
Environmental Science:
Atmospheres

CRITICAL REVIEW

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
Ju

ly
 2

02
2.

 D
ow

nl
oa

de
d 

on
 7

/1
6/

20
25

 1
:4

5:
45

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Decarbonisation
aDepartment of Chemistry, University of Yor
bNational Centre for Atmospheric Science

YO105DD, UK. E-mail: ally.lewis@ncas.ac.u

Cite this: Environ. Sci.: Atmos., 2022, 2,
852

Received 29th March 2022
Accepted 4th July 2022

DOI: 10.1039/d2ea00029f

rsc.li/esatmospheres

852 | Environ. Sci.: Atmos., 2022, 2,
of heavy-duty diesel engines using
hydrogen fuel: a review of the potential impact on
NOx emissions

Madeleine L. Wright a and Alastair C. Lewis *b

As countries seek ways to meet climate change commitments, hydrogen fuel offers a low-carbon

alternative for sectors where battery electrification may not be viable. Blending hydrogen with fossil fuels

requires only modest technological adaptation, however since combustion is retained, nitrogen oxides

(NOx) emissions remain a potential disbenefit. We review the potential air quality impacts arising from the

use of hydrogen–diesel blends in heavy-duty diesel engines, a powertrain which lends itself to hydrogen

co-fuelling. Engine load is identified as a key factor influencing NOx emissions from hydrogen–diesel

combustion in heavy-duty engines, although variation in other experimental parameters across studies

complicates this relationship. Combining results from peer-reviewed literature allows an estimation to be

made of plausible NOx emissions from hydrogen–diesel combustion, relative to pure-diesel combustion.

At 0–30% engine load, which encompasses the average load for mobile engine applications, NOx

emissions changes were in the range �59 to +24% for a fuel blend with 40 e% hydrogen. However, at

50–100% load, which approximately corresponds to stationary engine applications, NOx emissions

changes were in the range �28 to +107%. Exhaust gas recirculation may be able to reduce NOx

emissions at very high and very low loads when hydrogen is blended with diesel, and existing exhaust

aftertreatment technologies are also likely to be effective. Recent commercial reporting on the

development of hydrogen and hydrogen–diesel dual fuel combustion in large diesel engines are also

summarised. There is currently some disconnection between manufacturer reported impacts of

hydrogen-fuelling on NOx emissions (always lower emissions) and the conclusions drawn from the peer

reviewed literature (frequently higher emissions).
Environmental signicance

In sectors considering the blending of hydrogen with fossil fuels for decarbonisation, policy and technical decisions should, as a minimum, ensure that NOx

emissions which impact health and ecosystems do not increase. We nd that hydrogen–diesel fuel blends, if used in lower load construction machinery and
heavy goods vehicles could lead to a reduction in NOx (and PM2.5) emissions compared to pure diesel. However, if used in other sectors with high loads, such as
electrical generators (e.g. ‘diesel farms’), NOx emissions could be higher than pure diesel, if not additionally abated. End use specic research and testing is
required such that the outcome of any hydrogen-blending climate policy also delivers optimal air quality outcomes.
1. Introduction

To limit anthropogenic climate change in line with the 2015
Paris Agreement, many countries have put in place net zero
greenhouse gas emissions targets. For example, the UK is now
required by law to reach net zero greenhouse gas emissions by
2050.1 To reach this, a range of low or no-carbon fuels are being
considered as replacements for fossil fuels.2 Renewable elec-
tricity is expected to be the primary source of energy in 2050,
with projections indicating its generation could increase up to
k, Heslington, York, YO105DD, UK

, University of York, Heslington, York,

k

852–866
500% by 2050.3,4 Battery electric powertrains are not however
currently viable for some heavy-duty applications which have
weight and volume restrictions, high energy density require-
ments and/or limits on refuelling times.5 These applications
include heavy goods vehicles (HGVs), non-road mobile
machinery (NRMM) and electrical generators, all of which
currently rely on diesel as a practical fuel. Decarbonising these
sectors requires alternatives that are competitive with diesel and
reduce net greenhouse gas emissions. The Committee on
Climate Change has emphasised that decarbonisation of the
country's energy budget must happen quickly and at scale to
reach the net zero target,6 so solutions are required which are
deliverable in the short term.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Hydrogen fuelling is a potential method for decarbonising
diesel engines used in heavy-duty applications, offering similar
refuelling and versatility characteristics as diesel.7,8 As an
alternative to pure diesel, hydrogen can either be combusted or
used in a fuel cell. Hydrogen fuel cells (HFCs) are the most
environmentally benecial option from an end-use emissions
perspective since their only by-product is liquid water. HFC
passenger vehicles and buses are currently in use in small
numbers, but more widespread uptake in buses, rail and HGVs
is anticipated by 2030 9,10 as they become more cost competitive
with diesel.11 Plans for the use of hydrogen to decarbonise
NRMM and industrial processes are less developed. Combus-
tion of hydrogen appears a likely short and medium-term end-
use, due to simpler technological transformation requirements
and lower hydrogen fuel purity requirements.9,12,13

Although there are many signicant barriers to the devel-
opment of a hydrogen economy, the UK government has
recently doubled its low-carbon hydrogen production pledge to
10GW by 2030.14 It hopes for widespread use in heavy-duty
transport, industry, power and heating sectors by 2050.9 Chal-
lenges such as gas pipeline conversions and the scaling of
production are being considered, with investment from
government, project developers and companies.9

Hydrogen can be blended with diesel for combustion in
existing all-diesel engines, requiring minimal structural
changes to the powertrain. This allows for cheap and simple
initial deployment of hydrogen and offers a low barrier to entry
stimulus for the development of a hydrogen economy.7

Although hydrogen supply will likely be limited during initial
years of a (UK) hydrogen economy, the fraction of hydrogen
used in a hydrogen–diesel (H2D) fuel blend could be increased
as production capacity increases.9 Passenger vehicles with
hydrogen internal combustion engines (H2-ICEs) seem unlikely
to become a widespread reality since battery electric vehicles
offer a more mature solution with cheaper running costs.5

However, the straightforward conversion to a dual fuel engine
provides a potential low-regret option in the heavy-duty sector
on the path to net zero.

Unlike fuel cells, hydrogen engines are not emissionsfree.
Nitrogen oxides (NOx – sum of NO2 and NO) form due to the
high temperatures of combustion, as described by the Zel'do-
vich mechanism. The basics around mechanisms of NOx

formation from H2 combustion, air quality and emissions
impacts have been reviewed recently.13 The adverse health and
environmental impacts of NO2 have an economic cost in the UK
of around £5 billion a year.15,16 Application of emissions abate-
ment and control strategies in energy and transport sectors
have led to sustained NOx emissions reduction over the last 30
years, however international obligations require further NOx

reductions across Europe well into the 2030s.17 Although NOx

emissions from diesel engines have been under considerable
scrutiny following the VW emissions scandal in 2015,18 NOx

from future hydrogen combustion has received little attention
as a consequence of decarbonisation strategies.10,19 In the
research literature it is common for the environmental impacts
of hydrogen production to be considered in detail and on an
international scale,20,21 oen assuming that hydrogen will be
© 2022 The Author(s). Published by the Royal Society of Chemistry
exclusively used in fuel cells.22 Downstream point-of-use
impacts of its combustion, especially on a national or city
scale, are however less reported.

