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Abstract Strict NOx emission regulations set for marine vessels by Tier III stan-
dard make ship owners/operators finding new efficient methods fulfilling these
requirements. Utilization of LNG as main fuel at the moment is one of the most
promising solutions with lean burn spark ignited (LBSI) engines and low pressure
dual fuel (LPDF) ones being of primary choice. Technology provides not only low
NOx levels, but also allows to reduce operational costs due to LNG currently being
a cheaper fuel. The main drawback of low-pressure gas engines is rather high lev-
els of methane slip, especially at low loads, as a result of poor fuel utilization due
to low operational fuel-air ratios. Nevertheless, there are no standards that directly
regulate methane slip for marine gas engines, but the topic starts to receive more
and more attention due to the concerns associated with environmental effect of
methane as well as due to ship operators analyzing ship data more thoroughly re-
vealing substantial increase in gas fuel consumption at low loads. Presented study
summarizes all gas engine technologies that are available for the maritime sector
considering their current status and maturity and present a comprehensive mea-
surement data summary for the main groups, namely LBSI and LPDF engines. The
measurement data pool consists of both on-board and test-bed emission data re-
vealing an interesting moments such as possible "overtuning" of engines for low
NOx resulting in excessive levels of methane slip, importance of on-board mea-
surements due to their more realistic nature, utilization of non-perfections, like
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fixed emission weight factors for loads, in Tier III regulations, etc. The article also
quantitatively indicates the progress in gas technology development and provides
updated specific emission factors for the considered gas engine types.

Keywords Methane slip · Gas engine · LBSI · LPDF · Ship emissions · Tier III ·
Measurements

1 Introduction

The importance of sea trade cannot be underestimated as more than 80 % of the
world trade by volume and more than 70 % of its value is carried on board of seago-
ing vessels and handled by seaports worldwide [1]. In fact only around 2.2 % of an-
thropogenic greenhouse gas (GHG) emissions are produced by the sea transport,
making shipping one of the most energy- and emission-effective ways of commer-
cial transport. At the same time, it might be challenging to achieve the goals of the
Paris Agreement [2] in lowering global emitted GHG levels as the number of ma-
rine vessels is expected to increase in future to provide the necessary supplies to
constantly growing world population. Moreover, the local emissions of NOx , par-
ticulate matter (PM) and SOx from ships [3, 4, 5] that has a strong negative impact
both on local climate and on human health [6, 7] should be also considered.

Current emission regulation for international maritime transport is set by In-
ternational Maritime Organization (IMO) [8] and consists of direct NOx emission
regulations [9] and limits for maximum sulfur content in fuel used that has pro-
portional effect on produced SOx emissions (and corresponding sulfate fraction of
PM) [67]. To meet future stricter NOx regulations a number of technological meth-
ods can be used as for example Selective Catalytic Reduction (SCR), Exhaust Gas
Recirculation (EGR) together with various water-induction methods and/or Miller
cycle [10] or alternative fuels, like Liquefied Natural Gas (LNG), can be applied.
Desired SOx levels can be achieved by complete switch from HFO to distillate fuels
such as marine gas oil (MGO) or other alternative fuels such as biofuels, methanol
or LNG [11, 12, 13]. The application of "at least as effective in terms of emission
reduction" exhaust gas aftertreatment systems (i.e. seawater scrubbers) together
with HFO is also allowed [8].

Based on all this information it is quite obvious why application of LNG as ma-
rine fuel is gaining popularity as it allows to achieve both current and future emis-
sion standards set for international shipping without use of aftertreatment sys-
tems [14, 15, 16]. Not surprising that number of LNG fuelled vessels is constantly
increasing with technology being adopted for much broader type of vessels as can
be seen in Figure 1 below.

As interest in LNG as marine fuel increases, increases the size and capacity
of the available gas infrastructure both in Europe [18] and worldwide [19]. At the
same time, another problem, that was almost ignored the early years after the
first LNG-powered ferry was introduced in the Norwegian waters in 2000, receives
more and more attention. The emissions of unburned methane or so-called methane
slip is the main environmental issue related to the operation of gas-fuelled MDEs
and has to be considered due to its great impact on the global warming. Methane
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Fig. 1 LNG fuelled fleet by vessel type (adopted from [17])

has a 86 times higher 20-year global warming potential (GWP) than carbon diox-
ide [20], while on 100-year time perspective it is still considered rather high, but
reduced to 25 [21]. If methane slip is not controlled in proper manner, environ-
mental benefits of LNG usage are considerably reduced or even completely elim-
inated (comparing to diesel or HFO fuels) due to the high greenhouse effect of
methane [11]. In addition to all that the amount of measurement data related to
methane slip is very limited and mainly comes from test-bed measurements pro-
vided by the engine manufacturers, so there is apparent lack of real field data from
on-board measurements. Only this type of data can be a good indicator of the gas
technology developing in the right direction, i.e. towards lower methane slip and
higher efficiency of fuel utilization. The main purpose of this article is to provide
the research society with the comprehensive set of emission data coming from
both test-bed and on-board measurements from LNG-fueled marine diesel en-
gines (MDEs). The study reports mainly methane emission data as function of load
for different types of gas engines and addresses the main issues related to further
reduction of still unregulated methane slip and regulated NOx emissions.

