R, Gorner, K, Carpentier,
S, Milim, P, Schweitzer, J. 2022. The impact of
hydrogen admixture into natural gas on residential
and commercial gas appliances. Energies 15(3):
777. DOI: https://dx.doi.org/10.3390/en150
30777.

Lewis, AC. 2021a. Optimising air quality co-benefits in
a hydrogen economy: A case for hydrogen-specific
standards for NOx emissions. Environmental Science:
Atmospheres 1(5): 201-207. DOI: https://dx.doi.
org/10.1039/d1ea00037c.

Lewis, AC. 2021b. Pollution from hydrogen fuel could
widen inequality. Nature 595(7867): 353. DOI:
https://dx.doi.org/10.1038/d41586-021-01926-8.

Malley, CS, Henze, DK, Kuylenstierna, JCI, Vallack,
HW, Davila, Y, Anenberg, SC, Turner, MC, Ash-
more, MR. 2017. Updated global estimates of respi-
ratory mortality in adults >30 years of age
attributable to long-term ozone exposure. Environ-
mental Health Perspectives 125(8). DOI: https://dx.
doi.org/10.1289/EHP1390.

Marban, G, Valdés-Solis, T. 2007. Towards the hydrogen
economy? International Journal of Hydrogen Energy
32(12): 1625-1637. DOI: https://dx.doi.org/10.
1016/j.ijhydene.2006.12.017.

Naha, S, Aggarwal, S. 2004. Fuel effects on NOx emis-
sions in partially premixed flames. Combustion and
Flame 139(1-2): 90-105. DOI: https://dx.doi.org/
10.1016/j.combustflame.2004.07.006.

National Atmospheric Emissions Inventory. 2019a.
National atmospheric emissions inventory [dataset].
Available at https://naei.beis.gov.uk/data/.
Accessed 27 October 2021.

National Atmospheric Emissions Inventory. 2019b.
National atmospheric emissions inventory interac-
tive map [dataset]. Available at https://naei.beis.
gov.uk/emissionsapp/. Accessed 2 November 2021.

National Gird Electricity System Operator. 2019.
Future energy scenarios. London, UK: National Grid
ESO. 11014226. Available at https://www.
nationalgrideso.com/sites/eso/files/documents/
fes-2019.pdf. Accessed 18 November 2021.

Nitschke-Kowsky, P, Wessing, W. 2012. Impact of hydro-
gen admixture on installed gas appliances, in 25th
World gas conference. Kuala Lumpur, Malaysia.
4-8 June. Available at http://members.igu.
orgexpert-forum-5.bwiew. Accessed 18 November
2021.

Wright and Lewis: NOx emissions from domestic combustion of hydrogen and natural gas blends

Pashchenko, D. 2020. Hydrogen-rich fuel combustion in
a swirling flame: CFD-modeling with experimental
verification. International Journal of Hydrogen
Energy 45(38): 19996—20003. DOI: https://dx.doi.
org/10.1016/j.ijhydene.2020.05.113.

Rajpara, P, Shah, R, Banjerjee, J. 2018. Effect of hydro-
gen addition on combustion and emission charac-
teristics of methane fuelled upward swirl can
combustor. International Journal of Hydrogen Energy
43(36): 17505-17516. DOI: https://dx.doi.org/10.
1016/j.hydene.2018.07.111.

Rendali, R, Hall, R, Jamasb, T, Roskilly, AP. 2021. Expe-
rience rates of low-carbon domestic heating technol-
ogies in the United Kingdom. Energy Policy 156:
12387. DOI: https://dx.doi.org/10.1016/j.enpol.
2021.112387.

Ricardo plc. 2019. Air Quality damage cost update 2019.
59 p. Report ED 59323. Available at https://uk-air.
defra.gov.uk/assets/documents/reports/cat09/
1902271109_Damage_cost_update_2018_FINAL_
Issue_2_publication.pdf. Accessed 18 November
2021.

Rortveit, GJ, Hustad, JE. 2003. NOx formations in
diluted CH4/H, counterflow diffusion flames. Inter-
national Journal of Energy for a Clean Environment
4(4): 19-31. DOL: https://dx.doi.org/10.1615/Inter-
JEnerCleanEnv.v4.i4.20.

