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emission targets create challenges for the development of 
combustion engines. It is believed that the risk of higher 
non-CO2 GHG emissions, such as methane (CH4), nitrous 
oxide (N2O) and hydrofluorocarbons, will increase without 
specific limitations in the future [2]. In addition to electric 
vehicles and fuel cells, carbon-free fuels also offer an oppor-
tunity to reduce CO2 emissions, particularly in heavy-duty 
applications. Renewable biofuels (methane, diesel, ethanol) 
may serve during an interim period before a move to fossil 
carbon-free fuels. Hydrogen (H2) is a clean fuel, forming 
only water in combustion. However, current commercial 
“grey” hydrogen is produced mostly from fossil natural gas 
by methane reforming. Green hydrogen, produced using 
green electricity (solar, wind, hydro and possibly nuclear), 
is a key target fuel, with carbon-free emissions in the whole 
energy production path [3]. This green hydrogen is the main 
focus for the future, with development, production and 

1  Introduction and Review

Population growth and global industrialisation have created 
a huge increase in energy consumption, accompanied by 
severe environmental issues, including fossil fuel depletion, 
pollution and increased content of greenhouse gases (GHG) 
[1]. The Paris agreement countries agreed to a reduction of 
50–52% in carbon dioxide (CO2) emissions by 2030, genera-
tion of carbon pollution-free electricity by 2035 and net zero 
GHG emissions by 2050. International low- or zero-GHG 
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Abstract
Heavy-duty and marine transport will continue to rely on robust, high energy–density, combustion engine technology. 
Sustainable fuels, fuel-flexible engines and stricter future emission standards all call for further development of catalytic 
aftertreatment systems (ATSs). This paper reviews progress and evaluates emission removal methods, based on syn-
thetic gas bench (SGB) experiments simulating characteristic lean and stoichiometric conditions in hydrogen, ammonia, 
methanol and methane engine exhaust gases. The oxidation reactivity of fuel compounds on tailored catalysts showed the 
following light-off temperatures (T50, °C) in lean conditions: hydrogen(140) < methanol(170) ~ CO < diesel-hydrocarbons, 
reference(180) < ammonia(250) < methane(380). NOx removal in mobile applications will be challenging, due to NOx lim-
its and varying fuel types/mixtures. Urea/NH3-SCR will remain the main NOx removal method, with an option of double 
SCR widening its temperature window. NOx storage catalysts based on metal oxides or zeolites, increased NOx removal 
at 100–200 °C by passive adsorption–desorption. NOx reduction by hydrogen (H2-SCR) showed NOx reduction of up to 
60–70% on platinum catalysts at 100–160 °C, before NH3-SCR reactions at higher temperatures. Selective ammonia slip 
catalysts (ASCs) were effective to cut NH3 emissions. High selectivity to N2 with low N2O formation was challenging 
with H2-SCR and ASC. Three-way catalysts, applied with stoichiometric hydrogen combustion, were operating below 
200 °C. More efficient catalytic methods for methane and N2O removal are required to improve the feasibility of methane 
and ammonia as future fuels. Integration of different properties in the same units is essential to minimise ATS volume and 
costs. The flexible use of green fuels requires flexible ATSs too.
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investments aimed at achieving worldwide carbon freedom 
during 2030–2060s.

Currently, there is growing interest in ammonia (NH3) 
as an energy-dense hydrogen carrier. Easy storage and 
transport in compressed liquid form make it an attractive 
zero-carbon alternative for marine applications [4] (Fig. 1). 
Ammonia is a volumetrically efficient hydrogen carrier in 
comparison to any hybrids, hydrazine or hydrogen, which 
require low temperatures to be packed into practical vol-
umes [5]. Ammonia is conventionally produced from fossil 
fuels and air, using the Haber–Bosch process [6]. This tech-
nology is well known, and ammonia has been widely used 
as a raw material, for example, in fertiliser, which has had a 
key role in food production capacity for the fast population 
growth during the last 60 years [6]. The raw materials for 
green ammonia production are green hydrogen and green 
nitrogen, which is separated from air. Therefore, in a green 
shift, ammonia production needs to be sufficiently large and 
economically viable to accommodate the needs of both food 
and energy sectors. The first ammonia-fuelled locomotive 
engine was introduced in 1822, followed by limited auto-
motive implementations at the turn of the century [4]. For 
combustion enhancement, it is possible to convert ammonia 

back to hydrogen on cracking catalysts, where ruthenium 
(Ru) was the most active metal among Ru, Rh, Pt, Pd, Ni, 
and Fe supported on carbon and metal oxides [7].

Synthetic hydrocarbon and alcohol fuels (e-methane, 
e-hydrocarbons/diesel, e-methanol,) produced in green 
ways by carbon capture, together with hydrogen, form a 
flexible route for future combustion and emission control 
(Fig. 2). However, the current research and development is 
very wide, seeking the optimal solutions for technology, raw 
material sources and economics for varying applications. 
Most of the fuels intended to replace fossil fuels are still 
more expensive to produce, their volumetric energy density 
is low, or their safe use is challenging.

Methanol (MeOH) and methane (CH4) are C1 fuels, and 
they are simpler and cheaper to manufacture than heavier 
green HCs (e.g. e-diesel). They are also well-matched to 
diesel engine combustion and marine applications, where 
commercial lean-burn engine technology has already been 
introduced. Alcohols and biomethane also have been pre-
pared from recycled biological wastes with low net CO2 
emissions. Bioethanol has been used successfully in auto-
motive gasoline blends (E5, E85) and applications, notably 
in Brasil since the 1990s. Methanol (MeOH) has a suf-
ficiently high energy density (liquid) and an existing opti-
mised production process with a high production capacity 
[9]. Replacing diesel oils with MeOH is reported to lead 
to cuts in NOx emissions of 5–50%, depending on engine 
load, mainly due to lower combustion temperature [9]. Of 
course, the ultimate fossil-free fuel will be e-methanol pro-
duced by CO2 hydrogenation, using H2 (green electricity) 
and CO2 (green carbon capture), replacing natural gas and 
coal-derived synthesis gas, which are still today the main 
raw material in synthesis [10]. The production of e-ethanol 
(EtOH) is possible by similar routes as for MeOH. The use 
of synthetic, low-C oxygenated hydrocarbons results also in 
very low PM (particulate matter—soot) and polyaromatic 
hydrocarbon (PAH) emissions. Alcohol, aldehyde and car-
bon acid emissions can be purified efficiently by oxidation 
catalysts [11].