2 LNG fuel, engine concepts and emissions

2.1 Natural gas as a fuel

Natural gas (NG) is a mixture of various light-weigth hydrocarbon gases like methane,
ethane and others, but may contain some carbon dioxide, nitrogen and water vapour.
The actual composition slightly varies depending on the origin of the gas and de-
tails of the production process with methane normally accounting for 87-96 % of
natural gas [22]. Even despite such minor change in composition, the change in
methane number, that determines the knocking resistance of the fuel [23], can be
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significant as can be seen from Table 1 that provides the summary of LNG compo-
sition from different gas suppliers across Europe that are relevant to the study.

Table 1 Fuel gas (LNG) composition from different suppliers across Europe

Component
Gasnor,

Kollsnes (NO)

Titan LNG,

Moerdijk (NL)

Statoil,

Hammerfest (NO)

BBGa,

Bilbao (ES)

Skangas,

Risavika (NO)

Methane, mol % 95.901 94.593 91.185 92.106 91.908 92.270

Ethane, mol % 3.037 3.828 6.923 5.591 7.039 6.873

Propane, mol % 0.370 0.575 1.407 1.233 0.674 0.417

Isobutane, mol % 0.142 0.286 0.140 0.118 0.083 0.030

n-Butane, mol % 0.001 0.070 0.288 0.297 0.098 0.040

Isopentane, mol % 0.019 0.073 0.016 0.014 0.005 0.003

n-Pentane, mol % 0 0 0.004 0.003 0.001 0

Nitrogen, mol % 0.530 0.592 0.036 0.638 0.929 0.370

GCVb, MJ/kg 54.737 54.560 54.993 N/A N/A 54.740

NCVb, MJ/kg 49.383 49.338 49.578 49.169 49.554 49.380

Density, kg/m3 0.747 0.756 0.789 0.781 0.775 0.772

Methane

numberc, -
85.5 81.0 76.4 78.6 79.8 81.6

a Bahia de Bizkaia Gas (BBG)
b Gross Caloric Value (GCV) and Net Caloric Value (NCV)
c Calculated with AVL Methane v. 3.10b

Application of NG as fuel for internal combustion engines (ICEs) allows to re-
duce NOx emissions by 50-85 %, CO2 by 20-30 %, CO by 70-95 %, emissions of non-
methane hydrocarbons (HC) by around 50 % and at the same time produce almost
no smoke and particulate matter (PM) [24]. To be used as the fuel for spark-ignition
engines methane does not require any big engine modifications and its excellent
antiknocking quality (octane number >120) [25] allows to employ high compres-
sion ratios resulting in higher thermal efficiency and corresponding lower fuel
consumption [26, 27]. When it comes to compression-ignition engines, a certain
difficulty arises associated with rather high auto-ignition temperature of methane,
so a high-energy ignition source is required.

On an energy equivalent basis, natural gas should be a cheaper fuel comparing
to both gasoline and diesel [28], which results in lower running costs. Moreover, the
lack of distillate marine fuel starting from 2020 might be expected due to stricter
global sulfur cap with majority of existing engines most likely converted from HFO
to MGO operation.

While NG is typically used in gaseous form in industry and domestic applica-
tions, the liquefied natural gas (LNG) is a preferred solution by maritime sector
[30]. LNG is a proven technology as has been used as a main fuel on board of LNG
carriers for the last 45 years [31], originally in traditional boiler/steam turbine sys-
tems, but nowadays its application in ICEs becomes more and more common [20].
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Nowadays LNG is used as a main fuel for different vessel types as indicated in Fig-
ure 1 with several gas engine concepts successfully utilized by maritime industry.