There are other lower-carbon alternatives for fuelling heavy-
duty engines, such as biodiesel, biogas, compressed natural gas
(CNG) and liquid natural gas (LPG). Like hydrogen, these can be
integrated relatively easily into existing infrastructure and
much of the original powertrain can be retained. Biodiesel can
be used directly in diesel engines without any modications to
powertrains or petrol stations. To be truly sustainable and avoid
the environmental concerns surrounding land-use change,
advanced biodiesel, produced from biogenic waste and residue
feedstocks, is required. The extent to which this can contribute
to decarbonisation is therefore highly dependent on the
amount of waste produced.23 Since waste may decline in the
future due to improved management practices,24 this energy
source may only be able to contribute to decarbonisation in the
short to medium term. Similarly, life cycle assessments for use
of natural gas in heavy-duty engines sector suggest that deeper
decarbonisation methods alongside CNG/LNG would be
necessary to meet UK decarbonisation targets for 2030 and
beyond.25 Hence these are only likely to be useful as interim
technologies. H2D is a more intuitive option considering the
potential to create the hydrogen from renewal energy (green
H2), and as a technology provide a bridge to later 100%
hydrogen combustion or fuel-cell end use, necessary for full
decarbonisation.

With any internal combustion engine, there are trade-offs
between optimising for different air quality and CO2 emis-
sions, energy efficiency and mechanical or thermal perfor-
mance.13 It has frequently been the case that efficiency and
mechanical performance are prioritised, leading to some
compromise on NOx emissions. If H2D or pure hydrogen is to
be deployed at scale in internal combustion engines, an addi-
tional reduction in NOx emissions alongside gradual decar-
bonisation would be desirable as a co-benet. As an absolute
minimum the expectation should be that NOx emissions should
not increase if a fuel switch occurs. This is especially desirable
in the UK since, with gradual electrication of the passenger
vehicle eet, based on emissions inventory data,16 non-
electried diesel engines could become the major source of
NOx if no further action is taken. This review presents an eval-
uation of the possible impacts on NOx of H2D combustion in
heavy-duty diesel engines. Through qualitative and quantitative
literature review, we aim to make recommendations, from
a NOx emissions perspective, on the optimal deployment of
hydrogen for decarbonisation of NRMM, HGVs and power
generators. For completeness, an evaluation of changes in other
air quality relevant pollutants are also presented.

2. Literature review
NOx formation control

In high temperature combustion applications, NO accounts for
around 95% of total NOx emissions at point of exhaust.26 During
the combustion of diesel in Compression Ignition (CI) engines,
most NOx forms through the Zel'dovich mechanism:27
Environ. Sci.: Atmos., 2022, 2, 852–866 | 853
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N2 + O / NO + N

N + O2 / NO + O

N + OH / NO + H

In a CI engine, this mechanism is elevated by high temper-
atures, high oxygen concentrations and extended residence
time of nitrogen in high temperature regions of the combustion
chamber.28 In theory, adding hydrogen to the combustion
process has two opposing effects on NOx formation. The higher
adiabatic ame temperature of hydrogen acts to increase NOx

emissions through the Zel'dovich mechanism. However, the
higher ame velocity means the high temperature conditions
exist for a shorter period of time, reducing NO formation. If
hydrogen is added through the intake air manifold, it can
reduce the amount of oxygen entering the chamber, also
reducing the yield from the Zel'dovich mechanism. The overall
effect of hydrogen addition on NOx emissions depends on these
competing processes. The balance of effects will depend upon
many operational factors such as engine load, speed,
combustion-system design and fuel injection parameters.29 For
pure diesel combustion, NOx increases with load due to elevated
combustion temperatures, but decreases with engine speed due
to reduced residence time of combustion gases.30

NOx emissions are also inuenced by relative injection
timings of diesel and hydrogen. NOx is produced in high
temperature zones of the combustion chamber, whose exis-
tence depends on the heat release rate. NOx formation can be
limited by increasing the ignition delay (the time between start
of fuel injection and start of combustion).31 Further complica-
tions therefore arise if the presence of hydrogen affects that
ignition delay time.

The emissions of NOx from diesel combustion can be abated
to a degree by internal measures combined with exhaust aer-
treatment, techniques. Both approaches can also be applied
to H2D engines. Aer-treatment such as selective catalytic
reduction (SCR) and lean NOx traps (LNT) are efficient methods
that can reduce NOx in dual-fuel applications,13 although they
increase cost and complexity of the combustion system and add
to overall equipment costs.32 Internal measures include fuel
lean conditions, water injection and exhaust gas recirculation
(EGR). Although these methods act to produce a cleaner
combustion system, each has its trade-offs. Fuel-lean condi-
tions inherently reduce engine efficiency;13 water injection
causes elevated CO and unburnt hydrocarbon emissions;33 and
high EGR rate causes elevated emissions of particulate matter
(PM).34

Hydrogen fuelling in small engines

Initial development of hydrogen combustion engines focused
on use in light-duty passenger cars with spark ignition (SI)
engines,35 pioneered particularly in Japan. Although NOx

emissions from small SI engines are lower than their gasoline
equivalents, mechanical performance is signicantly limited at
high loads due to engine knock and autoignition problems.29,36
854 | Environ. Sci.: Atmos., 2022, 2, 852–866
These factors make SI engines generically unsuitable for heavy-
duty applications, and so our later analysis considers CI engines
only. More broadly, smaller SI hydrogen engines lack substan-
tial competitive advantages over battery electric vehicles, which
now dominate sales of low-carbon passenger cars.

There is however considerable literature on air pollution
emissions from small CI engines running on H2D dual fuel,
both single-cylinder test-engines and those found in passenger
cars. This can provide helpful insight for interpreting possible
outcomes from H2D use in larger (CI) engines, for which the
literature is noticeably less extensive. Dimitriou and Tsujimura
reviewed the performance and emissions of CI engines run on
H2D dual fuel up to 2017.37 Almost all experiments considering
NOx emissions were based on either a low-power single-cylinder
engine or a multicylinder passenger car engine. Experiments
varied in engine design, load, speed, fuel injection method and
hydrogen fraction range. There was general consensus that
hydrogen addition benecially decreased emissions of CO, CO2,
PM and SO2, however results for NOx were more mixed.
Compared to diesel-only operation, studies could be found that
reported decreases in NOx emissions, increases in emissions or
little change. There also appeared to be no clear correlation
between EGR rate and NOx emissions.34 A similar conclusion
was drawn in another review,38 which suggested the highly
variable results were due to substantial differences between test
facilities and accuracy of simulation methods.

