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Abbreviations 

ASC  ammonia slip catalyst 

BC  black carbon 

CCU/S  carbon capture and utilisation/storage 

CH4  methane 

CI  compression ignition 

CO  carbon monoxide 

CO2  carbon dioxide 

comp.  compressed 

DAC  direct air capture 

DF  dual fuel 

DPF  diesel particulate filter 

EATS  exhaust aftertreatment system 

ECA  emission control areas  

EN  European norm 

ESP  electrostatic precipitator 

EtOH  ethanol 

EU  European Union 

GHG  greenhouse gas 

GWP  global warming potential 

HAP  hazardous air pollutant 

H2  hydrogen 

H2O  water/steam 

HC  hydrocarbon 

HCCI  homogeneous charge compression ignition 

HCHO  formaldehyde 

HFO  heavy fuel oil 

HVO  hydrotreated vegetable oil 

IMO  International Maritime Organisation 

ISO  International Organisation for Standardisation 

liq.  liquefied 

LCA  life cycle assessment 

LNG  liquefied natural gas 
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MeOH  methanol 

MGO  marine gas oil 

MJ  megajoule 

MOC  methane oxidation catalyst 

MW  megawatt 

N2O  laughing gas / nitrous oxide 

NH3  ammonia 

nm  nanometre 

NO2  nitrogen dioxide 

NOX  nitrogen oxides 

NMHC  non-methane hydrocarbons 

NRMM  non-road mobile machinery 

PM  particle mass 

PN  particle number 

RWGS  reverse water gas shift 

SCR  selective catalytic reduction 

SMR  steam methane reforming 

SOX  sulphur oxides 

UCO  used cooking oil 

ULEV  ultra-low emission vessel 

ULSD  ultra-low sulphur diesel 

US EPA United States Environmental Protection Agency 

VOC  volatile organic compound 
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Executive summary 

Considering the variety of large engine applications in marine, stationary power generation and rail, 

it is improbable there is a single fuel as solution for all use cases. Thus, from an emission control 

perspective, a large variety of specific gaseous pollutant challenges exist in parallel. Additionally, 

particulate emissions including ultrafine particles will persist for many of the alternative fuels, albeit 

with different compositions and in lower quantities. The respective pollutant emissions from 

alternative fuels are presented and their abatement technology options outlined, supporting a 

transition to alternative fuels which would not only ensure reduced climate impact but also 

improved air quality. 

1 Introduction 

Efforts to transition the large engine industry away from fossil fuels are accelerating, with various 

future zero or low greenhouse gas (GHG) impact alternative fuel options being favoured depending 

on the applications. There is no “clear winner” among the potential alternative fuels: hydrogen (H2), 

ammonia (NH3), methanol (MeOH), methane (CH4) or other non-fossil liquid diesel fuel substitutes 

are all under consideration – it is likely they will all find their applications and will all be required to 

meet the global targets. The origin of the fuel carbon molecules should be either biological or 

synthesized from biosphere sources (e.g. atmospheric CO2) using renewable energy to avoid a 

shift from consuming direct fossil energy to their indirect use. However, carbon capturing 

technology must be mentioned as an exception to enable the continued use of fossil primary 

energy sources, provided the fossil carbon balance can be closed. Cost-benefit comparisons of the 

different carbon source options should also be part of the overall selection process. Please refer to 

the previously published WG5 guideline on carbon capture utilisation/storage (CCU/S) for further 

details. [1]  

In terms of specific pollutant emissions, each of the above fuels comes with intrinsic challenges 

and potentials. The injection and ignition technologies utilized for their combustion largely 

determine the emission profile, becoming the starting point for any exhaust emission control 

technology. Other main factors are the future emission limits on global, transnational, national or 

regional levels that define the goal to be reached. Moving from start to finish line, there are specific 

obstacles for the various fuels in discussion and, hence, different paths one can take, each with 

peculiarities along the way.  

In this contribution, the characteristics of different alternative fuels and combustion concepts in 

terms of emission control possibilities and restrictions are introduced. Many of the statements 

remain general in their nature, as exhaust gas conditions and compositions are not yet fully 

understood for all scenarios. However, considering today’s technology and where significant 

challenges remain, some conclusions of available solutions can already be made. This is due to 

the experience in niche applications in which emission control technology has already been 

combined with alternative fuels because ambitions for outperforming legal clean air requirements 

exist. There are also many ongoing research activities exploring various future engine setups far 

from today’s fuel system solutions which also disclose exhaust gas composition. The optimum 

arrangement of dedicated engine and exhaust gas aftertreatment components dealing with all 

potential pollutants is also an important topic due to the possible interactions. 

Most likely, one will continue to see no single fuel being the solution for all large engine 

applications and the application use cases, thus, from an emission control technology view a large 
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variety of specific gaseous pollutant challenges exist in parallel. Additionally, particulate emissions 

including ultrafine particles will persist for many alternative fuels, even if different in composition 

and concentrations.  

Exhaust emission control as well as engine development will see more varieties than in past 

decades. Interaction and collaboration between all large engine industry members and other 

technology providers will become even more crucial and CIMAC can play a key role in this 

process. 

2 Alternative fuels 

2.1 Fuel properties 

Until a few years ago the wide application range for large engines was clearly dominated by a few 

fuel types, even on a global level: while residual fuel oil, such as heavy fuel oil (HFO) or diesel 

distillate fuel, such as marine gas oil (MGO) was covering the majority of mobile applications, 

stationary power generation also worked with natural gas. The uptake of liquefied natural gas 

(LNG) in mobile large engine applications in recent years only marked the starting point of a much 

larger fuel diversity likely to be experienced still within this decade after half a century of stability. 