Schaffert, ], Fischer, P, Leicher, J, Burmeister, F
Flayyih, M, Cigarida, H, Albus, R, Gorner, K,
Milin, P, Carpentier, S, Krishnaramanujam, K,
Bohms, OB, Endisch, J, de Wit, K, Geerts, E,
Schweitzer, J. 2020. Impact of hydrogen admixture
on combustion processes- Part II: Practice. Available
at https://thyga-project.eu/deliverable-d2-3-impact-
of-hydrogen-admixture-on-combustion-processes-
part-ii-practice/. Accessed 18 November 2021.

Schefer, RW, Wicksall, DM, Agrawal, AK. 2002. Com-
bustion of hydrogen-enriched methane in a len pre-
mixed swirl-stabilised burner. Proceedings of the
Combustion Institute 29: 843-851. DOI: https://
dx.doi.org/10.1016/S1540-7489(02)80108-0.

Schweitzer, J. 2022. Intermediate report on the test of
technologies by segment: Impact of the different H2
concentrations on safety, efficiency, emissions and
correct operation. Available at https://thyga-
project.eu/d3-5-intermediate-report-on-the-test-of-
technologies-by-segment-impact-of-the-different-
h2-concentrations-on-safety-efficiency-emissions-
and-correct-operation/. Accessed 18 November
2021.

Staffell, I. 2011. The energy and fuel data sheet [Internet].
Available at https://www.claverton-energy.com/
wordpress/wp-content/uploads/2012/08/the_
energy_and_fuel_data_sheet1.pdf. Accessed 21
November 2021.

Stark, C, Thompson, M, Andrew, T, Beasley, G, Bellamy,
0, Budden, P, Cole, C, Darke, J, Davies, E, Feli-
ciano, D, Gault, A, Goater, A, Hemsley, M, Hill,
J, Joffe, D, Kmietowicz, E, de Farias Lettis, B,
Livermore, S, Mackenzie, C, Millar, R, Nemo, C,

2202 AInf Gz U0 Jasn 304 Jo Ausseniun Aq jpd-y1 L 00" LZ0Z BIUBWRIS/01L60./¥L L 00/1/0 L /Ppd-ajolie/ejusws|s/nps ssaidon-auljuo//:dyy woly papeojumoq