Engine loading does however appear to be a key factor that in
past literature has affected NOx emissions in single cylinder
test-engines. This is likely to translate to larger multicylinder
engines due to its basic dependence on combustion chamber
temperature. However, whilst some studies report that
hydrogen addition caused an increase in NOx emissions at high
loads,39,40 others found a reduction, even without an anticipated
reduction in efficiency.41 This hints at the complexity of the
dual-fuel combustion process. The most common hydrogen
injection applied in dual-fuel CI engine studies have been port
fuel injection (PFI), manifold injection and direct injection (DI).
PFI and manifold injection methods are associated with
combustion limitations and reduced volumetric efficiencies.42

DI is a more recent concept aimed at overcoming these
performance limitations. In an SI engine, DI fueling has also
been shown to produce lower NOx emissions when compared to
PFI methods under high load conditions.43 However, the use of
DI requires more modications to the original diesel engine.44 A
recent CI engine simulation suggested that NOx formation only
falls lower than a diesel-only case with a hydrogen energy share
above 80%,45 arising due to improved fuel mixing and the
increase in ignition delay caused by hydrogen addition.
Hydrogen fuelling in large engines

Prior to this review there were no assessments of the potential
air quality effects of hydrogen-fuelled heavy-duty diesel engines,
a key gap in evidence given the current need to develop both
policy and regulation in this area for net zero. The available
literature reporting NOx emissions from large diesel engines
(typically used in NRMM, HGVs and generators) when run on
© 2022 The Author(s). Published by the Royal Society of Chemistry
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H2D dual fuels are summarised in Table 1. These works are less
numerous than those studying NOx from passenger car engines,
but importantly are oen more recent. Most studies involve
heavy-duty road vehicles, with very few papers specically
addressing NRMM or industrial engine/prime power. Multiple
studies in Table 1 show that it is possible to congure operating
conditions to retain or improve combustion performance and
efficiency on hydrogen blending.46–51

Although NOx is the primary pollutant of interest in our
review, it is important to cnsider other point-of-use emissions
arising from H2D. In all cases CO2 emissions decrease linearly
with hydrogen addition by energy share, due to the reduction in
the amount of carbon-containing fuel. In most cases, CO
decreased for H2D combustion compared to diesel due to
increased H/C ratio, improved air-fuel mixing and shorter
combustion duration. However, the studies corresponding to
datasets 2 and 13 found CO emissions increased on hydrogen
addition, due to the increased ignition delay reducing temper-
atures enough to increase the extent of incomplete combus-
tion.38,50 Reduced oxygen content also contributed to this
through a reduction in CO oxidation.50 Studying Table 1, this is
likely to be due to engines being run at full load, causing
increased total fuel consumption.

PM emissions generally decreased for H2D compared to
diesel, due to a reduced diesel-to-air equivalence ratio. The
reduction was usually most signicant at low loads for this
same reason. Exceptions were commonly due to decreased soot
oxidation rate and incomplete combustion, especially at low
loads.49,52,53

Results for hydrocarbon emissions are somewhat discordant
and appear to be dependent on operational parameters
affecting the amount of diesel being burned and the owrate of
diesel. Decreases were observed for studies which were
accompanied by increased combustion efficiency, these
decreases commonly being largest at high hydrogen energy
shares and low loads. An overall increase in HC emissions was
observed when the extent of incomplete combustion
increased.38,49,52,53 Experimental variation, including the
presence/absence of EGR, is likely to have inuenced results
here.46

Similar to results seen in smaller engines, the relationship
between NOx emissions and hydrogen fraction is very variable
in literature reports, likely impacted by experimental factors
such as engine model, hydrogen injection method, load, speed
and the application of exhaust gas recirculation. Many studies
only considered very small hydrogen energy shares.48,54–57 The
observed variation in NOx emissions from hydrogen addition
compared to pure diesel combustion were small, and there was
oen no clear trend. Other studies have showed that the trend
in change in NOx emissions was only apparent for higher
hydrogen fractions.53

The effect of engine load on NOx emissions has been inves-
tigated in multiple studies.45–47,51–53 Most found that when
hydrogen is added to diesel, NOx emissions tend to decrease at
low loads and increase at high loads. However, different exper-
imental conditions mean that the denition of what constitutes
‘low’ and ‘high’ load varies between studies, as well as the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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relative amount by which NOx emissions change. At low loads,
Liew et al. observed a delay to the start of combustion on
hydrogen addition, possibly explaining the NOx decrease
observed.53 Zhou et al. also found that ignition delay varies with
both hydrogen addition and load, affecting NOx through
altering heat release characteristics.49 An increased ignition
delay at low load would result in a narrower heat release peak,
resulting in reduced thermal NOx formation.58 Kumar et al. used
supporting temperature, oxygen and unburned hydrogen
measurements to explain the load-dependency of the effect of
hydrogen on the combustion process.51 Lower temperatures,
reduced oxygen content and increased unburnt hydrogen
emissions suggested that at low loads, hydrogen acted as a heat
sink due to its higher specic heat capacity. At higher loads,
reduced emissions suggested it acted as a heat source to
enhance the combustion process. We suggest that at higher
load, the effect of load on temperature becomesmore important
than the effects of hydrogen addition which cause a reduction
in temperature, thereby causing an overall increase in thermal
NOx formation.

A similar effect of increased ignition delay was also observed
by Hosseini and Ahmadi, who conducted a numerical investi-
gation of DI of hydrogen into a heavy-duty engine.38 A large and
approximately linear decrease in NOx emissions was observed
when hydrogen energy share was varied from 0 to 70% at full
load. Similar results were found for both hydrogen addition and
hydrogen replacement cases, with larger emissions reduction
found in the replacement case due to a larger reduction in
temperature. DI was found to increase ignition delay signi-
cantly, which may explain the observed decrease in NOx emis-
sions. Only results from the substitution case are provided in
Table 1 because addition of hydrogen does not result in
decreased diesel usage, something with no benets for reducing
carbon emissions, and hence outside a net zero scope.

Cernat et al. conducted multiple tests on a heavy-duty 6-
cylinder engine ranging from 40 to 70% load operation, but did
not observe the relationship between NOx emission and load
that was found in most other studies.54–56 The expected increase
in NOx emissions with load was observed at small hydrogen
energy shares of up to 2%, but not for higher hydrogen intake.
Inferring trends has likely been complicated through applica-
tion of EGR and the fact that only small hydrogen energy shares
of up to 5% were tested. Other studies also found that the
application of EGR complicated results. For example, Liew et al.
compared NOx emissions from two heavy duty diesel engines,
one with and one without EGR.52,53 For the engine without EGR,
NOx decreased at low loads and increased at high loads as
hydrogen intake increased. However, this effect was not
observed for the engine with EGR, and unexpected changes in
EGR ow rate were observed at times. Hydrogen inclusion
changes exhaust gas composition, making it difficult to predict
how temperature, and therefore NOx emissions, are affected by
EGR when hydrogen is present.

Only two papers have reported the effect of engine speed on
NOx as hydrogen fraction was added.50,57 NOx emissions were
higher at the lower engine speed, as expected. Increasing
hydrogen intake slightly reduced NOx at low engine speeds,
© 2022 The Author(s). Published by the Royal Society of Chemistry
whilst dramatic increases in NOx emissions were observed at
high speeds. The authors acknowledged that the impact of
hydrogen on NOx emissions varied depending on engine speed,
but did not propose an explanation for this. The complexity of
dual fuel combustion is evident and current understanding
required for accurate emissions prediction is not complete.
Despite this, some important conclusions can be drawn:

NOx emissions tend to decrease at low loads and increase at
high loads when the hydrogen fuel fraction is increased.