This fuel variety is driven mainly by the ambition to cause less climate impact and pollutant 

emissions rather than cost optimisation. The fuels currently considered to be most promising for 

this purpose are hydrogen (H2), ammonia (NH3), methanol (MeOH), methane (CH4) or non-fossil 

paraffinic liquid direct substitutes for diesel fuel (“drop-in diesel”). Being essentially chemically 

stored chemical energy to be utilized by an energy converter such as a large internal combustion 

engine, one of the most important parameters for these fuels are the energy storage density 

(gravimetric and volumetric) and any special storage requirements. Table 1 lists these key 

properties of the mentioned alternative fuels and the fossil fuels. 

 

Table 1. Energy densities as lower heating values of alternative and fossil fuels with respective 

storage conditions. [2] 

 Energy density 

[MJ/kg] 

Energy density 

[MJ/l] 

Storage pressure [bar] @ temperature [°C] 

Residual fuel oil [liq.] ~38 ~35 ambient @ ambient 

Diesel distillate [liq.] ~43 ~38 ambient @ ambient 

LNG [liq.] ~50 ~21 ambient @ -163°C 

Hydrogen [comp.] 120.0 4.5 700 bar @ ambient 

Hydrogen [liq.] 120.0 8.5 ambient @ -253°C 

Ammonia [liq.] 18.6 11.5 9 bar @ ambient 

   ambient @ -33°C 

Methanol [liq.] 19.9 15.6 ambient @ ambient 

Methane [liq.] 50.0 21.1 ambient @ -163°C 

Drop-in diesel fuel [liq.] ~44 ~34 ambient @ ambient 

 



  

CIMAC Guideline alternative fuels emission control, 2025-10 (1st edition) Page 7 

As expected, the drop-in replacement for distillate diesel and methane for LNG are very similar in 

energy density and require identical storage conditions. The major difference in the table exists 

between the gaseous and liquid fuels, with the gaseous ones requiring elevated pressure or sub-

ambient temperatures for dense storage as a liquid. NH3 as a polar molecule already starts to 

liquefy under moderate pressure or cooling in comparison to both H2 and CH4. Consequently, the 

observed energy density considering the tank volume of the pressure vessel or insulation in 

addition to the contained fuel will be increasingly affected for the latter two fuels. Moreover, the 

impact of the tank insulation and pressure vessel containment on the effective total energy density 

is dependent on the tank size and shape, increasing with higher surface to volume ratio, so the 

fuel’s tank will have a strong impact on the total effective energy density, particularly for 

applications requiring small quantities of stored energy. In contrast, independent of fuel type and 

energy amount, tanks for fuels that are liquid under ambient conditions have only a minor impact 

on the observed total energy density for typical large engine applications. 

 

The choice of alternative fuel will depend on several factors, including fuel properties, cost, 

availability and engine application. Therefore, no single fuel is currently seen as the solution for all 

large engine applications and all their use cases. 

2.2 Fuel production 

In terms of how the fuels are produced today and how they might be produced in the future, the 

chemical relationship of the candidate fuels becomes apparent. As a detailed discussion of the 

production pathways for alternative fuels is beyond the scope of this paper, only a brief summary is 

provided below due to the more extensive documents published by the CIMAC GHG strategy 

group. [3]  

Today, H2 is mainly produced by steam methane reforming (SMR) of natural gas, the other 

significant processes being reforming of naphtha or using coal – these three methods represent in 

total >96% of global H2 production. [4] In the SMR process, CH4 reacts with steam (H2O) to yield 

H2 and CO2 as a coupled product after the reverse water gas shift (RWGS) reaction. One option is 

to deploy the Haber-Bosch process continuing the reaction of H2 with N2 in order to yield NH3, 

which is one of the most applied chemical processes in the world. Alternatively, H2 can be 

combined with CO or CO2 creating MeOH, CH4 or even longer hydrocarbon chains yielding drop-in 

diesel fuel via the Fischer-Tropsch process. Figure 1 provides an overview of the different 

produced fuels and pathways. The production of synthetic CH4 is not industrially applied today due 

to natural gas being frequently utilized as H2 feedstock. Instead, MeOH is largely produced by the 

described route, though its use today is mostly as a chemical rather than as a fuel. [5] Synthetic 

paraffinic Fischer-Tropsch diesel from CO and H2 already has a long history, though it is only 

produced in large amounts during special political and economic circumstances and so far without 

the motivation to reduce net climate impact. [6] However, there are also biomass or waste derived 

paraffinic drop-in diesel fuels like HVO (hydrotreated vegetable oil) produced today. For their 

production, H2 is also required during the upgrading of the low value feedstock. Furthermore, fatty 

acid methyl ester (FAME) biofuel is produced today globally as well. Ethanol (EtOH) is also directly 

produced as bioalcohol from certain biomass like sugar cane, corn or other starch-containing 

crops, bypassing the synthetic route involving biogenic CO2 mentioned below. In general, 

sustainability of biofuels must be considered.  

In a lower CO2 footprint fuel production future, needing H2 as a core feedstock, such would either 

be produced by SMR from natural gas coupled with carbon capture and storage (CCS) to avoid 
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release of CO2 to the atmosphere (“blue H2”), or by electrolysis of water using zero CO2 footprint 

electricity (“green H2”). H2 and NH3, would not only be locally CO2 emission free, as they don’t 

contain any carbon atoms, but would also be over the full production chain without significant direct 

CO2 footprint. Production of synthetic MeOH and CH4 would  require CO2 for their synthesis in 

addition to H2. In the case of an incompletely closed cycle for CO2, this could be maintained via 

carbon capture during fuel combustion and returning it for a new fuel synthesis (carbon capture 

and utilisation = CCU). Alternatively, the CO2 could be previously captured from the atmosphere 

via biomass or direct air capture (DAC). However, CO2 captured from point sources which are not 

using synthetic- or biofuels, but using fossil fuels instead, ultimately add CO2 to the atmosphere. 