http://members.igu.org/old/IGU%20Events/igrc/igrc2011/igrc-2011-proceedings-and-presentations/poster%20paper-session%201/P1-34_Mathijs%20Kippers.pdf
http://members.igu.org/old/IGU%20Events/igrc/igrc2011/igrc-2011-proceedings-and-presentations/poster%20paper-session%201/P1-34_Mathijs%20Kippers.pdf
http://members.igu.org/old/IGU%20Events/igrc/igrc2011/igrc-2011-proceedings-and-presentations/poster%20paper-session%201/P1-34_Mathijs%20Kippers.pdf
http://members.igu.org/old/IGU%20Events/igrc/igrc2011/igrc-2011-proceedings-and-presentations/poster%20paper-session%201/P1-34_Mathijs%20Kippers.pdf
http://members.igu.org/old/IGU%20Events/igrc/igrc2011/igrc-2011-proceedings-and-presentations/poster%20paper-session%201/P1-34_Mathijs%20Kippers.pdf
http://members.igu.org/old/IGU%20Events/igrc/igrc2011/igrc-2011-proceedings-and-presentations/poster%20paper-session%201/P1-34_Mathijs%20Kippers.pdf
http://members.igu.org/old/IGU%20Events/igrc/igrc2011/igrc-2011-proceedings-and-presentations/poster%20paper-session%201/P1-34_Mathijs%20Kippers.pdf
https://dx.doi.org/10.1016/j.rser.2006.07.012
https://dx.doi.org/10.1016/j.rser.2006.07.012
https://dx.doi.org/10.3390/en15030777
https://dx.doi.org/10.3390/en15030777
https://dx.doi.org/10.1039/d1ea00037c
https://dx.doi.org/10.1039/d1ea00037c
https://dx.doi.org/10.1038/d41586-021-01926-8
https://dx.doi.org/10.1289/EHP1390
https://dx.doi.org/10.1289/EHP1390
https://dx.doi.org/10.1016/j.ijhydene.2006.12.017
https://dx.doi.org/10.1016/j.ijhydene.2006.12.017
https://dx.doi.org/10.1016/j.combustflame.2004.07.006
https://dx.doi.org/10.1016/j.combustflame.2004.07.006
https://naei.beis.gov.uk/data/
https://naei.beis.gov.uk/emissionsapp/
https://naei.beis.gov.uk/emissionsapp/
https://www.nationalgrideso.com/sites/eso/files/documents/fes-2019.pdf
https://www.nationalgrideso.com/sites/eso/files/documents/fes-2019.pdf
https://www.nationalgrideso.com/sites/eso/files/documents/fes-2019.pdf
http://members.igu.org&rsaquo;expert-forum-5.b&rsaquo;view
http://members.igu.org&rsaquo;expert-forum-5.b&rsaquo;view
http://members.igu.org&rsaquo;expert-forum-5.b&rsaquo;view
http://members.igu.org&rsaquo;expert-forum-5.b&rsaquo;view
https://dx.doi.org/10.1016/j.ijhydene.2020.05.113
https://dx.doi.org/10.1016/j.ijhydene.2020.05.113
https://dx.doi.org/10.1016/j.hydene.2018.07.111
https://dx.doi.org/10.1016/j.hydene.2018.07.111
https://dx.doi.org/10.1016/j.enpol.2021.112387
https://dx.doi.org/10.1016/j.enpol.2021.112387
https://uk-air.defra.gov.uk/assets/documents/reports/cat09/1902271109_Damage_cost_update_2018_FINAL_Issue_2_publication.pdf
https://uk-air.defra.gov.uk/assets/documents/reports/cat09/1902271109_Damage_cost_update_2018_FINAL_Issue_2_publication.pdf
https://uk-air.defra.gov.uk/assets/documents/reports/cat09/1902271109_Damage_cost_update_2018_FINAL_Issue_2_publication.pdf
https://uk-air.defra.gov.uk/assets/documents/reports/cat09/1902271109_Damage_cost_update_2018_FINAL_Issue_2_publication.pdf
https://thyga-project.eu/deliverable-d2-3-impact-of-hydrogen-admixture-on-combustion-processes-part-ii-practice/
https://thyga-project.eu/deliverable-d2-3-impact-of-hydrogen-admixture-on-combustion-processes-part-ii-practice/
https://thyga-project.eu/deliverable-d2-3-impact-of-hydrogen-admixture-on-combustion-processes-part-ii-practice/
https://dx.doi.org/10.1016/S1540-7489(02)80108-0
https://dx.doi.org/10.1016/S1540-7489(02)80108-0
https://thyga-project.eu/d3-5-intermediate-report-on-the-test-of-technologies-by-segment-impact-of-the-different-h2-concentrations-on-safety-efficiency-emissions-and-correct-operation/
https://thyga-project.eu/d3-5-intermediate-report-on-the-test-of-technologies-by-segment-impact-of-the-different-h2-concentrations-on-safety-efficiency-emissions-and-correct-operation/
https://thyga-project.eu/d3-5-intermediate-report-on-the-test-of-technologies-by-segment-impact-of-the-different-h2-concentrations-on-safety-efficiency-emissions-and-correct-operation/
https://thyga-project.eu/d3-5-intermediate-report-on-the-test-of-technologies-by-segment-impact-of-the-different-h2-concentrations-on-safety-efficiency-emissions-and-correct-operation/
https://thyga-project.eu/d3-5-intermediate-report-on-the-test-of-technologies-by-segment-impact-of-the-different-h2-concentrations-on-safety-efficiency-emissions-and-correct-operation/
https://www.claverton-energy.com/wordpress/wp-content/uploads/2012/08/the_energy_and_fuel_data_sheet1.pdf
https://www.claverton-energy.com/wordpress/wp-content/uploads/2012/08/the_energy_and_fuel_data_sheet1.pdf
https://www.claverton-energy.com/wordpress/wp-content/uploads/2012/08/the_energy_and_fuel_data_sheet1.pdf

Wright and Lewis: NOx emissions from domestic combustion of hydrogen and natural gas blends Art. 10(1) page 15 of 15

Scott, V, Scudo, A, Thillainathan, I, Vause, E.
2019. Net Zero. The UK’s contribution to stopping
global warming. London, UK: Committee on Climate
Change. Available at https://www.theccc.org.uk/
publications. Accessed 18 November 2021.

Ueckerdt, F, Bauer, C, Dirnaichner, A, Everall, J, Sac-
chi, R, Luderer, G. 2021. Potential and risks of
hydrogen-based e-fuels in climate change mitiga-
tion. Nature Climate Change. DOIL: https://dx.doi.
org/10.1038/s41558-021-01032-7.

van Renssen, S. 2020. The Hydrogen solution? Nature
Climate Change 10(9): 799-801. DOI: https://dx.
doi.org/10.1038/s41558-020-0891-0.