The presence and rate of EGR complicates the relationship
between hydrogen fraction and NOx.

If results are to be useful for future policies supporting H2D
combustion, experimental conditions need to mimic real-world
diesel engine operation. This could give insight into the most
suitable areas for H2D diesel engine combustion from a NOx

emissions perspective, since the load at which a large diesel
engine will run depends on its end-use application. For
example, electrical generators and other stationary machinery
tend to run at relatively constant, higher loads, typically above
50%.59NRMM and heavy-duty road vehicles run at amuch wider
range of loads, with a lower average load of around 20–30%.59–61

3. Quantitative analysis

We conduct a meta-analysis of suitable datasets from Table 1.
The amount of hydrogen added is expressed in the literature
either as an energy share percentage (e%) or as a fractional
volume in air (vol%). Hydrogen e% was chosen as the common
axis, as it takes into account the difference in energy densities of
hydrogen and diesel andmeant that most of the literature could
be used. Where the unit used in the original paper was vol%,
conversions to e% were completed where possible, using
a provided calibration curve. Datasets 6 and 13 were excluded
on this basis. Up to 40 e% hydrogen addition was considered.
Literature suggests this amount of hydrogen can be added
safely and easily to an existing diesel engine at a range of
loads.53,62,63 In addition, it is unlikely there would be sufficient
industrial hydrogen production capacity in initial years for
more than 40 e% hydrogen to be used widely on a national
scale. Datasets 7–11 were excluded because they only provide
data for small e% well below 40 e%. The literature reports NOx

emissions in a range of different units. In most cases, this was
not an issue, since NOx was converted to a change in emissions
relative to pure diesel combustion in the same engine. NOx

emissions in dataset 3 required conversion from a ratio of H2D
emissions to pure diesel emissions, to a fractional change.

Least squares regression analysis was performed on each
dataset to give a simple expression of change in NOx for
different hydrogen fractions. Only 0–40 e% points were
included in the regression analysis because the literature review
revealed that the effect of hydrogen addition on NOx emissions
can change at very high loads (e.g. dataset 5). A linear rela-
tionship under these hydrogen fractions, whilst not wholly
accurate, is suitable in providing a range of possible outcomes
for NOx, especially when combining multiple datasets.

The data was split into 0–30% load and 50–100% load, to
approximately correspond to the use characteristics found for
Environ. Sci.: Atmos., 2022, 2, 852–866 | 857
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mobile machinery (0–30) and stationary engine (50–100) end
uses. For datasets 1 and 14, where loads were not provided, the
low load cases were assumed to be within the 0–30% range and
the high load cases in the 50–100% range. This assumption was
considered preferable to excluding the data, due to the limited
number of datasets. Dataset 14b was a medium load case and
therefore excluded from the analysis. Best-case, median and
worst-case changes in NOx emissions were calculated for
hydrogen fractions of 10, 20, 30, 40 e%. Best-case is the largest
reported literature reduction in NOx emissions compared to
diesel combustion, whilst worst-case refers to the largest
increase. Focusing analysis on these three cases reduced the
error associated with those few datasets whose regression
analyses produced low R2 values.
4. Results and discussion

Fig. 1a and b show the linearised responses from literature of
NOx emissions fromH2D combustion in large diesel engines for
low (0–30%) and high (50–100%) load, respectively. There is
considerable variation in both gures, which increases with
hydrogen energy share, due to differences in experimental
factors across studies. For 40 e% hydrogen, NOx relative to
Fig. 1 Meta-analysis of effect on NOx emissions for H2D combustion in l
load case (b) 50–100% high load case. Numbers in the legend correspond
line. (c) Worst (grey), median (orange) and best-case (blue) NOx scenario
scenarios for 50–100% load.

858 | Environ. Sci.: Atmos., 2022, 2, 852–866
diesel combustion varies over the range �59% to +24% for the
low load case and �28 to +107% for higher load applications.
Fig. 1c and d show best, worst and median scenarios for NOx

emissions for 4 different hydrogen fractions. Whilst this anal-
ysis does not provide information on what is the most likely
scenario, it does guide the level of risk and potential benets/
dis-benets, for NOx emissions that are associated with
different H2D applications.

An initial addition of 10 e% hydrogen for low load applica-
tions appears to be the lowest-regret option. Fig. 1c suggests
NOx emissions would only increase by 6% in the worst-case
scenario. If only initially deployed in industrial NRMM, this
would increase total UK NOx emissions from fuel combustion
activities by �0.2%.16 This is a negligible change placed in the
wider context of NOx emissions decreasing by about 3% per year
in recent years.16 Aside from the reality that blending hydrogen
initially in small amounts is likely an economic necessity to
facilitate a later full transition to hydrogen, a potential upside
reduction of NOx up to 15% makes this a reasonable rst step.

Fig. 1d shows the same hydrogen addition for high load
applications comes with higher risk in terms of NOx, with
a possible 27% increase in emissions in the worst-case scenario
for only a 10 e% fuel share. This is higher than the worst-case
arge diesel engines for different H2D fuel compositions. (a) 0–30% low
to datasets in Table 1. Themedian dataset is presented as a red dashed
s for 0–30% load (d) worst (grey), mean (orange) and best-case (blue)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 NOx emissions from combustion of H2D dual fuel of compo-
sition 40 e% hydrogen, for engine loads 10–40%. Raw data for the
engine with EGR (blue) is taken from dataset 4 (see Table 1). Raw data
for the engine without EGR (orange) is taken from dataset 5 (see
Table 1).
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scenario of 40 e% hydrogen at low load. The potential reward in
emissions reduction is also much smaller, at just 7.5%. This
analysis suggests that H2D combustion in large diesel engines
would be best used in applications which have lower average
loading. This would include a range of NRMM typically used on
construction sites, such as excavators and dumpers. Hydrogen
energy shares should be low at rst, until NOx emission factors
could be evaluated in the practice in the eld. Using H2D in
electrical generators, which operate at higher loads for longer
periods of time, appears more likely to lead to increase in NOx

when compared to current pure diesel engine emissions.
Whilst there is a clear difference in results for high and low

load cases, the limited database should be kept in mind.
Additionally, we have linked load to application by reported
average engine load. In reality, especially for mobile engine
applications, the engine will run at a wide range of loads
depending on driving conditions/power demands.