Drop-in paraffinic diesel fuel could be produced with low CO2 footprint already today in significant 

shares using biomass or used cooking oil (UCO), but these global feedstocks will be limited. Thus, 

like for synthetic CH4 or MeOH, one could follow the path of combining green or blue H2 with CO2 

derived from biomass or DAC to theoretically produce feedstock unlimited amounts of fuels which 

would work in existing fuel storage, supply infrastructure and combustion engines without any 

significant need for modifications or CCU/S retrofitting. 

2.3 Fuel safety 

Considering all these different synthetic fuels being produced like specific chemicals rather than as 

refined fossil hydrocarbon mixtures, one could also conduct the safety assessment, as is normally 

done with other chemicals. Again, the drop-in replacements paraffinic diesel and CH4 for diesel 

and LNG are very similar to their templates, being respectively a flammable and toxic liquid and a 

highly flammable but non-toxic gas. H2, like CH4, is also a highly flammable but non-toxic gas, 

while NH3 is considered flammable but also corrosive and toxic. Methanol is a flammable liquid 

with low flashpoint and toxic vapour. [7]  

It should be noted that flammability is not just dependent on one parameter but several, why the 

above description should be read as general note. The discussion of adequate safety provisions 

for handling and use in engines is mandatory when introducing any of the mentioned alternative 

fuels but outside the scope of this publication. Reference is made to (planned) publications from 

other CIMAC working groups. Also, marine classification societies have published guidance 

documents and rules about the handling of these alternative fuels. [8][9][10][11] The international 

maritime organisation (IMO) has published reference documents for MeOH and NH3, while for H2, 

this documentation is still under development. [12][13] 

3 Alternative fuel emissions 

3.1 Engine impact on emissions 

Moving from the stored energy in fuels to power which can be used for propulsion or electricity 

production, large internal combustion engines are efficient energy convertors with high reliability 

and high power density, even under adverse operating conditions and comparably little need for 

maintenance – all at a competitive price up to several tens of megawatts. However, to achieve all 

these advantages, the engines must be adapted to the fuels they are supposed to convert. Due to 

the wide range of fuel properties, an engine being able to burn all kinds of alternative fuels would 

likely come with too many concessions. When instead the operation is optimized for a certain kind 

of fuel some others might not be converted with equally high efficiency, if they could be used at all. 

The production, transport and storage of alternative fuels will be more expensive than for fossil 

fuels today. Further, several sectors have introduced regulatory measures to improve the energy 
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efficiency of engines. Thus, engine efficiency will be a key objective. Engines are generally limited 

to run on a single or at least very similar fuels to achieve their best efficiency. A safer fall-back 

option might still be desired similar to today’s liquid fuel oil mode for marine dual fuel (DF) engines. 

Typically, when an engine is optimized for a certain fuel, there are several hardware modifications 

involved besides the altered engine control parameter settings. Apart from the engine architecture 

itself, the hardware components having the biggest leverage on efficient fuel conversion are the 

fuel injection, the ignition and the turbocharging systems.  

For the fuel injection system one can generally distinguish between the direct fuel injection into the 

required compressed air for Diesel like combustion or an air and fuel premix formed due to earlier 

fuel admission in an Otto like process. In terms of ignition system, air-fuel mixtures may be ignited 

by a spark from an electric spark plug or other device, by a pilot fuel flame from specifically injected 

fuel or the fuel will self-ignite. The spark ignition may be direct and for the full amount of air-fuel mix 

or indirect by igniting only a part of the fuel or a dedicated air-fuel mixture with a spark in a 

prechamber and consequential full ignition of the main air-fuel mix. The latter principle is also to a 

certain degree employed in pilot fuel ignition systems, in which a small amount of self-igniting fuel 

initiates the combustion of the main air-fuel mix. While forced ignition concepts for premixed air-

fuel combinations can be summarized as Otto principles, the ignition of the injected fuel in 

compressed air is denoted as Diesel principle. For self-ignition, it relies on the spontaneous 

reaction of part of the injected fuel with the compressed and hot air in the combustion space at 

pressures and temperatures beyond the specific fuel autoignition parameters. [14] The different 

engine, injection and ignition concepts and principles all have their specific advantages and 

drawbacks; in terms of emission parameters, they can be very different even for the same fuel. 

Special combustion concepts currently not utilized for large engines, e.g. homogeneous charge 

compression ignition (HCCI) are not considered in this publication even though they could possibly 

be more relevant for alternative fuels. 

In general, different engine applications and operating profiles will favour different alternative fuels, 

as already observed today and in the past. For instance, stationary power generation for electric 

grid balancing with MW-sized engines may run exclusively on a gaseous fuel when supplied by 

pipeline as opposed to a large commercial vessel, which must maintain manoeuvrability even in 

case of gaseous fuel supply system issues. As fuel flexibility is conceivably compromising 

efficiency with a single well-defined fuel to some degree, even if the flexibility is limited to a back-

up mode, engines will only be as fuel agnostic as economically acceptable. Moving towards 

defined molecule type fuels which are describable by a chemical formula – rather than mixes of 

hydrocarbon compounds only similar in a physical property such as boiling point like today’s fuels – 

one can also expect much less fuel quality variations and, hence, more refined engine 

optimisations to push for maximum efficiency on these higher cost fuels.  

Where and which fuel will finally be the fuel of choice depends on many factors, possibly only the 

minor ones being technicalities related to the engine or even the emissions or aftertreatment 

systems. However, these are part of the picture as well and when considering all the possibilities of 

fuel choices, combustion processes and ignition concepts, already some general statements about 

the typical emission compounds and their relative severity can be made. 