Methane (CH4) is the first, obvious C1 e-hydrocarbon by 
chemistry when prepared by catalytic methanation process 
(Sabatier reaction: CO2 + 4 H2 ↔ CH4 + 2 H2O) and based on 
green CO2 and H2 [12, 13]. On-board methanation of CO2 in 
vehicle exhaust gases is proposed technology to reduce CO2 
emissions, even though this is practically quite challenging. 
Methane has a greenhouse gas (GHG) factor 25 higher than 
CO2, so its emissions are also limited separately in addi-
tion to total hydrocarbon (THC) emissions [14]. Methane 
(natural gas) has been applied alone or in fuel combinations 
(dual- or bi-fuel) in both stoichiometric and lean combus-
tion. Any resultant NOx, CO, methane and often formal-
dehyde emissions, require active aftertreatment systems. 

Fig. 2  Utilisation of hydrogen for green fuels

 

Fig. 1  An estimation of energy sources in future transport applications 
(year 2050) [8]
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Large methane oxidation catalysts (MOC) with a high PtPd 
loading are necessary to activate methane oxidation in lean-
burn conditions at 400–500 °C [14].

The properties of alternative fuels vary because they are 
dependent on their original sources, production methods, 
combustion properties and emission formation (Table  1). 
Those properties are also important in fuel storage, trans-
port, combustion flexibility, thermal management, energy 
density and safety. Hydrogen, for example, has a very wide 
explosion range and high adiabatic combustion temperature 
in air, which might cause issues in safety and durability of 
components. The water content, calculated by comparable 
stoichiometric mixtures of fuels, is the maximum value, 
which will be diluted correspondingly by excess of air in 
lean mixtures (Table  1). However, the water content in 
exhaust gases will be still high, at 10–20%, after lean com-
bustion with hydrogen-rich fuels (H2, NH3, CH4), which is 
challenging for catalyst durability, for example. NOx for-
mation increases exponentially with the adiabatic flame 
temperature (stoichiometric air/fuel): this temperature will 
decrease in lean mixtures due to air dilution [15]. Fuels 
(alcohols, methane, e-diesel) composed of both hydrogen 
and carbon atoms have quite similar properties in combus-
tion and emissions and they match existing engine technol-
ogy. Due to ammonia´s fuel-N, the formation of N2O (a 
GHG) is usually much higher in ammonia combustion than 
with other fuels. Therefore, there are concerns with each 
studied fuel. The match of individual fuels in mixtures or 
when serving as alternative fuels in the same engines is part 
of a flexible fuel and combustion strategy.

Even if carbon-free fuels offer low particulate emis-
sions, new fuels on a large scale pose challenges not only 
for combustion but also for catalysed aftertreatment systems 
(ATS) used for emissions removal. Planned, future emission 
legislation after 2026 for on-road (Euro VII) and off-road 
(Stage 6) applications will include new specific limits. For 
example, Euro VII for on-road trucks includes limits for 
NH3 (60 mg/kWh), N2O (200 mg/kWh) and methane (500 
mg/kWh) in steady-state and transient test cycles. Euro VII 

limits are challenging for exhaust gases from lean engines 
with diesel but also with any other fuels and their mixtures. 
The base for new ATS development in mobile, on-wheels 
applications is conventional diesel ATS, which includes 
pre-oxicat (located before DPF + SCR, ~ DOC), DPF, SCR 
and post-oxicat (located after SCR, ~ ASC) to remove CO, 
hydrocarbons, NOx, PM and NH3 [19]. Efficient NH3-SCR 
catalysts (e.g. Cu-zeolite, like Cu on chabazite) with a NO2 
promotion have been a key solution for low-temperature 
performance since Euro VI level (2014). However, urea 
dosing, evaporation and hydrolysis limit active SCR use 
below 200  °C and so alternative methods have been pro-
posed for low-temperature NOx control.

The passive NOx adsorption (PNA) unit is designed to 
adsorb NOx below 200 °C. The NOx is desorbed naturally 
during warm-up phases in drive and then reduced down-
stream by NH3 on a warmed SCR catalyst or by lean NOx 
trap (LNT) [20–22]. Catalyst units can operate either pas-
sively (PNA, SCR) or actively (LNT with reduction peaks, 
NH3-SCR with urea dosing) [23, 24]. PNAs with precious 
group metals (PGM) like platinum (Pt) and palladium (Pd) 
as active metals have been based on metal oxides (Ce, La, 
Al) and zeolites (ZSM-5, Beta, CHA, Fer). The latest ver-
sions are confirmed to withstand high temperatures and 
SO2 in exhaust gases [25, 26]. In addition, simultaneous 
NOx and HC trapping can be applied for low temperature 
emission control [22]. Even if there are no heavy hydro-
carbons as precursors for PM in CH4, MeOH, H2 and NH3 
engines, the change of particulate number regulation from 
PN23 to PN10 (detection of particles larger than 10 nm) will 
be challenging, when there may be excessive formation of 
the smallest particulates coming from lubrication oil, sul-
phur oxides (SOx), urea or metals/ash. If they exceed PM/
PN limits, particulate emissions will be removed with wall-
flow or partial filters.

A high water content (up to 15–25% in lean burn) in 
H2 and NH3 engine exhaust gases is challenging, particu-
larly for zeolite-SCR catalysts, which are the mainstream 
NOx removal method for on-road and machinery diesel 

Table 1  The characteristics of common fuels: variables most related to evaluations of applications and emission control [16–18]
Property Ammonia Hydrogen Methane Methanol Ethanol Gasoline Diesel
Formula NH3 (l) H2 (l) CH4 (l) CH3OH (l) C2H5OH (l) CnH1.87n (l) CnH 1.8n (l)
Density (liquid), kg/m3 682 70 500 800 790 720–780 830–870
Boiling point, °C  ~ 33 − 255 − 161.5  ~ 65 78 33–190 180–370
Evaporation latent heat, kJ/kg 1370 446 511 1160 840 305 230–250
Low heating value, MJ/kg 18.8 120 50 50 47 44 42.6
Adiabatic flame temperature in air, °C 1800 2110 1963 1950 1965 1995  ~ 2000–2050
Energy density, MJ/L 11.5 4.8 9.7 16 21.3 32 35.2
Explosion limit in air, vol-% 15–28 4.7–75 5–15 6.7–36 3.3–19 0.6–8 0.6–5.5
A/F(stoich), kg/kg 6.1 34.1 17 6.4 9.0 14.5 14.5
Water in exhaust (sto), vol-%  ~ 28  ~ 34  ~ 19  ~ 23  ~ 18  ~ 12  ~ 12
sto stoichiometric
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Hydrogen combustion at stochiometric air/fuel ratios results 
in very high burnt gas temperatures, which are demanding 
for TWCs. Therefore, H2–CH4 or H2-gasoline blends have 
been considered in bi-fuel engines. Due to the small H2 
molecule as the single reductant (no CO or HCs), the reac-
tion mechanism is simpler than on gasoline-TWCs, but it is 
easier to have strong reducing reactions and form NH3 [38].