The effect of age/era of the test engine as a contributing
factor to the wide range of NOx emissions reported has been
considered. Newer engines are designed to be compliant with
more stringent NOx regulations, hence older engines in the
analysis are likely to have produced more NOx because of their
design. Although the above meta-analysis uses relative NOx

emissions, it is likely the effects of hydrogen fraction change
depending on engine era due to different engine designs. Since
production year is not available for most of the engines in the
literature, it is not clear how important this consideration is. All
literature used has been published in the last 13 years. NRMM
tend to have long working lifetimes, so it is plausible that some
older engines might be retrotted to accommodate hydrogen,
particularly large stationary installations such as diesel farms.
Hydrogen fuel and engine idling

Engine idling is oen characterised by elevated exhaust emis-
sions, including for NOx.47,59,62 Dataset 6 (Table 1) is the only
study to explicitly consider NOx emissions with hydrogen
addition under idling conditions. A 7% decrease in NOx emis-
sions was reported as hydrogen fraction was increased to
1.2 vol%. The only other literature was based on a marine diesel
engine, with a similar effect reported.63 Results from a two-year
study of NRMM in real-world operating conditions on
a construction site suggested that, on average, 45% of plant
time is spent idling.60 This is much higher than for road
transport and a lack of regulations to reduce idling of NRMM
make air quality emissions a serious consideration in cities.64

Desouza et al. found exhaust treatment technology ineffective
during idling60 since exhaust systems oen rely on heat from
the engine to maintain catalyst temperature. The data from
Jhang et al. suggested adding hydrogen could be an alternative
method to reducing NOx emissions under idling conditions.
Whilst more data at higher hydrogen fractions and from
different engines would be necessary to conrm this, there is no
evidence suggesting hydrogen addition would increase idle
emissions. This potential reduction in idling NOx emissions
from hydrogen addition further supports the case for H2D use
targeted at low average load applications.
© 2022 The Author(s). Published by the Royal Society of Chemistry
Exhaust gas recirculation

EGR is a method commonly used in modern diesel engines to
reduce NOx emissions by reducing combustion temperatures
and the oxygen content of intake air.65 It has the potential to
reduce NOx from H2D combustion to facilitate its use in high
load applications such as generators. The studies by Liew et al.
on NOx from H2D provide the best quantitative comparison of
diesel engines with and without EGR, since other experimental
conditions are consistent across studies. Fig. 2 presents analysis
of datasets 4 and 5, of relative NOx from H2D containing 40 e%
hydrogen compared to pure diesel combustion. There appears
to be no clear, predictable trend for how relative NOx is inu-
enced by EGR at different loads. Relative NOx is considerably
lower when EGR is present at 10 and 70% loads, but this is not
the case for intermediate loads. At 15 and 20% loads, relative
NOx emission more than doubled and EGR had no effect on
relative NOx at 50% load. Both the presence of hydrogen and
engine load alter exhaust gas composition, which is likely to be
a factor.

Whilst the data at 70% load suggest EGR could reduce NOx,
and thus support a case for H2D use in high load applications,
two studies is a very limited evidence base. In addition, studies
have found that for engines running on H2D, EGR reduces
engine efficiency and increases PM emissions.37,46 H2D in low
average load applications is still recommended as the low-regret
option of hydrogen combustion in large diesel engines. Fig. 2
suggests that EGR may not be necessary in these cases and may
in fact signicantly increase NOx emissions. Again, the limited
data available means this is not denitive.
5. Commercial review

When and how decarbonisation of large diesel engines will be
achieved relies largely on industry research and development of
new technologies and alternative fuels. The main commercial
organisations considering large diesel engine decarbonisation
Environ. Sci.: Atmos., 2022, 2, 852–866 | 859
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using hydrogen fuel at (time of writing) are summarised in
Table 2. Since these are business developments, the basic
commercial intentions are generally issued via investor
announcements or press releases, but rarely are any detailed
datasets provided. None of the manufacturers in Table 2 has
provided data on emissions in open-source formats, or via the
peer-reviewed literature.

JCB and Cummins

In the UK, JCB has been a leading proponent of decarbonisation
of construction machinery. Cummins, an American engine
manufacturer, have been developing heavy-duty H2-ICEs since
2021. Both companies produce a range of small electric
machines, such as forklis, dumpsters, and small trucks.66,78

However, they identify hydrogen as the solution for larger
NRMM and long-haul trucks, which require higher loads and
long work times. Their H2-ICE approach is to produce new
engines to run on 100% hydrogen, rather than converting
current engines for dual fuel use. Whilst this means
a completely new engine is required, it utilises existing engine
know-how and production facilities, and many of the power-
train components can be retained.72,74 Like other manufac-
turers,95,96 both companies report exploring HFCs for large
vehicles.67,75 For heavy-duty applications, the focus on H2-ICEs
has been more recent, with manufacturers identifying it as
the most cost-effective method for heavy-duty engine
decarbonisation.70,73

Dual fuel combustion

Several companies are now offering diesel engine retrots for
H2D dual fuel operation. Retrots are generally advertised for
heavy-duty road vehicles, but some companies suggest the
technology can be applied to other applications.88 Hydrogen
storage tanks are integrated such that space within the vehicle
is generally not reduced and the whole retrot adds modestly to
the vehicle weight.82,88 Whilst yielding an initial reduction in
CO2, these retrotted engines cannot support a nal 100%
transition to hydrogen. However, companies are aiming to
increase the amount of hydrogen their retrots can support.82,92

A downside to these retrots are the lead times, with one
company suggesting retrots to a new engine can take up to 6
months.88

Hydra, a Canadian company, introduced hydrogen to the
engine by manifold injection,82 similar to most of the research
literature in Table 1. They claim there is no loss in engine
performance, whilst tailpipe CO2 emissions from each vehicle
are reduced by up to 40%. Both the Canadian government and
Hydra have put in place incentives to encourage users to tran-
sition to dual fuel.82,97 Whether government incentives are best
targeted at HGVs or NRMM may depend in part on the relative
contribution each sector makes to emissions: HGVs contribute
a higher fraction of GHG emissions from transport in Canada
(38% in Canada, compared to 27% in UK) due to greater
mileage.98,99

Both HYDI and HyTech Power use on-board electrolysers
supplied with water to produce hydrogen which is injected into
© 2022 The Author(s). Published by the Royal Society of Chemistry
the air-fuel mixture prior to combustion.85,92On-board hydrogen
production has also been explored in the research literature,
both by electrolysis and steam-methane reforming.47,100–102

HYDI have reported an increase in power and improved fuel
efficiency.84 The system takes 4–8 hours to t and does not
require engine modication, since only a small energy share of
hydrogen is used.86
Exhaust emissions

Performance for NOx and PM emissions are commonly recognised
as key issues by manufacturers considering hydrogen fuelling.
Many claim a reduction in emissions compared to pure diesel
combustion, from either real-world or in-lab tests.87 Achieving
lower NOx emissions using aer-treatment technologies rather
than altering engine design, is reported widely.80,93 JCB reported
a 98% reduction in engine-out NOx emissions and no reduction in
performance for hydrogen fuel, as compared against a pure diesel
comparison with aer-treatment technology system.70 It is there-
fore possible that latest engineering innovation has overcome
some of the compromises between engine performance and tail-
pipe emissions. However, there is clearly a disconnection between
this level of manufacturer proposed reductions of NOx emissions
(in Table 2) and the conclusions that would be drawn from the
peer reviewed literature (earlier gures).

For dual fuel engines that run on a range of fuel composi-
tions, the amount of hydrogen can be varied. For example, New
Holland dual fuel tractors increase the hydrogen fraction at
lower loads.94 Results from the meta-analysis in this paper
indicated that, when considering NOx emissions, lower loads
are indeed more suited to dual fuels and higher hydrogen
fractions. Since technology exists to control the amount of
hydrogen added based on engine load, and this could make
dual fuel suitable for a range of applications. This may inevi-
tably add cost however to combustion retrots, which would
need to be weighed up against the benets from NOx emissions
reduction.
6. Conclusions and
recommendations

Hydrogen and H2D dual fuel combustion are potential solu-
tions for reducing greenhouse gases from diesel engines when
used in heavy-duty diesel applications. H2D dual fuel may
become an important short-term decarbonisation method as
part of a longer-term transition to pure hydrogen technologies.
Such an approach offers a relatively cost-effective way to reduce
fossil fuel reliance as it can largely be used in current diesel
engines, with minimal modication. Particular attention in this
review is paid to NOx from H2D combustion in large CI engines,
an air quality impact which does not arise from alternative
powertrains such as fuel cells and batteries.