In Figure 1 an overview of the expected exhaust emissions, splitting the different fuels by their 

production pathways and distinguishing between their combustion in different engine types and 

ignition concepts, is provided. Besides merely listing the typically expected exhaust components, 

an indication about the anticipated relative level of emissions is provided. 
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Figure 1. Overview of alternative fuels originating from hydrogen and their expected exhaust 

emissions, distinguishing between different engine types and ignition concepts. The emissions 

which are commonly considered to be in focus for each fuel and technology are highlighted (thick 

line frame). Carbon-containing fuels, also considering the pilot fuel for ignition of carbon-free fuels, 

produce CO2 as an emission. All presented fuels also yield H2O as combustion product, which is 

not listed.   
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■ NOX 

While NOX is formed for every single combination presented in Figure 1, independent of the fuel, 

combustion process or ignition concept, the order of magnitude will strongly vary. The explanation 

is that in all above cases a fuel is combusted at relatively high temperatures and pressures with 

excess air containing nitrogen (N2) and oxygen (O2), enabling the two gases to combine to form 

NOX. [15] Even though this process cannot be prevented completely, certain combustion concept 

choices as well as additional engine-based measures can significantly reduce NOX formation in 

relation to today’s reference situation. Generally, reduced flame front temperatures during the 

combustion, as experienced in premix combustion, reduces NOX formation. Both, fuel and 

combustion choice already have the potential to further decrease engine-out NOX emissions. NOX 

reduction by modifying the combustion process typically presents a trade-off with energy efficiency 

as reduced combustion temperature leads to higher fuel consumption. 

However, in addition, environmental ambitions have strengthened over the past years and future 

ambitions to further cut the emission of NOX are likely to remain, as NO2 (the atmospheric oxidation 

product of all exhaust NOX) is a strong factor in reducing local air quality, directly as an irritating 

gas or indirectly by being a key reactant in the photochemical smog chemistry, as well as 

eutrophication, which could lead to loss of biodiversity. To that end, NOX is one of the sources for 

acid rain and secondary nitrate particulate formation. [16]  

 

■ N2O 

Nitrous oxide (N2O) or more commonly known as laughing gas does not pose a safety risk or 

health issue for the anticipated concentrations, but as it constitutes a strong climate gas with a 

greenhouse gas warming potential of 265 times (as assumed in IMO’s LCA Guidelines) [25] the 

one of CO2 when considered over 100 years, already low concentrations are critical. [26] 

Concentrations at ppm levels can seriously endanger the idea of moving away from climate 

impacting fossil fuels to a climate friendly alternative. N2O is considered the third most important 

GHG, after CO2 and CH4. N2O has an atmospheric lifetime of 116 years and absorbs infrared 

radiation, trapping heat in the atmosphere.[17] It also plays an important role in stratospheric O3 

depletion through reaction with excited atomic oxygen. [18] 

 

■ Unburnt fuel – general 

For every fuel there are also unavoidable emissions of unburnt fuel, again, depending on the 

combustion type there are variations in terms of severity. While a reduced flame front temperature 

is beneficial for reducing NOX emissions, for complete combustion of the respective fuel it has the 

opposite trend. The different fuel gases also have different laminar flame speeds varying by almost 

two orders of magnitude from the slow burning NH3 (~7 cm/s) all the way to the fastest burning H2 

(~290 cm/s). [19] Across the different fuels, traces of unburnt fuel will have very different impacts 

due to the very different chemical nature. For the gaseous fuels which are also flammable or even 

highly flammable substances, there could be safety risks at high concentrations. At lower 

concentrations, there can be local impacts like toxicity for NH3, or global climate impact as for CH4 

or for H2.  
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■ Unburnt fuel – CH4 

CH4 is the second most important anthropogenic GHG apart from CO2 and according to sources 

accounts for around 20% of the man-made radiative warming effects since the preindustrial period. 

[17] It is also a chemical precursor to tropospheric ozone (O3) formation, consequently depleting air 

quality. [18]  

 

■ Unburnt fuel – H2 

In the current scientific literature, H2 is considered an indirect GHG. It reacts with hydroxyl radicals 

in the air, which in turn extends atmospheric lifetimes of primary GHGs like CH4, resulting in a 

higher global warming potential for them. Furthermore, H2 increases tropospheric O3 production, 

hence hydrogen emissions must also be considered when trying to minimize air pollution. Last, in 

the stratosphere it supports the depletion of the O3 layer and increases water vapour leading to 

stratospheric warming. [20]  

 

■ Unburnt fuel – NH3 

NH3, apart from its toxicity is considered a secondary source for PM formation. NH3 can react with 

sulphuric and nitric acids and form ammonium sulphates and nitrates, respectively. [21] Further, 

similar to NOX emissions, atmospheric deposition of NH3 leads to eutrophication and loss of 

biodiversity. Regarding toxicity, NH3 is readily detectable by the human olfactory system and 

concentrations as low as 5 ppm are detectable by its characteristic odour. The human respiratory 

system can tolerate approx. 100 ppm NH3 for several hours, but at a concentration of approx. 1700 

ppm, the respiratory system is strongly affected and at concentrations above 5000 ppm, immediate 

death by respiratory arrest can occur. [22][23] Under the authority of the United States Federal 

Advisory Committee Act (P.L. 92-463) of 1972, the National Advisory Committee for Acute 

Exposure Guideline Levels (AEGL) after reviewing relevant toxicological and scientific data 

determined that 110 ppm exposure for 4 – 8 hours by an individual, could experience irreversible 

or other serious, long-lasting adverse health effects or an impaired ability to escape. Also, a person 

exposed to 2700 ppm for 10 minutes or 1600 ppm for 30 minutes could experience life-threatening 

health effects or death. [24] 

 

■ Partially burnt fuel – CO, HCHO, NMHC, PM 

The emissions of CO, formaldehyde (HCHO), non-methane hydrocarbons (NMHC) and particulate 

matter (PM) constitute different types of partially burnt carbon-containing fuel which was not fully 

oxidized to CO2 and H2O. Further, lubrication oil can contribute to the formation of PM, 

independent of the combustion concept. The emission impact is in particular a local issue, as CO is 

a toxic gas and both, HCHO and PM are carcinogenic compounds. NMHC is an important 

precursor for tropospheric ozone formation and secondary organic aerosols. 