2 NO + 2 H2 → N2 + 2 H2O� (1)

2 NO + 5 H2 → 2 NH3 + 2 H2O� (2)

2 NO + H2 → N2O + H2O� (3)

Ammonia engines are challenged by higher NOx, NH3 and 
N2O emissions (→ fuel-N → fuel-NOx/–N2O) and combus-
tion temperatures are usually higher (thermal-NOx). NOx 
can be removed by conventional NH3-SCR, usually with 
vanadium-SCR catalysts in marine applications. However, 
possible higher engine-out NOx emissions in NH3 engines 
are challenging for SCR efficiency targets. Particulate mat-
ter emissions are so low that particulate filters are required 
to comply with PM limits only if diesel is a secondary fuel 
in combustion.

When the usual SCR catalysts (V, Cu, Fe) are very inert 
in ammonia oxidation up to high temperatures (> 500 °C), a 
small ammonia slip catalyst (ASC) can be added in the rear 
part of SCR catalysts to cut remaining NH3 after SCR, in 
NH3 engine applications too [39]. ASC design is focused on 
the high selectivity of NH3 to N2. Conventional oxidation 
catalysts have a poor selectivity and NOx and N2O are also 
formed, even with a low Pt(Pd) loading. Base metal or Pd-
only catalysts usually have insufficient activity and durabil-
ity [19]. Principal concepts will also differ in on-wheels and 
marine applications due to fuel variation, emission limits, 
driving conditions and the criticality of fuel cost.

Important reactions for NH3 removal in SCR-ASC 
systems:

4 NO + 4 NH3 + O2 → 4 N2 + 6 H2O Standard SCR� (4)

NO + 2 NH3 + NO2 → 2 N2 + 3 H2O Fast SCR� (5)

4 NH3 + 3 NO2 → 3.5 N2 + 6 H2O Slow NO2 − SCR� (6)

4 NH3 + 3 O2 → 2 N2 + 6 H2O NH3 oxidation to N2� (7)

4 NH3 + 5 O2 → 4 NO + 6 H2O NH3 oxidation to NO� (8)

2 NH3 + 2 O2 → N2O + 3 H2O NH3 oxidation by O2 to N2O� (9)

applications. Therefore, recent attention has switched to 
metal oxide-based SCR catalysts [3]. Sulphur-tolerant vana-
dium-SCR has been the principle deNOx method in marine 
applications. Other metal oxide catalysts (e.g. Fe, Mn, Cu, 
Ce) still have weaknesses in terms of thermal durability, 
chemical deactivation, limited NOx efficiency, and too-high 
NO2 dependency or selectivity (N2O), so they have not 
spread to wider commercial use. In addition to hydrother-
mal deactivation, a high water content also inhibits catalyst 
reactions.

Hydrogen (H2) is a planned fuel for both heavy- and 
medium-duty applications, where leaner combustion mix-
tures might result in low exhaust gas temperatures. Double-/
triple-deNOx systems (SCR + SCR, LNT + SCR, LNT + LNT, 
PNA + LNT + SCR) have been introduced to improve low-
temperature performance for NOx reduction in mobile die-
sel and hydrogen applications [27–30]. An SCR catalyst 
in passive use is a good ammonia buffer, promoting NOx 
conversion, enabling powerful enrichments through LNT 
and cutting ammonia emissions downstream. Within these 
concepts, twin-SCR (double-SCR) systems, together with 
thermal management, are the main proposed deNOx solu-
tion to reach low NOx emissions [30]. Twin-SCR and pas-
sive NOx storage catalysts (NSC) by adsorption–desorption 
resulted in increased NOx conversion in simulated hydrogen 
engine application at low temperatures (100–200 °C), when 
the efficient NOx removal above 200 °C was based on NH3-
SCR catalysts [31]. It is also possible to intensify the ATS 
and utilise the DPF volume for different coatings, like SCR 
or adsorption catalysts [32].

NOx reduction with hydrogen is an obvious, widely stud-
ied method, particularly for hydrogen engine applications, 
where H2 is available as an on-board reductant or reaction 
promoter. However, typical NOx conversion levels and 
selectivity to N2 in H2-SCR are not competitive with NH3-
SCR, which is the optimal solution to reach the required 
conversion rate of at least 90–95% with a reductant/NOx 
ratio of 1/1 and with a low amount of side products or slip 
(NH3, N2O). Although with limited efficiency, selectivity to 
N2 and higher H2/NOx requirements (→fuel economy), H2-
SCR on modified Pt and Pd catalysts was proven to create 
additional NOx conversion, particularly below 200 °C [33]. 
Many other metal oxide- or zeolite-based catalysts (Ni, Co, 
Cu, Rh and W as active metals) also have been investigated 
[34, 35] but the current study focuses on durable H2-SCR 
catalysts operating below 200–250 °C, where NH3-SCR is 
not efficient, or ammonia slip is a risk.

Stoichiometric combustion is feasible for hydrogen or 
hydrogen-containing fuel blends and multi-fuel engines 
[36]. Three-way catalysts (TWCs) have been used since the 
1970s, not only with λ-controlled, stoichiometric gasoline 
cars, but also with natural gas heavy-duty vehicles [37]. 
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titanium dioxide-tungsten oxide (TiO2–WOx); copper (Cu) 
on chabazite (CHA) zeolite; and iron (Fe) on beta zeolite.

The catalysts were coated at about 130–160 g/dm3 on 
cordierite or metallic supports (400/500 cells per in2 (cpsi), 
1 cpsi ~ 0.155 cells per cm2) and their compositions were 
selected and developed for studied conditions based on our 
wide experience in emission catalyst applications. The age-
ing was conducted in tubular reactors in hydrothermal (HT) 
(10% water in air for 20 h) or sulphur accumulation (25 ppm 
SO2 with water and air for 20 h at 400 °C) conditions age-
ing [43].