Peer-reviewed studies of large CI engines run on H2D are
limited. The relationship between NOx emissions and hydrogen
fraction can difficult to discern due to experimental variation
across studies. It was clear, however, that engine load and the
application of EGR were key factors in affecting results. A range
Environ. Sci.: Atmos., 2022, 2, 852–866 | 861
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of possible outcomes for NOx were found, resulting from H2D
combustion of up to 40 e% hydrogen in large CI engines. A
meta-analysis was used to quantify the range of possible NOx

emissions resulting from H2D combustion, of up to 40 e%
hydrogen, in large CI engines. A range of possible outcomes for
NOx were found, from a small decrease to a large increase. The
median increase in NOx emissions from H2D (compared to
diesel) was smaller for low loads than high loads. Considering
the highest reported NOx emissions, H2D of 10 e% hydrogen
under high load was worse than 40 e% hydrogen under low
load. A quantitative comparison of similar engines with and
without EGR revealed no clear trend for NOx under different
loads. It is possible that EGR can reduce NOx at both very high
and very low loads, but there is not enough data to conrm this.
Without additional abatement/aertreatment technologies,
H2D would be best used in lower average load applications such
as excavators, dumpsters and cranes. It should be noted that
this conclusion is based on a relatively limited database, hence
we suggest that more research and testing should be conducted
to conrm this result.

EGR may be effective for reducing NOx at both very high and
very low loads when H2 is added, but there is not enough data to
have high condence in this conclusion. The impact of EGR is
likely to vary depending on the engine application, hence
choices around the use of H2D in a hydrogen economy should
be matched to specic end-uses. Similarly, the use of higher
hydrogen fuel fractions at idle may help reduce NOx from
construction machinery, a notable benet given these oen
occur in urban areas.

More data is needed on the effects of other aspects of engine
operation on NOx emissions, such as engine speed and
hydrogen injection method. This may help to separate indi-
vidual NOx contributions to gain a better understanding of the
relationship between engine operation, fuel composition and
NOx emissions. Additionally, conrmation through experiment
is needed to establish that engine load is the dominant factor
controlling NOx emissions fromH2D combustion in CI engines.

A follow on from this review would be the creation NOx

emission scenarios from the meta-analysis with studies
weighted according to the different engine designs likely to be
used in the UK (or any country looking to use H2D in heavy duty
engines). This could support the development of a rened ‘most
likely’ outcome for NOx emissions, which alongside real-world
testing, may help to determine whether hydrogen-specic NOx

standards and therefore additional aertreatment technologies
are required.103–105 A larger range of studies would be needed for
this analysis if uncertainties in projections were to be narrowed.

Both H2-ICE and H2D dual fuel retrots are being demon-
strated commercially, many of whom are also developing green
hydrogen production and supply routes. NOx emissions are
explicitly considered by manufacturers and are claimed to be
reduced either by internal or external measures. For example,
one dual fuel manufacturer used adaptive technology to reduce
hydrogen fraction as engine load increased. It was not clear
from public information sources whether this was to specically
limit NOx emissions, however it may well have had this bene-
cial effect. This showed that if the cost is reasonable,
862 | Environ. Sci.: Atmos., 2022, 2, 852–866
additional technology could be applied to actively control
hydrogen fraction based on engine load, and to minimise NOx

emissions.
Taking the evidence in this review the following ve recom-

mendations for policy consideration emerge:
1. H2D as a technology would be best used in lower average

load applications such as excavators, dumpsters and cranes if
avoidance of NOx emissions was a major consideration. The
scale of NOx benets is difficult to judge and would depend on
the sophistication of the aertreatment system supplied.
Replacement of diesel with H2D would however likely provide
more universal reductions in emissions of SO2 and PM
including in high load applications.

2. Technology could be applied to actively vary the hydrogen
fraction used based on engine load, such that NOx emissions
were minimised. Use of higher H2 fuel fractions during periods
of idle may help reduce NOx emissions, particularly in
construction applications. This would be a notable benet given
these engines are oen used in urban areas.

3. There is uncertainty about the impacts of EGR regimes
and their application in H2D dual fuel combustion engines. The
impact of EGR is likely to vary depending on the engine appli-
cation, and research is needed to understand how best to match
EGR with each end-use.

4. More evidence is needed to determine whether hydrogen
addition to diesel would benet NOx emissions under idle
conditions for a wider range of engine applications (beyond the
construction sector) and if used in combination with
abatement/aertreatment approaches.

5. The long-term trajectory for the use of hydrogen as a fuel
may be inuenced by an early adoption of H2D dual fuel in
sectors such as capacity market power generation, construction
and agricultural sectors. Moving later from H2D to H2-ICE,
rather than fuel cell power trains, would be an incremental
progression that would allow manufacturers to continue to
exploit past investments in ICE production facilities and exist-
ing technological know-how. Policy support for early adoption
of H2D may set a pathway that retains combustion appliances
for the longer-term, along with the need to manage their
possible NOx air quality impacts.

Conflicts of interest

There are no conicts of interest to declare.

Acknowledgements

ACL acknowledges nancial support from the NCAS National
Capability underpinning program of NERC. This was in part
supported by the Department for Business, Energy and Indus-
trial Strategy, through the now CS-N0W programme.

References

1 UK Government, The Climate Change Act, 2008, https://
www.legislation.gov.uk/ukpga/2008/27/contents, accessed
February 15, 2022.
© 2022 The Author(s). Published by the Royal Society of Chemistry

https://www.legislation.gov.uk/ukpga/2008/27/contents
https://www.legislation.gov.uk/ukpga/2008/27/contents
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ea00029f


Critical Review Environmental Science: Atmospheres

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
Ju

ly
 2

02
2.

 D
ow

nl
oa

de
d 

on
 7

/1
6/

20
25

 1
:4

5:
45

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
2 HM Government, Net Zero Strategy: Build Back Greener,
H.M.S.O., London, https://
assets.publishing.service.gov.uk/government/uploads/
system/uploads/attachment_data/le/1033990/net-zero-
strategy-beis.pdf, 2021.

3 BEIS, Impact Assessment for the sixth carbon budget,
BEIS012(F)21-CG, https://gat04-live-
1517c8a4486c41609369c68f30c8-aa81074.divio-media.org/
ler_public/5b/29/5b29215c-0702-402a-9f21-593c52951f95/
cd9102.pdf, 2021.

4 V. Martin, DUKES 2021 Chapter 5: Electricity, Department for
Business Energy and Industrial Strategy, https://www.gov.uk/
government/statistics/electricity-chapter-5-digest-of-
united-kingdom-energy-statistics-dukes, 2018.