PM is in addition a strong factor for reduced local air quality, [16] impacting general health due to 

ultrafine particles (<100 nm particles) which have the potential to enter the alveoli in the lung and 

can also cross cell membranes and into the blood stream. [27] 
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The climate impact of black carbon – a fraction of PM as defined by Bond et al. [28] targeted to 

represent fuel independent soot emissions – should be considered. Within the arctic zone, local 

black carbon (BC) emissions decrease surface albedo causing ice melting and thereby up to 900 

times more climate forcing than the fossil fuel CO2 emissions from the respective sources at 

GWP100 conditions. [26] In United Nations bodies such as the IMO, black carbon emission 

regulation is consequently discussed for large engine applications, yielding so far only non-binding 

recommendations for voluntary actions. 

 

■ Ash  

Depending on the fuel and lubrication oil type as well as their consumption, the PM emitted will 

also contain ash. The elemental composition of the ash depends on the initial composition of the 

consumed engine fluids. Besides general eutrophication concerns there can also be specific 

toxicity topics regarding specific metals the ash may contain, such as heavy metals. 

 

 

■ General note 

Providing detailed numbers – emission concentrations or normalized to g/kWh – for all the above 

emission components in combination with the different fuels, combustion principles and ignition 

concepts is far beyond the scope of this document. The emission values would vary depending on 

factors such as the detailed engine design by the manufacturer or the engine speed (low, medium 

or high). Additionally, engines are not commercially available for some fuel types yet. Instead, in 

the next section in a similar general approach it’s discussed how the abovementioned emission 

components can be reduced by exhaust emission control technology. 

 

3.2 Emission control technologies 

As mentioned above, the wide variety of engine types, engine operation strategies and ignition 

concepts make it impossible to discuss all possibilities in detail – even if engines were already 

available for all the listed fuels and possible combinations, which is not the case. Instead, Table 2 

provides an overview of the key environmental aspects on pollutants, potential existing emission 

abatement technologies in case the fuel switch itself and advanced engine internal measures are 

not providing the required emission reduction for those pollutants, and potential issues for present 

and future emission control systems. While the ambition of alternative fuels is to have a lower 

environmental impact and they are typically chemically more defined than traditional fuels, they can 

produce specific emission components which are further discussed in the following table and 

section. 
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Table 2. Overview of all anticipated pollutants originating from alternative fuels, their key 

environmental issues, known existing emission abatement system technology and its 

corresponding present and future limitations/issues. 

 
Key issues 
environment 

Technology Potential issues of emission abatement system 

 

toxic 
eutrophication 
ground level O3 

SCR 
activity: limited conversion at low temperatures 

selectivity: lower SCR selectivity at high temperatures 

EGR applicability: engine internal measure with altered combustion 

 

GHG N2O catalyst 
activity: no conversion at low temperature 

availability: no catalysts for engine exhaust commercially available 

 

indirect GHG OXI activity: 
exothermicity by conversion of H2 slip 
SOX poisoning from pilot fuel and lube oil 

 

  
activity: 

exothermicity by conversion of slip 

toxic OXI SOX poisoning from pilot fuel and lube oil 

  selectivity: potential formation of other pollutants 

 

toxic  
ground level O3 
odour 

OXI activity: 
low activity for short-chain saturated hydrocarbons  
SOX poisoning from pilot fuel and lube oil 

 

toxic OXI activity: SOX poisoning from pilot fuel and lube oil 

 

toxic OXI selectivity: 
potential formation of other pollutants 
SOX poisoning from pilot fuel and lube oil 

 

 
 

GHG 

CH4 OXI 
activity: 

no conversion at low temperatures & catalyst ageing 
SOX poisoning from pilot fuel and lube oil 

availability: 
no catalyst for typical engine exhaust gas composition 
& temperature commercially available 

non thermal 
plasma 

activity: high electric power consumption for removal 
availability: no commercial system available 

recuperative 
oxidizer 

activity: large size required 

efficiency: 
long start up time and slow response to load changes, 
high parasitic power consumption 

EGR applicability: engine internal measure with altered combustion 

 

toxic 
eutrophication 
odour 

SCR/OXI 
activity: 

limited conversion at low temperatures 
SOX poisoning from pilot fuel and lube oil 

selectivity: catalyst can form N2O and NOX 

 

toxic 
GWP 

DPF 
availability: limited today to <10 MW power range 
efficiency: engines need to handle higher backpressure 

ESP efficiency: 
reduced PM removal efficiency for engine ESP in 
comparison to boiler ESP applications 

W-ESP applicability: to be combined with upstream wet scrubber 

bag filters 
activity: requires cooling of exhaust for bag filter materials 
efficiency: requires additional power for exhaust fans 

  durability: reduced availability if used without protection agent 
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■ NOX 