The activity of structured oxidation catalysts was evalu-
ated in a synthetic gas bench (SGB) with metallic tubular 
reactors (diameter 14 mm) by simulated exhaust gases with 
relevant feed concentrations and space velocities (SV = flow 
rate/catalyst volume, mainly 50.000 h−1) (Table  2). The 
feed of simulated gas compositions was controlled by a 
mass flowmeter and came from bottle gases (5%NO/N2, 
5%NO2/N2, 5%NH3/N2, 5%H2/N2, 5%C3H6/N2, CH4, CO2, 
CO, air and N2). Water and diesel HCs, toluene/decane/
methanol/acetaldehyde, were injected by evaporators into 
the feed gases. Acetaldehyde, having the same functional 
group than formaldehyde, represented aldehydes in feed 
gases, when its injection control was easier into these SGB 
reactors [43]. Catalyst design experiments were made as a 
function of space velocity (SV) to confirm the required vol-
ume or active metal loadings for applications. NOx adsorp-
tion capacity was detected at 120 °C by the step exchange 
method in the presence of 100/250 ppm NO and 6% water 
and adsorption strength by proceeding desorption (no O2, 
6% water) in a heating ramp [44]. The NSCs were pre-
treated before measurements, using oxidising feed gas (13% 
O2, 6% H2O in N2) at 500 °C/5 min. The activity of SCR 

2 NH3 + 2NO2 → N2O + N2
+ 3 H2O NH3oxidation by NO2toN2O

� (10)

Catalytic N2O decomposition and reduction (deN2O) is 
receiving more attention again due to the growing interest 
in NH3 engines, even if catalytic N2O removal, such as by 
Fe-zeolites, has been already widely investigated during the 
last decades [40–42].

The current study first reviewed and then investigated 
aftertreatment systems, methods and challenges for emis-
sions removal with hydrogen, ammonia, methanol and 
methane engine exhaust gases. The investigations used 
small-scale laboratory experiments to find durable catalytic 
methods, mainly for NOx removal, for future carbon-free 
applications.

2  Materials and Methods

The small-scale, proprietary catalyst samples were pre-
pared and activity-tested in the Dinex catalyst R&D Cen-
tre laboratory. Palladium (Pd) and platinum (Pt) were used 
as active metals in oxidation catalysts (Pt, Pd, PtPd (4:1) 
as 10–60 g/cft (grams per cubic foot, 0.35–2.12 g/dm3) 
on DOC and H2-SCR catalysts; in MOCs (PtPd (1:4) as 
100–200 g/cft (3.5–7.0 g/dm3) and in NOx storage catalysts 
(NSCs) as about 30 g/cft (1.06 g/dm3). Three-way catalysts 
(TWCs) contained Pt, Pd and rhodium (Rh) on aluminium 
oxide (Al2O3)-based supports and were promoted with 
thermal stabilisers zirconium (Zr) and lanthanum (La) and 
ceria-based oxygen storage capacity (OSC) materials. The 
catalysts in the SCR experiments were vanadium (V) on 

Table 2  Feed gas mixtures in experimental simulations
Compound MeOH H2 lean H2 stoich CH4 lean ASC NH3-SCR Diesel
NO, ppm 300 150/250 500 500 0/100 600/1000 200
NO2, ppm – – – – – 0/400
NH3, ppm – 0/250 0 – 100 1000
CH4, ppm – – – 1500 – – –
Ethane, ppm – – – 300 – – –
Propane, ppm – – – 100 – – –
Propene, ppm – – – – – – 80
Toluene, ppm – – – – – – 15
Decane, ppm – – – – – – 15
Acetaldehyde (AA), ppm 300 – – 150 – – –
H2, ppm – 500/1000/3000 10000 – – – –
CO, ppm 1200 – – 1200 500 – 1500
Oxygen, % 12 13 0.22–1.02* 10 10 10 14
Water, % 10 10 15 8 10 10 6
CO2, % 10 – – 7.5 – – 6
Nitrogen Bal Bal Bal Bal Bal Bal Bal
SV**, h−1 50.000 50.000 50.000 50.000 100.000 50.000 30.000
*No oscillation or ± 0.22%, 1 Hz, ** Space velocity varying in reaction studies
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aftertreatment required since CO/HC/PM removal is not 
needed [3]. The use of urea-SCR below 180–200  °C is 
not practically possible, so passive NOx storage catalysts 
(NSCs) have been proposed as a solution. Typical pas-
sive NSCs have a peak NOx adsorption capacity at around 
100–120  °C and then decreasing capacity and desorption 
as a function of increasing temperature. The match of NOx 
adsorption capacity with different NH3-SCR catalysts’ oper-
ation windows by temperatures was compared to optimise 
the ATS design (Fig. 3).

The Cu-SCR catalyst (zeolite) shows good low-tem-
perature activity and stability at high temperatures. These 
properties are not affected by the NO2 concentration. These 
characteristics make the Cu-SCR catalyst suitable for appli-
cations combining NSC and NH3-SCR, a common choice 
in mobile diesel and NG lean applications. However, long-
term hydrothermal stability of zeolite catalysts with high 
H2O content (> 15%) remains a question for fuels with 
very high hydrogen content. This requires further studies of 
materials and conditions.

The Fe-SCR (zeolite) requires high NO2 concentrations 
to reach suitable NOx conversion efficiencies (above 80%) 
with temperatures below 250 °C (Fig. 3). Although the cata-
lyst has good activity at high temperatures, its hydrother-
mal stability might be limited in the presence of a high H2O 
content. V-SCR (TiO2-WOx-based catalyst) has similar low-
temperature characteristics as Fe-SCR. Its catalyst activa-
tion below 250 °C requires at least 20% NO2 of NOx to be 
utilised for NSCs or in CC-SCR (close-coupled SCR) appli-
cations. However, V-SCR is much more robust in terms of 
SOx poisoning and should tolerate substantially higher water 
concentrations compared to zeolites. On the downsides, the 
thermal durability of V catalysts is limited to a maximum of 
600 °C and low-temperature activity requires improvement 
for NSC + SCR applications in cold conditions.

The investigated NSCs for low temperatures were based 
on mixed metal oxides (MMO, Ce- based) and durable zeo-
lites (chabazite) with palladium (Pd). Adsorption capacity 
was higher with fresh Pt-MMOs, but Pd-zeolites are known 
to have a higher thermal durability [26]. After HT700/20h 
and sulphation ageing, the investigated Pd-zeolites had kept 
the initial fresh NOx adsorption capacity, whereas Pt-MMO 
had lost a substantial part of its capacity (no results shown). 
However, there was a greater focus on MMO adsorbents in 
this study due to low SO2 and high water concentrations in 
H2 engine exhaust gases. The high water content in hydro-
gen applications will require further durability research for 
zeolite-NSCs.

Building on the initial results shown in Fig. 3, an after-
treatment system consisting of Pt-NSC (70 g/cft), Pt-DOC 
(25 g/cft) and V-SCR catalyst was proposed. Pt-DOC 
promoted NO2 formation, resulting in an improved low 

catalysts and ASC was investigated by steady-state experi-
ments at 150–550 °C in a quartz reactor, heated by an infra-
red furnace [14, 45]. The inlet concentration in the standard 
SCR mixtures was stoichiometric by NH3/NOx = 1:1 with 
1000 ppm NOx (NO only or NO2:NO = 40:60) and a space 
velocity (SV) of 50,000 h−1. The inlet NH3 concentration in 
ammonia removal experiments was 100 ppm in the absence 
or presence of NO. The gas compositions in three separate 
reactors, applied for different applications, were analysed 
with Fourier transform infrared spectroscopy (FTIR) using 
either a Gasmet CR 2000 or MKS Multigas 2030, equipped 
with heated (180 °C) sampling lines, which prevent ammo-
nia adsorption and condensations, for example. The vary-
ing combinatory catalyst systems were always tested in the 
single reactor equipped with a single FTIR analyser to find 
out their activity and selectivity in investigated reactions.