5 C. Cunanan, M.-K. Tran, Y. Lee, S. Kwok, V. Leung and
M. Fowler, A Review of Heavy-Duty Vehicle Powertrain
Technologies: Diesel Engine Vehicles, Battery Electric
Vehicles, and Hydrogen Fuel Cell Electric Vehicles, Clean
Technol., 2021, 3, 474–489, DOI: 10.3390/
cleantechnol3020028.

6 C. Stark, M. Thompson, T. Andrew, G. Beasley, O. Bellamy,
P. Budden, C. Cole, J. Darke, E. Davies, D. Feliciano,
A. Gault, A. Goater, R. Hay, M. Hemsley, J. Hill, D. Joffe,
E. Kmietowicz, B. de Farais Letti, S. Livermore,
C. Mackenzie, R. Millar, C. Nemo, V. Scott, A. Scudo,
I. Thillaianathan and E. Vause, Net Zero The UK's
contribution to stopping global warming, Committee on
Climate Change, London, https://www.theccc.org.uk/
publication/net-zero-the-uks-contribution-to-stopping-
global-warming/, 2019.

7 I. Staffell, D. Scamman, A. Velazquez Abad, P. Balcombe,
P. E. Dodds, P. Ekins, N. Shah and K. R. Ward, The role of
hydrogen and fuel cells in the global energy system,
Energy Environ. Sci., 2019, 12, 463–491, DOI: 10.1039/
c8ee01157e.

8 A. Goater, R. Hay, J. Hill, C. Mackenzie, N. Wyatt,
S. Abraham, J. Barrett, O. Bellamy, K. Brown, S. Cooper,
J. Darke, S. John Harry, E. Kmietowicz, R. Millar, A. Scudo
and S. Taylor, Hydrogen in a low-carbon economy,
Committee on Climate Change, London, https://
www.theccc.org.uk/publication/hydrogen-in-a-low-carbon-
economy/, 2018.

9 UK Government, UK Hydrogen Strategy, Department for
Business Energy and Industrial Strategy, https://
www.gov.uk/government/publications/uk-hydrogen-
strategy, 2021.

10 UK Government, Decarbonising Transport: A Better, Greener
Britain, Department for Transport. https://www.gov.uk/
government/publications/transport-decarbonisation-plan,
2021.

11 P. E. Dodds and P. Ekins, A portfolio of powertrains for the
UK: An energy systems analysis, Int. J. Hydrogen Energy,
2014, 39, 13941–13953, DOI: 10.1016/
j.ijhydene.2014.06.128.

12 M. Brown, A. Murugan and S. Foster,Hydrogen Purity – Final
Report, Department for Business Energy and Industrial
© 2022 The Author(s). Published by the Royal Society of Chemistry
Strategy, 10123173-FINAL PURITY, Rev. 05,
Loughborough, https://www.hy4heat.info/reports. 2019.

13 A. C. Lewis, Optimising air quality co-benets in a hydrogen
economy: a case for hydrogen-specic standards for NOx

emissions, Environ. Sci.: Atmos., 2021, 1, 201–207, DOI:
10.1039/d1ea00037c.

14 UK Government,Hydrogen investor roadmap: leading the way
to net zero, Department for Business, Energy and Industrial
strategy, https://www.gov.uk/government/publications/
hydrogen-investor-roadmap-leading-the-way-to-net-zero,
2022.

15 D. Birchby, J. Stedman, S. Stephenson, J. Wareham and
C. Williams, Air Quality damage cost update 2020,
Department for Business Energy and Industrial Strategy,
Ricardo/ED12633/Issue Number 1.0, https://uk-
air.defra.gov.uk/assets/documents/reports/cat09/
2007031424_Damage_cost_update_2020_FINAL.pdf, 2020.

16 NAEI, National Atmospheric Emissions Inventory, https://
naei.beis.gov.uk/data/, accessed January 31, 2022.

17 Department for Environment Food and Rural Affairs,
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, accessed January 31, 2022.

18 R. Hotten, Volkswagen: The scandal explained, https://
www.bbc.co.uk/news/business-34324772, accessed
February 1, 2022.

19 UK Government, Heat and Buildings Strategy, Department
for Business Energy and Industrial Strategy, https://
www.gov.uk/government/publications/heat-and-buildings-
strategy, 2021.

20 R. Derwent, P. Simmonds, S. O'Doherty, A. Manning,
W. Collins and D. Stevenson, Global environmental
impacts of the hydrogen economy, Int. J. Nucl. Hydrogen
Prod. Appl., 2006, 1, 57–67, DOI: 10.1504/
ijnhpa.2006.009869.

21 R. Howarth and M. Jacobson, How green is blue hydrogen?,
Energy Sci. Eng., 2021, 9, 1676–1682, DOI: 10.1002/ese3.956.

22 M. G. Schultz, T. Diehl, G. P. Brasseur and W. Zittel, Air
Pollution and Climate-Forcing Impacts of a Global
Hydrogen Economy, Science, 2003, 302, 624–627, DOI:
10.1126/science.1089527.

23 P. E. Allen and G. P. Hammond, Bioenergy utilization for
a low carbon future in the UK: the evaluation of some
alternative scenarios and projections, BMC Energy, 2019,
1(3), 1–24, DOI: 10.1186/s42500-019-0002-9.

24 UK Government, UK Bioenergy Strategy, Department for
Energy and Climate Change, https://www.gov.uk/
government/publications/uk-bioenergy-strategy, 2012.

25 J. Cooper, A. Hawkes and P. Balcombe, Life cycle
environmental impacts of natural gas drivetrains used in
UK road freighting and impacts to UK emission targets,
Sci. Total Environ., 2019, 674, 483–493, DOI: 10.1016/
j.scitotenv.2019.04.091.

26 M. Ilbas, I. Yilmaz, T. N. Veziroglu and Y. Kaplan, Hydrogen
as a burner fuel: Modelling of hydrogen-hydrocarbon
composite fuel combustion and NOx formation in a small
Environ. Sci.: Atmos., 2022, 2, 852–866 | 863