As established in Figure 1, NOX are formed by all combustion processes, which is why their 

removal is established for various combustion processes, including internal combustion engines 

running on various fuels ranging from crude oil or residual fuels to high purity gases such as CH4 

or H2. Even though the NOX concentrations can vary by an order of magnitude for the different 

applications, the same catalytic NOX reduction process called selective catalytic reduction (SCR) 

can be used to enhance the emission abatement reached by primary methods. Of course, the 

process parameters and installed catalyst type and size must be adapted depending on the 

exhaust conditions, but SCR based NOX reduction is successfully utilized globally to meet specific 

emission requirements. The most important operating parameter is the catalyst temperature, which 

should generally be on a certain minimum level exceeding 250-300°C to ensure sufficient activity, 

but also not exceeding temperatures of 500-550°C due to loss of SCR reaction selectivity or even 

destruction (e.g. sintering) of the catalyst. As there are different types of SCR catalysts, the exact 

temperature ranges must always be defined individually. In addition, other parameters such as the 

fuel sulphur content can be relevant for specifying the operating temperature range. The SCR 

process requires a chemical reducing agent for NOX abatement. Today, aqueous urea solution 

according to ISO 18611 or ISO 22241 is most widely used as it is a very convenient and an 

abundant commodity. Aqueous ammonia solution is also used in some stationary installations as 

reducing agent. When dosed into the hot exhaust according to the amount of NOX which should be 

reduced, urea decomposes and releases the active reducing agent NH3. Hence, for NH3 

combustion engine applications there’s the possibility to change the utilized reducing agent, 

thereby eliminating the need for a separate reactant fluid. For H2 combustion engines one could 

imagine moving away from urea solution as a reducing agent and replace it with H2 instead, since 

it is already available in large quantities where such engines are operated. 

For some engine types and applications, exhaust gas recirculation (EGR) or water injection can be 

applied to reduce NOX. Other engine internal NOX reduction methods of modern large diesel 

engines are low NOX combustion concepts (e.g. “Miller concept”). [29] In the EGR system, after a 

cooling and cleaning process, part of the exhaust gas is recirculated to the intake air. In this way, 

part of the oxygen in the intake air is replaced by CO2 from the combustion process. This 

replacement decreases the O2 content and increases the heat capacity of the combustion air, thus 

reducing the peak temperature of combustion and consequently slowing the formation of NOX. 

EGR and water injection should be considered as an engine-internal measure rather than an 

exhaust gas aftertreatment system technology, due to the altered combustion concept and its 

impact on engine performance. Further discussion of these technologies is outside the scope of 

this publication. 

 

■ N2O 

For the potential N2O emissions from NH3 combustion engines, there currently exists no proper 

exhaust gas aftertreatment catalysts. N2O is not a completely unknown pollutant, it has already 

been observed in engine exhaust as a side reaction product in poorly designed exhaust 

aftertreatment systems or during unusual operating conditions. Instead of actively decomposing 

N2O, the emission could be mitigated by improved catalyst designs. Outside the engine 

combustion world there are N2O aftertreatment catalysts, but the operating conditions of these are 

very different from typical engine exhaust which contains also residual oxygen and large amounts 

of water vapour. As there have been limited focussed activities on reducing N2O in engine exhaust, 
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the catalyst industry cannot yet assess how much of a development task it will be to find a 

satisfactory solution, but activities are ramping up and first results are being reported. [35]  

 

■ Unburnt & partially burnt fuel 

For unburnt or partially burnt fuel components in the exhaust, an oxidation catalyst can complete 

the oxidation process to CO2 and H2O. Oxidation catalysts are widely applied for exhaust gas 

aftertreatment today. However, today’s fossil marine distillate fuels contain typically up to 0.1% 

sulphur. These “traditional marine distillate fuels” have impeded the use of oxidation catalysts for 

such applications. For the above-mentioned alternative fuels, this restriction no longer applies for 

the marine applications, as these fuels do not contain significant amounts of sulphur. For dual fuel 

engines utilizing significant energy shares of traditional marine distillate fuel the topic must still be 

reviewed specifically. In general, the sulphur poisoning of oxidation catalysts strongly depends on 

the operation temperature. Typically, oxidation catalysts are affected by sulphur. Depending on the 

species which should be oxidized, the degree of sensitivity will vary. [30] 

Another issue that should be highlighted is the magnitude of temperature increase while using the 

oxidation catalyst. When there is a significant amount of unburnt or partially burnt fuel in the 

exhaust, the oxidation in the aftertreatment system releases the chemical energy which can lead to 

high exhaust temperatures. The increased exhaust temperature and potential for the exhaust 

temperature to rise rapidly could damage the oxidation catalyst and any components downstream 

of the catalyst.  While the catalyst will require a temperature above the minimum activation 

temperature (i.e. the light-off temperature), the catalyst could be physically damaged by 

excessively high exhaust gas temperatures. The exothermicity can be estimated by the 

concentrations of oxidizable material and core exhaust parameters, requiring basic knowledge of 

the engine exhaust raw emissions. These restrictions aside, the oxidation catalyst will not require 

any additional chemical compounds for operation as it consumes only residual oxygen still 

available in the exhaust after lean combustion. Thus, emission control technology, with the 

abovementioned restrictions, would be available for H2, NH3, MeOH, volatile organic compounds 

(VOC)/NMHC, CO, HCHO, and other hazardous air pollutants (HAPs) converting all of them to N2, 

CO2 and H2O.  

One should note that even if emission reduction data is available for an emission abatement 

system technology, it typically refers to very stable engine operation only and does not reflect the 

potentially elevated emissions during dynamic operation.  

As a consequence of the abovementioned varieties of exhaust emissions, no further details can be 

provided in general, but as the effects are well-understood there is ample experience to provide 

specific guidance for individual setups. 

 

■ CH4 

For CH4, an oxidation catalyst will struggle with the high chemical stability of the symmetric CH4 

molecule, which needs high temperatures for CH4 oxidation light-off. A CH4 oxidation catalyst, 

sometimes abbreviated MOC (methane oxidation catalyst), which would work under typical engine 

exhaust gas temperature conditions (including also traces of catalyst-deactivating SOX in the 

exhaust), remains an unresolved challenge for emission control so far. Feasible solutions would 

require longer catalyst lifetime or catalyst regeneration solutions to restore the activity. 