3  Results and Discussion

3.1  Aftertreatment System for Hydrogen Engine 
Emissions

3.1.1  Co-operation of NOx Storage Catalyst and NH3-SCR to 
Promote NOx Removal at Low Temperatures

Exhaust gas temperatures after lean hydrogen combustion 
have been reported to be below 200 °C for longer time in 
transient driving conditions, and NOx removal is the only 

Fig. 3  NOx conversion of Cu-, Fe- and V-SCR catalysts (140 g/L) as 
HT-aged and relative NOx adsorption capacity of fresh NSCs (~ 30 g/
cft Pt). SV over SCR: 50,000 h−1, ceramic catalysts (400 cpsi)
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H2 injection was simulated by increasing the H2 concentra-
tion from 1000 to 3000 ppm (H2/NO = 20) and the maximum 
NOx conversion was then over 65% at 105 °C. This higher 
H2 concentration corresponds to an increase in hydrogen 
fuel consumption of roughly 5–10%. The increasing water 
content in the feed gas had slight inhibiting effects on reac-
tion initiation (no data shown). A lower O2 concentration 
(13 → 5%, lower λ) clearly promoted H2-SCR reactions, 
with the peak NOx conversion rising from 68 to 91%. The 
main experiments were done in a very lean feed (13% O2) 
but it was seen that H2-SCR will be more efficient if using 
lower λ values in the light-off phases. The studied H2-SCR 
catalyst (HSCR1) was also a good H2 and NO oxidation 
catalyst. Therefore, H2-SCR and hydrogen/NO oxidation 
catalyst properties were fully integrated on this catalyst. 
The formed NO2 is useful in promoting NH3-SCR reactions 
downstream.

The principal differences between Pt and Pd on the 
HSCR2 catalyst were seen in the temperature operation 
window and by N2O and NO2 formation (Fig. 6). The Pd 
catalyst has a higher kinetic barrier to activate H2 for NOx 
reduction, so its NOx reduction window was shifted up to 
220–400 °C. N2O and NO2 formation was negligible on the 
Pd catalyst, but the operation window of NH3-SCR cata-
lysts covers the same temperature window with a lower total 
fuel penalty (fuel, plus urea as fuel equivalent). Therefore, 
there are no practical utilisation opportunities for Pd/HSCR 
catalysts, and poison tolerance is known to be significantly 
poorer with Pd than with Pt. However, oxidation catalysts 
in many emission applications are often composed of both 
Pt and Pd in zoned or layered structures, designed to cover 
required properties and in multi-fuel applications (H2, die-
sel, CH4, alcohols). Pd is required in conjunction of Pt for 
better oxidation of saturated hydrocarbons (CH4), promote 
DPF regeneration, improve thermal durability in Pt-rich 
catalysts or limit NO2/N2O formation.

The combined NOx conversion was simulated by two 
separate experimental results with 20 g/cft Pt-HSCR1 and 
V-SCR2 (Fig.  7). H2-SCR was active at 100–170 °C and 
NH3-SCR above 170 °C. Both reactions were overlapping 
at around 150 °C, but useful activity of NH3-SCR opera-
tion will be limited at over 170–200 °C in practical terms. 
Due to a high NO2 formation in this Pt catalyst, NH3-SCR 
performance on V-SCR2 was promoted, already achieving 
high NOx conversion at 200 °C. Furthermore, this V-SCR2 
did not show excessive ammonia oxidation at high tempera-
tures, maintaining high NOx efficiency up to 500 °C. Even if 
H2-SCR is aimed to be applied only in a narrow temperature 
range, the N2O formation on Pt catalysts and the fuel pen-
alty remain as drawbacks.

temperature SCR performance. The results are based on 
a single catalyst (V-SCR1) or combinations of catalysts 
(NSC + DOC, NSC + DOC + V-SCR1) located inside the test 
reactor and NOx conversions are based on FTIR analysis in 
each separate experiment. Ammonia for SCR was injected 
after DOC to detect the NOx conversion performance of 
these combinations (NOx trapping + NH3-SCR) during a 
heating ramp (Fig. 4).

The V-SCR1 was developed for low-temperature per-
formance, so had a high NH3 oxidation property with the 
feed NH3/NOx = 1 above 400 °C. In a real NH3-SCR sys-
tem calibration, that drop can be adjusted near to 100% by 
increasing NH3/NOx ratios, even up to 1.5 above 400 °C. 
A NSC promotion was detected at 100–200 °C, before the 
NH3-SCR reaction initiated. A larger NSC volume (20 → 
40 mm) was required to increase NOx conversion from 30 
to 60% with and without V-SCR1 in that transient condition 
around 130–150 °C. This concept is efficient during contin-
uous heating and cooling periods (adsorption–desorption) 
but the total NOx adsorption capacity limits practical use 
during long low-temperature periods.

3.1.2  NOx Reduction with H2-SCR in Lean Conditions

We focused our studies on stable, low temperature H2-SCR 
catalysis to find supporting concepts for NH3-SCR. Noble 
metal catalysts have shown higher activities at low tempera-
tures and therefore stable alumina-based Pt and Pd catalysts 
were selected for these studies.

The normal hydrogen concentrations (1000 ppm) in lean 
H2 engine exhaust gas promoted NOx conversions on a 
Pt catalyst only up to a maximum of 20% at 100–150 °C 
(Fig. 5). The H2 to NOx ratio in the feed was about 7. In 
addition, the selectivity to N2O of converted NOx was very 
high (> 50%) in that low-temperature range. The additional 

Fig.  4  NOx conversion during a heating ramp (5 °C/min) with 
NSC + DOC + V-SCR1, NSC + DOC and V-SCR1 with varying cata-
lyst lengths (ceramic 400 cpsi, SGB feed gas: 250ppm NO, 500ppm 
H2, 13% O2, 10% H2O, bal. N2, 50.000 h−1, 250 ppm NH3 before SCR)
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related to hydrogen consumption. The usual alumina-based 
oxidation catalysts are known to be well able to withstand 
water, but higher water concentrations (15–25%) in the gas 
stream will add inhibition and slightly increase light-off 
temperatures (T50, when 50% conversion) in oxidation reac-
tions [46]. Of course, water is also the reaction product in 
complete hydrogen oxidation. Additionally, the catalyst vol-
ume and Pt(Pd) loading should be high enough to reach H2 
conversions of over 90% at 200–300 °C. Possible higher H2 
emissions, and their consequences in engine start-up phases 
below 200 °C, will require further application-related stud-
ies. Additionally, hydrogen often will be a secondary fuel, 
together with, for example, diesel, CH4, NH3 or alcohols. 