https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1033990/net-zero-strategy-beis.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1033990/net-zero-strategy-beis.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1033990/net-zero-strategy-beis.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1033990/net-zero-strategy-beis.pdf
https://gat04-live-1517c8a4486c41609369c68f30c8-aa81074.divio-media.org/filer_public/5b/29/5b29215c-0702-402a-9f21-593c52951f95/cd9102.pdf
https://gat04-live-1517c8a4486c41609369c68f30c8-aa81074.divio-media.org/filer_public/5b/29/5b29215c-0702-402a-9f21-593c52951f95/cd9102.pdf
https://gat04-live-1517c8a4486c41609369c68f30c8-aa81074.divio-media.org/filer_public/5b/29/5b29215c-0702-402a-9f21-593c52951f95/cd9102.pdf
https://gat04-live-1517c8a4486c41609369c68f30c8-aa81074.divio-media.org/filer_public/5b/29/5b29215c-0702-402a-9f21-593c52951f95/cd9102.pdf
https://www.gov.uk/government/statistics/electricity-chapter-5-digest-of-united-kingdom-energy-statistics-dukes
https://www.gov.uk/government/statistics/electricity-chapter-5-digest-of-united-kingdom-energy-statistics-dukes
https://www.gov.uk/government/statistics/electricity-chapter-5-digest-of-united-kingdom-energy-statistics-dukes
https://doi.org/10.3390/cleantechnol3020028
https://doi.org/10.3390/cleantechnol3020028
https://www.theccc.org.uk/publication/net-zero-the-uks-contribution-to-stopping-global-warming/
https://www.theccc.org.uk/publication/net-zero-the-uks-contribution-to-stopping-global-warming/
https://www.theccc.org.uk/publication/net-zero-the-uks-contribution-to-stopping-global-warming/
https://doi.org/10.1039/c8ee01157e
https://doi.org/10.1039/c8ee01157e
https://www.theccc.org.uk/publication/hydrogen-in-a-low-carbon-economy/
https://www.theccc.org.uk/publication/hydrogen-in-a-low-carbon-economy/
https://www.theccc.org.uk/publication/hydrogen-in-a-low-carbon-economy/
https://www.gov.uk/government/publications/uk-hydrogen-strategy
https://www.gov.uk/government/publications/uk-hydrogen-strategy
https://www.gov.uk/government/publications/uk-hydrogen-strategy
https://www.gov.uk/government/publications/transport-decarbonisation-plan
https://www.gov.uk/government/publications/transport-decarbonisation-plan
https://doi.org/10.1016/j.ijhydene.2014.06.128
https://doi.org/10.1016/j.ijhydene.2014.06.128
https://www.hy4heat.info/reports
https://doi.org/10.1039/d1ea00037c
https://www.gov.uk/government/publications/hydrogen-investor-roadmap-leading-the-way-to-net-zero
https://www.gov.uk/government/publications/hydrogen-investor-roadmap-leading-the-way-to-net-zero
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://naei.beis.gov.uk/data/
https://naei.beis.gov.uk/data/
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/statistics/emissions-of-air-pollutants/emissions-of-air-pollutants-in-the-uk-nitrogen-oxides-nox
https://www.bbc.co.uk/news/business-34324772
https://www.bbc.co.uk/news/business-34324772
https://www.gov.uk/government/publications/heat-and-buildings-strategy
https://www.gov.uk/government/publications/heat-and-buildings-strategy
https://www.gov.uk/government/publications/heat-and-buildings-strategy
https://doi.org/10.1504/ijnhpa.2006.009869
https://doi.org/10.1504/ijnhpa.2006.009869
https://doi.org/10.1002/ese3.956
https://doi.org/10.1126/science.1089527
https://doi.org/10.1186/s42500-019-0002-9
https://www.gov.uk/government/publications/uk-bioenergy-strategy
https://www.gov.uk/government/publications/uk-bioenergy-strategy
https://doi.org/10.1016/j.scitotenv.2019.04.091
https://doi.org/10.1016/j.scitotenv.2019.04.091
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ea00029f


Environmental Science: Atmospheres Critical Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
Ju

ly
 2

02
2.

 D
ow

nl
oa

de
d 

on
 7

/1
6/

20
25

 1
:4

5:
45

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
burner, Int. J. Energy Res., 2005, 29, 973–990, DOI: 10.1002/
er.1104.

27 Y. B. Zel'dovich, The Oxidation of Nitrogen in Combustion
Explosions, Acta Physicochim. URSS, 1946, 1, 577–628, DOI:
10.1515/9781400862979.364.

28 L. Wang, D. Liu, Z. Yang, H. Li, L. Wei and Q. Li, Effect of H2

addition on combustion and exhaust emissions in a heavy-
duty diesel engine with EGR, Int. J. Hydrogen Energy, 2018,
43, 22658–22668, DOI: 10.1016/j.ijhydene.2018.10.104.

29 S. Szwaja and J. D. Naber, Performance characteristics of
a hydrogen fuelled S.I. engine using timed manifold
injection, Int. J. Hydrogen Energy, 2013, 38, 12489–12496,
DOI: 10.1016/j.ijhydene.2013.07.036.

30 D. Singh, K. A. Subramanian, M. Juneja, K. Singh, S. Singh,
R. Badola and N. Singh, Investigating the effect of fuel
cetane number, oxygen content, fuel density, and engine
operating variables on NOx emissions of a heavy duty
diesel engine, Environ. Prog. Sustainable Energy, 2017, 36,
214–221, DOI: 10.1002/ep.12439.

31 B. Mohan, W. Yang and S. K. Chou, Fuel injection strategies
for performance improvement and emissions reduction in
compression ignition engines – A review, Renewable
Sustainable Energy Rev., 2013, 28, 664–676, DOI: 10.1016/
j.rser.2013.08.051.

32 T. Dallmann, F. Posada and A. Bandivadekar, Costs of
Emission Reduction Technologies for Diesel Engines Used in
Non-Road Vehicles and Equipment, Working paper 2018-10,
International Council on Clean Transportation, https://
theicct.org/sites/default/les/publications/
Non_Road_Emission_Control_20180711.pdf, 2018.

33 V. Chintala and K. A. Subramanian, Hydrogen energy share
improvement along with NOx (oxides of nitrogen) emission
reduction in a hydrogen dual-fuel compression ignition
engine using water injection, Energy Convers. Manage.,
2014, 83, 249–259, DOI: 10.1016/j.enconman.2014.03.075.

34 J. B. Heywood, Internal Combustion Engine Fundamentals,
McGraw-Hill Education, 2nd edn, 2018.

35 S. Verhelst, R. Sierens and S. Verstraeten, A Critical Review
of Experimental Research on Hydrogen Fueled SI Engines,
J. Engines, 2006, 115, 264–274, DOI: 10.4271/2006-01-0430.

36 H. B. Mathur and L. M. Das, Performance characteristics of
a hydrogen fuelled S.I. engine using timed manifold
injection, Int. J. Hydrogen Energy, 1991, 16, 115–127, DOI:
10.1016/0360-3199(91)90038-K.

37 P. Dimitriou and T. Tsujimura, A review of hydrogen as
a compression ignition engine fuel, Int. J. Hydrogen
Energy, 2017, 42, 24470–24486, DOI: 10.1016/
j.ijhydene.2017.07.232.

38 S. M. Hosseini and R. Ahmadi, Performance and emissions
characteristics in the combustion of co-fuel diesel-
hydrogen in a heavy duty engine, Appl. Energy, 2017, 205,
911–925, DOI: 10.1016/j.apenergy.2017.08.044.

39 E. Tomita, N. Kawahara, Z. Piao, S. Fujita and
Y. Hamamoto, Hydrogen Combustion and exhaust
emissions ignited with diesel oil in a dual fuel engine,
SAE [Tech. Pap.], 2001, 2001-01-3502, DOI: 10.4271/2001-
01-3503.
864 | Environ. Sci.: Atmos., 2022, 2, 852–866
40 K. S. Varde and G. A. Frame, Hydrogen aspiration in a direct
injection type diesel engine-its effects on smoke and other
engine performance parameters, Int. J. Hydrogen Energy,
1983, 35, 4382–4398, DOI: 10.1016/0360-3199(83)90007-1.

41 N. Saravanan and G. Nagarajan, An experimental
investigation of hydrogen-enriched air induction in
a diesel engine system, Int. J. Hydrogen Energy, 2008, 33,
1769–1775, DOI: 10.1016/j.ijhydene.2007.12.065.
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