Unfortunately, the last decades of work in this field have not resulted in fundamental breakthroughs 
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or major advancements, so expectations are not too high to find a very convenient solution without 

requiring impacts on engine design & flexibility (impact on engine dynamic capabilities and 

performance).  

Non-thermal plasma is proposed as an alternative method to reduce CH4 slip emissions, utilizing 

electric power to convert methane to CO and H2O. The non-thermal plasma generates hydroxyl 

radicals which react with methane, breaking it down via a series of transient species mainly to CO 

and H2O. Small scale laboratory tests with plasma systems confirmed methane reductions at a 

temperature of 190°C for model exhaust gas. The model exhaust gas did not contain any SOX, but 

the technology is claimed not to be impacted by the traces of SOX in engine exhaust gas. [31] The 

electrical power consumption of the plasma system is estimated at around 4% of the engine power, 

but the technology is still under development, as this technology is still pending validation and 

scaling to large engine exhaust conditions and size. [32] 

Recuperative oxidizers have been demonstrated in few land-based applications to be another 

alternative for reducing CH4 emissions. However, their thermal after-burning of CH4 in the exhaust 

requires large reactor systems. The functional principle of recuperative oxidizers is based on an 

internal bed (typically sand or ceramic material) that is heated up to 800 ºC, [33] enabling the 

ignition of CH4. Thus, start-up of a cold reactor is associated with a high additional power 

consumption and these systems have a long start-up period (up to several days depending on 

reactor size). Therefore, the system is preferably kept hot in standby conditions resulting in 

additional power consumption. Finally, if the hydrocarbon emission is too low to keep up the 

sufficient temperature during operation, additional fuel will have to be added. 

Exhaust gas recirculation (EGR) has proven to be a viable method for some engine types to 

reduce CH4 emissions in combination with engine internal combustion measures. [34] Reduction is 

dependent on the recirculated fraction, while clogging due to soot particles and corrosion where 

sulphuric acid is present are potential issues.  

 

■ NH3 

Even though NH3 has not been used as an engine fuel in traditional engine technologies, the 

oxidation of NH3 in engine exhaust has been frequently applied. Instead of NH3 originating from the 

engine as unburned fuel, it has its origin in unreacted reducing agent downstream of the SCR 

process. Even though the root might be different, the method for abatement would be identical, an 

ammonia slip catalyst (ASC) or sometimes even referred to as clean-up catalyst oxidizing NH3, 

preferably to N2. Unburned fuel from ammonia combustion may be primarily used as SCR reagent, 

and if an excess of ammonia is left after NOX reduction reactions, basic catalyst concepts for 

unburned fuel in NH3 combustion engine emissions are therefore already available. For NH3 

combustion engines, further refinement of the catalysts may be needed due to higher 

concentrations of NH3 emitted by the engine.  

 

■ PM 

PM emission characteristics and concentrations may change for all combinations in which liquid 

hydrocarbon fuels are still used, whether as a main fuel or only for lighting up another air-fuel mix 

in the combustion chamber as a pilot injection. In addition, lubrication oil also creates particle 

emissions, independent of the combustion concept. Compared to residual fossil fuel oils currently 

used in large engine applications, alternative ash and sulphur-free low- or zero-carbon fuel 
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candidates are expected to yield lower PM emissions. Thus, in most cases, meeting PM 

requirements for alternative fuels may be achievable using only engine internal measures. 

Aftertreatment PM reduction methods might be considered if there is a need or desire for further 

reduction. 

Solutions to remove PM from engine exhaust are already well-established in the on-road and non-

road mobile-machinery sectors. Due to their typical application, they are called wall-flow diesel 

particulate filters (DPF). Exhaust particles mainly composed of soot are filtered from the exhaust 

gas by physical interaction with the DPF ceramic. Typical filtration rates for liquid fuel operation are 

>97% for PN (particle number) and black carbon for EN590 fuel. [36] For PM, the filtration was 

determined on average around 90% (EN590) and 80% (MGO) due to the effect of condensable PM 

when using alternate PM sampling methods to hot-gas filtration sampling during certification of a 

2 MW marine engine. [36] For PM emission reductions, the measurement result is highly 

dependent on the measurement method and the fuel. [37] Today DPFs are optional equipment for 

engine applications using only distillate or gaseous fuels, as the high ash content of other 

traditional fuel operations would fill up the filtration structure too quickly. However, this limitation in 

the future is non-existent for all alternative fuel candidates, and if needed the use of DPF to meet 

lowest PM emissions would therefore no longer be impeded by the fuel quality. It should be 

mentioned though, that in a reference, [30] a catalytic coated DPFs has been demonstrated for 

100 h on an engine testbed to function efficiently on a 2 MW engine operated on residual fuels.  

DPF systems on seagoing vessels for < 3 MW marine engines running on traditional marine 

distillate fuels were first launched in 2005. [38] Consequently, at least one emission control 

technology for removing black carbon and soot emissions from alternative fuels already exists if 

required. It is noted that for double digit MW power range engines the DPF technology has so far 

not been applied. Instead, DPFs have been installed voluntarily on 100’s of ocean going yachts 

with a focus on auxiliary high-speed engines from below 200 kW of up to about 3-5 MW size as 

well as on ferries, work vessels and government vessels also additionally for propulsion engines. 

DPF installations on commercial ocean going vessels are so far rare on medium-speed and non-

existent on low-speed engines. Limited reports exist, to validate successful long term DPF 

operation on commercial ocean going vessels. Further, systems where a DPF is operated on 

traditional marine distillate fuels and corresponding lubrication oils requires regular DPF filter 

cleaning for ash removal. This requirement will remain for dual fuel engines utilizing significant 

energy shares of such fuel. The main impact of mounting a wall-flow DPF on an alternative fuel 

engine is the increase in backpressure, because the exhaust gas flow is forced to migrate through 

a finely structured wall. Large medium speed and low speed engines are particularly sensitive to 

increased exhaust gas backpressure compared to high-speed engines. However, they could 

consider using also particle removal methods like bag filters and dry ESP as used in some 

stationary plants. [28][36][39][40] It is to be noted that dry ESPs and bag filters are today used in 

applications mostly burning high ash and sulphur fossil fuels. Their expected PM reduction impact 

on alternative fuels with low particulate emissions may therefore be decreased and tests are 

needed before reduction efficiency can be verified.  