3.1.3  Hydrogen Oxidation Activity in Lean Mixtures

Hydrogen is very reactive in the presence of excess of 
oxygen. The light-off temperature (T50) of hydrogen was 
about 130 °C with 50,000 h−1 and 160 °C with 100,000 h−1 
(Fig. 8). This was measured for both the fresh and mildly-
aged HT500/20h oxidation catalyst, with a low-Pt loading 
(10 g/cft). In the case of H2-SCR, NOx storage or NO oxi-
dation catalysts, the Pt(Pd) loading usually will be higher 
(20–50 g/cft), giving improved H2 oxidation activity at low 
temperatures (~ 100–120 °C with 50,000 h−1). This can 
be indirectly concluded by results seen in earlier sections 
(Figs. 4 and 5), where NOx reduction at low temperatures is 

Fig. 6  NOx conversion and N2O/NO2 formation in H2-SCR in simulated lean hydrogen engine exhaust gas with fresh Pt and Pd (both 20 g/cft) on 
HSCR2 (ceramic 400 cpsi, feed H2 lean—13% O2, 50,000 h−1)

 

Fig. 5  NOx conversion and N2O/NO2 formation in H2-SCR in simulated lean hydrogen engine exhaust gas on fresh 20 g/cft Pt/HSCR1 (ceramic 
400 cpsi, feed H2 lean—13% O2, 50,000 h−1)
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3.1.4  NOx Reduction by Hydrogen on Three-Way Catalysts 
in Stoichiometric Conditions

As discussed in the introduction, a three-way catalyst (TWC) 
requires stochiometric conditions, which in the context of 
H2 combustion, yields excessive exhaust gas temperatures. 
Thermally durable, alumina-based PtRh and PdRh catalysts 
were examined for this application, both as fresh and air-
aged (1000  °C/5h) (Fig.  9). The investigation focused on 
NOx conversion efficiency and side product emissions of 
NH3 and N2O under mixture conditions characteristic of 
λ-controlled spark-ignited engines (air–fuel ratio oscillating 
with 1Hz frequency around stoichiometry).

The NOx light-off temperature (T50) was about 175–180 
°C with all three heavily air-aged TWCs. T50 was as low as 
100 °C for the fresh catalysts. Noble metal loading (PtRh 
or PdRh) of 30 g/cft (1.06 g/dm3) was sufficient: a PdRh 
loading of 150 g/cft (NG-TWC to activate CH4) did not 
show much promotion. NOx conversions were dropping as 
a function of temperature with this feed composition, due 
to excessive hydrogen oxidation above 350 °C. It was pos-
sible to increase NOx conversion over 90% at high temper-
atures, but then NH3 formation would increase. The same 
drop also was seen on fresh TWCs (results not shown). 
However, PtRh and PdRh showed quite different selectiv-
ity to NH3 or N2O with that mean, oscillating O2 concen-
tration (0.48 ± 0.22%, 1 Hz) in light-off experiments. NH3 
formation showed a sharp, very high peak of 60% at 250 
°C on aged PtRh catalysts (fresh 36%) and clearly λ was 
rich enough in the feed gas to form ammonia. However, that 
low temperature range with higher NH3 relates only to short 
drive and TWC start-up periods, which will have a negli-
gible cumulative effect on NH3 emissions in overall driv-
ing conditions or test cycles. Conversely, NH3 was no more 
than 5–10% on both PdRh catalysts at 150–350 °C. In fact, 
formation of both NH3 and N2O was lower on PtRh than on 
PdRh catalysts in normal driving conditions on the warm 

Future studies are planned to investigate the consequential 
co-reactions.

Fig. 9  NOx conversion and NH3/N2O formation in λ oscillating, stoi-
chiometric hydrogen engine exhaust gas conditions by light-off experi-
ments (10 °C/min) with aged (Air 1050 °C/3h) 30 g/cft PtRh(5:1)/

TWC1, 30 g/cft PdRh(5:1)/TWC2 and 150 g/cft PdRh (16:1)/TWC3 
(ceramic 400 cpsi, feed H2 STOICH, O2 (0.48 ± 0.22)%, 50,000 h−1)
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Fig. 8  H2 conversion on Pt oxidation catalyst in simulated lean hydro-
gen engine exhaust gas by space velocity (h−1) (ceramic 400 cpsi, 10 
g/cft Pt, feed H2 lean—13% O2)

 

Fig. 7  Combined NOx conversion with Pt/HSCR1 + V-SCR2 (ceramic 
400 cpsi, feeds: H2 lean and SCR 40% NO2, 50,000 h−1)
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3.2  Oxidation Catalysts for Methanol, Methane and 
Aldehyde Removal

When considering engines running on methanol and meth-
ane, unburned hydrocarbons or alcohols are a particular 
concern from the perspective of toxicity (MeOH) or GHG 
effect (CH4). Additionally, flame quenching can cause par-
tial oxidation, resulting in large quantities of CO and alde-
hyde emissions. Similar NH3-SCR catalysts as used for NOx 
reduction in diesel applications also will be applied, with 
tailored SCR system calibrations, for methanol and meth-
ane engine applications. CO and MeOH are very reactive 
and are oxidised at quite low temperatures (Fig. 11). Alde-
hyde conversions, represented by acetaldehyde in feed, had 
a similar temperature dependence as MeOH and CO, but 
higher space velocity (SV) dependency. Hydrothermal age-
ing (at 700 °C) did not majorly affect the light-off tempera-
tures, implying thermal stability of Pt-rich catalysts, as in 
DOC applications.