Venfield, H, Brown, A. 2018. Domestic boiler emission test-
ing. Leeds, UK: AECOM for Greater London Authority.
60566063_1. Available at https://www.london.gov.
uk/WHAT-WE-DO/environment/environment-
publications/domestic-boiler-emission-testing-
report. Accessed 18 November 2021.

Vignali, G. 2017. Environmental assessment of domestic
boilers: A comparison of condensing and traditional

technology using life cycle assessment methodology.
Journal of Cleaner Production 142(4): 2493-2508.
DOI: https://dx.doi.org/10.1016/j.jclepro.2016.11.
025

Zel'dovich, YB. 1946. The oxidation of nitrogen in

combustion. Acta Physicochim 1(4): 577-628.
DOI: https://dx.doi.org/10.1515/9781400862
979.364.

Zhao, Y, McDonell, V, Samuelsen, S. 2019a. Experimen-

tal assessment of the combustion performance of
an oven burner operated on pipeline natural gas
mixed with hydrogen. International Journal of
Hydrogen Energy 44(47): 26049-26062. DOI:
https://dx.doi.org/10.1016/j.ijhydene.2019.
08.011.

Zhao, Y, McDonell, V, Samuelsen, S. 2019b. Influence of

hydrogen addition to pipeline natural gas on the
combustion performance of a cooktop burner. Inter-
national Journal of Hydrogen Energy 44(23):
12239-12253. DOI: https://dx.doi.org/10.1016/].
ijhydene.2019.03.100.

How to cite this article: Wright, ML, Lewis, AC. 2022. Emissions of NOx from blending of hydrogen and natural gas in space
heating boilers. Elementa: Science of the Anthropocene 10(1). DOI: https://doi.org/10.1525/elementa.2021.00114

Domain Editor-in-Chief: Detlev Helmig, Boulder AIR LLC, Boulder, CO, USA

Associate Editor: Armin Wisthaler, Department of Chemistry, University of Oslo, Oslo, Norway

Knowledge Domain: Atmospheric Science

Published: May 31, 2022  Accepted: April 28, 2022  Submitted: December 3, 2021

Copyright: © 2022 The Author(s). This is an open-access article distributed under the terms of the Creative Commons
Attribution 4.0 International License (CC-BY 4.0), which permits unrestricted use, distribution, and reproduction in any medium,
provided the original author and source are credited. See http://creativecommons.org/licenses/by/4.0/.

Science of the Anthropocene

%(‘ ELEMENTA Elem Sci Anth is a peer-reviewed open access OPEN ACCESS a

journal published by University of California Press.

2202 AInf Gz U0 Jasn 304 Jo Ausseniun Aq jpd-y1 L 00" LZ0Z BIUBWRIS/01L60./¥L L 00/1/0 L /Ppd-ajolie/ejusws|s/nps ssaidon-auljuo//:dyy woly papeojumoq


https://www.theccc.org.uk/publications
https://www.theccc.org.uk/publications
https://dx.doi.org/10.1038/s41558-021-01032-7
https://dx.doi.org/10.1038/s41558-021-01032-7
https://dx.doi.org/10.1038/s41558-020-0891-0
https://dx.doi.org/10.1038/s41558-020-0891-0
https://www.london.gov.uk/WHAT-WE-DO/environment/environment-publications/domestic-boiler-emission-testing-report
https://www.london.gov.uk/WHAT-WE-DO/environment/environment-publications/domestic-boiler-emission-testing-report
https://www.london.gov.uk/WHAT-WE-DO/environment/environment-publications/domestic-boiler-emission-testing-report
https://www.london.gov.uk/WHAT-WE-DO/environment/environment-publications/domestic-boiler-emission-testing-report
https://dx.doi.org/10.1016/j.jclepro.2016.11.025
https://dx.doi.org/10.1016/j.jclepro.2016.11.025
https://dx.doi.org/10.1515/9781400862979.364
https://dx.doi.org/10.1515/9781400862979.364
https://dx.doi.org/10.1016/j.ijhydene.2019.08.011
https://dx.doi.org/10.1016/j.ijhydene.2019.08.011
https://dx.doi.org/10.1016/j.ijhydene.2019.03.100
https://dx.doi.org/10.1016/j.ijhydene.2019.03.100