For ships and power plants operating on high sulphur fossil fuels in combination with CCS in the 

future and equipped with an exhaust gas cleaning system (scrubber) unit for SO2 reduction a wet 

ESP for additional PM reduction could possibly be a new technology option. Particulate reduction 

in first laboratory tests has been in the order of > 97%. [36] However, the system will generate 

wastewater that needs handling; onboard or ashore. 
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Particle removal technology not only reduces pollutant emissions but also enables optimisation of 

all downstream equipment such as other exhaust aftertreatment, heat recovery or carbon capture 

systems due to the almost particle-free exhaust gas.  

 

 

■ General note 

Summarizing, the main exhaust emission control technologies for all the emission compounds 

were attributed and their benefits and limitations were presented. For a complete exhaust 

aftertreatment system (EATS) architecture, their arrangement and combination are also important 

aspects. However, for these considerations general statements cannot be made, as the 

interactions of the involved chemical processes depends on numerous factors which vary among 

the various listed combinations. Proper design of a full EATS is certainly more than just a sum of 

all the functionalities. Negative interactions can cause additional issues, but using synergies and 

cross-sensitivities of the EATS functions can also yield more compact and better performing 

systems than expected from a mere consideration of the individual subcomponents. Once again, 

the benefit and role of CIMAC in providing a platform for industry-wide exchange to support the 

future development challenges is reiterated. 

4 Future drivers for emission reduction 

The wide variety of alternative fuels under discussion for the large engine industry is not driven by 

cost optimisation but mainly by the ambition to reduce climate impact – foreseeably, this type of 

fuel change will lead to higher costs. This simple fact has prompted the authorized institutions such 

as IMO for marine application to discuss regulation to foster solutions that reduce climate impact 

either decreasing their price tag and/or by increasing the cost for usage of the more climate-

impacting fossil fuels. Particularly in the international global shipping industry, global concepts 

must be incorporated to ensure a level playing field. In these concepts for international shipping by 

IMO or by the European Union such as Fuel EU Maritime and Taxonomy (including stationary and 

marine sector) the full lifecycle of the fuel is being considered. In other words, instead of 

considering tank to propeller only, in the maritime sector, the full well to wake picture is being 

considered. Carbon capture technology would be regarded as part of the well to wake picture to be 

assessed. It is important to note, that in many current and upcoming regulations, depending on the 

sector, not only are CO2 emissions being considered, but also climate-impacting emissions 

released by the fuel used, for example CH4 and N2O. Additionally, Black Carbon and its impact on 

Arctic ice melting is discussed at IMO. 

Today the early trials of additional voluntary pricing in emissions are seen, as some merchant 

vessels are transporting goods with reduced carbon footprint for customers specifically requesting 

and paying a premium for it like IKEA, Nike or Walmart. [41] So far, this has been achieved by 

blending biofuels with the fossil fuel to achieve a lower carbon footprint than fossil fuels alone. In 

the near future, instead of a partial substitution, full replacement of the fossil fuel may be an option. 

However, as explained above, the limited availability of biofuels will require a move to other 

alternative fuels, as discussed here, to achieve the announced long-term GHG reduction 

ambitions.  

Besides climate impacting emissions, there are new initiatives in which local pollutant emissions 

are also reduced beyond the legal requirements of e.g. IMO Emission Control Areas (ECA). 
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Likewise, these reductions are primarily motivated by final service customers paying a premium for 

the reduced emission of pollutants. Examples are found from some cruise ships and ferries as well 

as for construction and work vessels. The offshore wind industry as a renewable technology 

industry with exposure to the general public is a good example of the latter. Some classification 

societies have responded with voluntary low pollutant emission labels which are issued if the 

vessel is fulfilling more stringent emission levels than IMO Tier III.  

The previously mentioned voluntary (ultra-)low emission profiles are used in some applications. 

With such voluntary labels the operators can document reducing emissions below current 

requirements and the reduction of emission components not currently regulated both in stationary 

and in marine. For some applications and engine power ranges, the technology has been 

demonstrated to achieve currently lowest emission levels for heavy-duty large engines in marine 

applications [42][43] and stationary applications. [44][45][29] For some other applications and 

power ranges further development is needed. Due to the costs of emission reduction technology, a 

robust and technology neutral legal framework is important to ensure effective emission reductions 

and to maintain a level playing field. For long-term strategic planning of the industry, a global 

alignment in regulations is desired. The reduced pollutant emissions would come on top of reduced 

climate impact achieved by the fuel switch.  

In terms of new technology developments outside emission control systems, hybridisation and 

digitalisation will also support the efforts of pollutant abatement. For instance, hybridisation in large 

engine applications may enable further optimisation of engine operation and emission control 

system. Digitalisation generally assists in gathering operational and statistical data of systems 

operating in the field, which is a valuable foundation for optimisation. 

 

5 Conclusions 

In the future a much wider variety of fuels and engine concepts will be experienced, consequently, 

there will be much more diversity in exhaust gas compositions and emission compounds. Engine 

development and exhaust gas aftertreatment have the potential to address the expected pollutants, 

though some will still require further development efforts. As the interaction of exhaust gas 

aftertreatment technologies and engine optimisation becomes even more important for alternative 

fuels and low emission profiles, engine developers and exhaust gas aftertreatment designers must 

work closely together to solve the future emission challenges. 
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