Oxidation of methane is known to be challenging, due 
to its high molecular stability. It has been oxidised in lean 
conditions on a dedicated MOC. Even with high PtPd (1:4) 
loadings of up to 100–300 g/cft, high light-off temperatures 
like 360–400°C with SV of 50,000 h−1 are a normal activity 
level (Fig. 12). Note that the feed gas in these experiments 
also contains ethane (C2H6) and propane (C3H8), which are 
the next inert saturated HCs after methane and are pres-
ent in natural gas. FTIR analysis showed their T50 was as 
low as 300–350 °C. In addition, MOCs are very sensitive 
to even low SO2 concentrations, originating from lubrica-
tion oil [43, 52, 53]. MOCs require periodic regeneration 
by desulphation, in low-O2 and high-HC conditions above 
550 °C for 10 min, for example. These Pd-rich MOCs are 
very active for CO and aldehyde oxidation, with light-off 
temperatures of around 200 °C also as sulphated with 25 
ppm SO2 for 20h. Much lower loadings, like 30–50 g/cft, 
and Pt-rich, smaller (e.g. 100,000 h−1) oxidation catalysts 

TWC (> 400–500 °C). Mean exhaust gas temperatures will 
be higher with hydrogen (high heating value) than in usual 
gasoline and natural gas stoichiometric combustion. Where 
there is no diluting air to decrease them, the maximum tem-
peratures relate to the heating value of each fuel type and are 
reached in combustion and exhaust gas lines. In summary, 
even heavily thermally aged TWCs were working at lower 
temperatures (> 200 °C) than with gasoline engines (> 250 
°C). High theoretical water content (34%) after stoichio-
metric combustion in cooling exhaust gases causes a con-
densation issue. This is difficult to control, and so H2 often 
has been used as a secondary fuel with methane, ammonia, 
diesel or other fuels [47–50].

The effect of λ oscillation (perturbation) on NOx per-
formance was evaluated only with PtRh- TWC catalysts 
(Fig.  10). As is known, the shape of NOx conversion 
and reductant oxidations is very sharp without perturba-
tion enabled by feedback λ control [51]. NOx conversion 
remained near to 100% up to 0.42% O2, and then dropped 
sharply at 400 °C. NH3 formation was also higher without 
perturbation on the rich side, and dropped sharply after 
0.32% O2. No H2 analysis was conducted during these TWC 
experiments, but it was apparent when the lack of hydro-
gen started to limit lean operation, and how much hydrogen 
was consumed to NOx reduction and NH3 formation on the 
rich side. Conversely, λ perturbation was able to maintain 
a wider operation window by oxygen concentration near 
stoichiometric conditions, which gives more freedom for 
control. PtRh-TWC was able to maintain higher NOx con-
version than Pd-TWC, with or without perturbation. High-
PdRh (150 g/cft) was slightly better at 400 °C than PdRh 
with 30 g/cft on the rich side, but no promotion was seen 
on the lean side. However, the Pd/Rh ratio was also slightly 
different in these TWCs.

Fig.  10  NOx conversion and NH3/N2O formation with oscillating 
(osc), stoichiometric hydrogen engine exhaust gas in λ window experi-
ments at 400 °C with aged (air 1050 °C/3h) 30 g/cft PtRh(5:1)/TWC1, 

30 g/cft PdRh(5:1)/TWC2 and 150 g/cft PdRh (16:1)/TWC3 (ceramic 
400 cpsi, feed H2 stoich, O2 0.48 ± 0.22% by 1 Hz, 50,000 h−1)
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stoichiometric calibration is not an economic solution for 
larger engines such as marine applications.

3.3  Ammonia and Nitrous Oxide Removal in 
Ammonia Engine Applications

Ammonia is as reactive on catalysts as, for example, CO or 
light unsaturated hydrocarbons, but selectivity in ammonia 
oxidation is challenging, because it must prevent reactions 
to NO, NO2 or N2O (Fig. 13). The ammonia oxidation cata-
lyst (AMOX) is planned to convert selectively NH3 to N2 
without the assistance of a SCR catalyst. Located after the 
SCR catalyst, the ASC has the task of oxidising the remain-
ing NH3 selectively to N2.

Layered Pt/metal oxide (bottom) and SCR catalyst (top) 
structures have given the best selectivity as ASCs [39] 
(Fig. 14). A low Pt loading, like 1–3 g/cft (~ 0.03–0.11 g/
dm3) in a thin bottom layer, together with a thick SCR coat-
ing layer, was applied to reach target selectivity. Pore diffu-
sion through the top SCR layer was purposely designed to 
limit the access of NH3 to Pt sites. A small catalyst volume, 
with high SV, was also used to limit excessive oxidation 
activity. A high ammonia adsorption (NH3*) capacity and 
strength in the top layer promote the SCR reaction paths. 
Part of the NH3 remains adsorbed on the SCR catalyst sur-
face and reacts with NO molecules formed in the bottom 
layer. This, of course, is challenging at high temperatures, 
where the NH3 adsorption capacity on SCR catalysts is 
physically low. In addition, NH3 adsorption on a large SCR 

are sufficiently active if focusing only on CO and aldehyde 
removal in methane applications.

Stoichiometric combustion of natural gas (→ e-CH4 in 
future) has been very popular in medium- sized on-road 
engines in trucks, where the ATS consists only of a TWC. 
Methane light-off temperature was reported to be, depend-
ing on ageing temperature, around 300–400 °C (TWC, 200 
g/cft (~ 7.1 g/dm3) PdRh, 50,000 h−1) [46]. In addition, 
there are no or low sulphur deactivation issues in stoichio-
metric exhaust gas conditions. A heterogenous lean-rich 
engine calibration has been proposed to solve challenges 
(Pd state and sulphation) with lean NG engines or catalyst 
performance [46, 54]. Higher fuel consumption means that 

Fig. 12  Methane, CO and aldehyde conversions on PtPd (1:4)-MOC 
in simulated lean CH4 exhaust gas (ceramic 400 cpsi, feed: 1500 ppm 
CH4, 300 ppm C2H6, 100 ppm C3H8, 150 ppm acetaldehyde (AA), 500 
ppm NO, 50,000 h−1)

 

Fig. 11  Methanol, acetaldehyde and CO conversion on PtPd (4:1) oxidation catalyst in simulated lean MeOH engine exhaust gas with SV of 
50,000 and 150,000 h−1 (ceramic 400 cpsi, feed MeOH– 1200 ppm MeOH, 300 ppm acetaldehyde (AA))
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ppm in Table 3) in exhaust gas. SV can be assumed to be 
low (~ 10,000 h−1) in low-speed, cold drive conditions. The 
buffering time will be shorter if the NH3 concentration or 
SV is higher. The buffering time was about 4.5 times longer 
on Cu-zeolite in comparison to a V-titanium SCR catalyst 
with 150 g/L coating. However, V-SCR catalysts are mainly 
extruded, particularly in marine applications, the first exam-
ples of ammonia engines. The total catalyst amount is about 
three times higher (~ 450 g/L) in an extruded V-SCR than 
in the usual coated catalysts. In that case, the volumetric 
buffering reserve of extruded V-SCR catalysts will be near 
to that of coated zeolite SCR catalysts.

There is a catalytic method of handling ammonia emis-
sions if they are continuously too high to manage only with 
SCR + ASC. From NH3-only or NH3-rich exhaust gas, it cre-
ates an appropriate feed with a NH3/NOx ~ 1 for the NH3-
SCR catalyst [55]. NH3 is partly oxidised on an AMOX 
(e.g., a PtPd oxidation catalyst) to NOx, which reacts with 
by-passed gaseous or adsorbed NH3 in the SCR catalyst 
unit (Fig. 16). After AMOC it was installed three-zone SCR 
catalysts (Fe-zeolite + V/TiO2-WO3 + Fe-zeolite), where the 
larger V-SCR unit acts as a good base SCR catalyst and the 
Fe-SCR units are good in high-temperature (> 400 °C) SCR, 
NO2-promoted SCR and N2O decomposition. NO, NO2, N2 
and N2O are formed on the AMOX. The by-pass of the oxi-
dation catalyst had to be high (> 90% of its frontal face area) 
to avoid excessive NOx and N2O formation. The by-pass in 
these experiments was passive, controlled by fluid dynam-
ics in honeycomb structures (coated and uncoated parts), 
but valves are an alternative means of by-pass control.

Many different types of AMOX and SCR catalysts were 
investigated, either alone or in combinations, in these experi-
ments [55]. However, the AMOX by-pass concept described 
above was the only one to achieve a wide operating win-
dow for N2 formation and minimal unreacted NH3, formed 
NOx and N2O (Fig. 17). Its NH3 light-off temperature (T50) 
was below 200 °C; N2 formation 63–88%; maximum N2O 
formation 5%; maximum NO formation 8%; and NO2 for-
mation was 4% at 200–500 °C. However, NOx formation 
was negligible (< 2%) below 400 °C. The best operating 

catalyst (volume ratio: SCR/ASC ~ 5–10) upstream also 
has a buffering effect during NH3 engine cold-start periods, 
before the NH3 slip from engine starts to pass through the 
complete SCR + ASC system.

In real exhaust gas, as seen by the Cu-SCR catalyst results 
(Fig. 3), NOx started to react more with NH3 on the surface 
or in the gas phase above 150 °C. Remaining NH3 after 
the SCR unit is oxidised efficiently by the ASC. Related 
results were presented in our earlier studies for SCR + ASC 
concepts [39]. However, when the Pt loading and the ASC 
volume are both low, to keep a high selectivity to N2, the 
NH3 light-off temperature (T50) on a fresh ASC varied in the 
range of 150–300 °C, depending on SV (Fig. 15). A two-
layer CuSCR + Pt was even more efficient in NH3 oxidation 
(steady state) than the pure oxidation catalyst with the same 
low loading of 2 g/cft. In addition, the use of that Pt oxida-
tion catalyst alone results in harmful high selectivity to NOx 
and N2O formation (maxima of 34% and 64% respectively). 
Pt is known to be a strong dissociation catalyst for NO and 
NH3 compounds, which is the preceding reaction in N2O 
formation mechanism (N + NO → N2O) [38].

Cu-CHA zeolite catalysts have a higher ammonia adsorp-
tion capacity and stability than Fe-Beta zeolite or particu-
larly TiO2-based V-SCR catalysts [23]. The buffering effect 
of ammonia adsorption was approximately evaluated by 
the adsorption capacity at 200 °C, which is near to SCR 
reaction initiation, and the ammonia concentration (500 

Fig. 14  NH3 removal and reactions of nitrogen species in the two-layer 
ASC structure

 

Fig. 13  Critical conditions, reactions, ATS and AMOX in ammonia engine applications
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window, with 94–97% N2 formation, was detected at around 
370–450 °C. At 350 °C, the NH3 light-off temperature of the 
reference catalyst (Fe + V + Fe SCR) with a good selectivity 
was too high for practical applications.

4  Conclusions

There are various challenges for engine emission removal in 
the future. In parallel to the move from fossil fuels (GHG) 
to green fuels and energy, future emission standards for 
conventional harmful pollutants will increase the pressure 
to further develop catalytic aftertreatment systems (ATS). 
Furthermore, specific emission limits will be set also for 
N2O, NH3, CH4, aldehydes and smaller particles (PN10). All 
light-duty applications like cars soon will be electric, but 
full electric solutions are not universally possible in heavy-
duty applications. Therefore, green electricity-based fuels 
like e-H2, e-NH3, e-methanol, e-CH4 or heavier e-hydro-
carbons (Ci, i ≥ 2) are under wide international development 
and evaluation. This paper has evaluated potential cata-
lytic aftertreatment systems for these new fuel candidates, 

Table 3  Ammonia adsorption capacity [23, 45] at 200 °C and resulting 
maximum buffering time with fresh, stabilised Cu-CHA, Fe-Beta and 
V-TiO2-WO3 catalysts (SV 10,000 h−1, NH3 adsorbed on SCR catalyst 
with a coating amount of 150 g/L)
SCR catalyst NH3 ads capacity mg/g 

coating
Buffering 
time (s) if 
500 ppm 
NH3

Cu-CHA 12.1 114
Fe-Beta 5.5 52
V-TiO2-WOx 2.6 25/75*
*extruded V-SCR with 450 g/L catalyst material

Fe-zeolite
SCR + deN2O

By-pass Mixing 
space

N2

AMOX (e.g. PtPd)

NH3
V-SCR
catalyst

NH3

NH3

NO, NO2
N2, N2O

Fig.  16  Purification of ammonia-rich exhaust gases by forming an 
SCR feed gas composition

 

Fig.  15  NH3 conversion and N2O/NOx formation by space velocity 
(h−1) on fresh ASC (two-layer CuPt-ASC with Pt bottom layer), Pt 
oxidation catalyst (Oxicat) and SCR catalysts (Cu, V, Fe- no Pt) in 

ASC feed with 100 ppm NH3 only (all) and NH3 + NO (only for Cu-
SCR) (2 g/cft (0.07 g/dm3) Pt when present)
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The oxidation reactivity of fuel compounds on optimised 
catalyst compositions in lean conditions without harm-
ful side reactions (e.g. N2O) was as follows, in order of 
their light-off temperature (T50, °C): H2 (140) < methanol 
(170) ~ CO < diesel-hydrocarbons (180) < NH3 (250) < CH4 
(380). NOx removal in lean mobile applications will be still 
most challenging for ATSs in future (Euro VII/Stage 6 and 
beyond), due to very strict emission limits, cold exhaust 
gases and varying fuel types/mixtures. Urea/NH3-SCR will 
remain as the main NOx removal method, and the double 
SCR is a solution to cover a wide temperature window. Pas-
sive NOx adsorbents, H2-SCR, ASC, NH3 adsorption and 
oxidation catalysts, as well as thermal management, are 
methods to assist NH3-SCR. Integration and intensification 
of different catalytic properties in the same units is neces-
sary to save ATS volume and cost. A lower sulphur content 
in new fuels will help maintain high catalyst durability, but 
the high water content (15–25% with H2, NH3, and CH4) 
will require additional deactivation/inhibition studies and 
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