2.2 Gas engine concepts

Five different gas engine concepts can be identified to be used for marine applica-
tion. Each concept has its own combustion characteristics which results in differ-
ent efficiency and exhaust gas emission profile [32]. With all that it appears quite
clear that the choice of the gas technology will determine the overall economic
and environmental impact of gas operation for a particular vessel [33]. These five
main gas engine concepts can be allocated to three engine groups (including cor-
responding covered power range):

– Lean Burn Spark Ignited engines
– Medium and high speed, 4-stroke cycle (LBSI): 0.5 - 8 MW

– Low Pressure Dual Fuel engines
– Medium speed, 4-stroke cycle (LPDF): 1 - 18 MW
– Low speed, 2-stroke cycle (LPLSDF): 5 - 63 MW

– High Pressure Dual Fuel engines
– Medium speed, 4-stroke cycle (HPMSDF): 2 - 18 MW
– Low speed, 2-stroke cycle (HPLSDF): > 2.5 MW

As there is an overlap in the covered power range between the specified gas
technologies, the right choice between the available concepts has to be done by
the shipowner depending on the carefully evaluated requirements in terms of propul-
sion power, redundancy, operational profile of the designed vessel, gas availability
across the planned transport route and other potential commercial issues.

Based on the operational experience only LBSI and LPDF engines can be con-
sidered a proven gas technology as number of marine vessels with corresponding
engines have been in operation for quite some years now. The main suppliers of
such engines are Rolls-Royce Bergen Engines, Norway (LBSI, medium speed), Mit-
subishi, Japan (LBSI, high speed) and Wärtsilä, Finland (LPDF). The LPLSDF en-
gines (Winterthur Gas and Diesel (Win-GD), Switzerland) and the HPLSDF (MAN
Diesel and Turbo, Germany) have also been installed in a several ships so far and
are commercially available in a large power range. The HPMSDF concept (Wärt-
silä) has been in operation for many years now, but only in FPSO’s power plants
operating in North Sea and in onshore power generation units, but has not been
used for ship propulsion so far.

A schematic representation of all three existing gas engine concepts is given in
Figure 2, while each of the technologies with corresponding advantages and dis-
advantages is discussed further on. The main emphasis here is placed on the ap-
plicability of certain gas technology to the maritime transport sector and potential
limitation which each of them has.
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Figure 2: Three main gas-fuelled engine concepts for marine application

The application of advanced fuel-air ratio control system for enrichment at low loads to-
gether with proper design of the combustion chamber oriented towards the reduction of the
volume of crevices, the methane emissions can be substantially reduced down to 2.5-3.0 g /kW h.
Eventually LBSI engines can provide overall reduction of GHG emission including methane.
This reduction is very much dependent on the ship’s operational profile and gas fuel compo-
sition, but the average 10-15 % reduction (comparing to diesel oil operation) is a fair number
[? ]. It should be also mentioned that the application of variable valve timing (VVT) or vari-
able Miller factor together with optimized turbocharging system can provide a better control
of combustion process for gas fuels even with lower methane number. It results in possibil-
ity of varying compression ratio, thus allowing a high expansion ratio and providing high fuel
conversion efficiency at challenging low load operational range [].

Despite being a proven technology and despite all the aforementioned advantages, LBSI
engines suffer from high methane slip at low loads and are very sensitive to gas quality. In
addition, the main operational disadvantage is a lack of backup fuel (i.e. diesel fuel) if LNG is
not available. This basically explains why the shipping industry (especially valid for deep sea)
prefers Dual Fuel engine concepts (refer to Figure 3.

6

Fig. 2 Three main gas-fuelled engine concepts for marine application [33]

2.2.1 Lean Burn Spark Ignited engines

The Lean Burn Spark Ignited gas engines operation is based on Otto cycle running
typically at high air excess ratio (λ ≈ 2) which results in lower peak combustion
temperature and corresponding lower NOx emissions. Conventional spark plug
is not capable to operate at such lean conditions, so has to be placed in a pre-
chamber with locally lower λ (obtained by adding fuel gas) to provide stable op-
erational conditions for the spark plug [33]. The combustion chamber’s compact
design and controllable level of turbulence result in higher thermal efficiency com-
paring to the conventional diesel engine counterparts. Combination of a spark
plug and pre-chamber technology provides gas jets entering the main chamber
with high momentum, thus resulting in good jet penetration and stable ignition
of lean fuel-air mixture [34]. Absence of conventional fuel oil injection systems
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provides lower parasitic losses resulting in higher thermal efficiency that reaches
48-49 % (at high engine loads).

The air-fuel ratio in LBSI engines is controlled by the turbocharging system and
a throttling system at low loads (< 30 % load). Operation at high air excess ratio
leads to increase methane slip (especially at low loads) due to the bulk quenching
in the coldest areas of the combustion chamber [27]. To overcome that it is pos-
sible to enrich the mixture in the main chamber, which most likely eliminate the
emissions of the unburned methane, at the same time providing overall stable ig-
nition and combustion process even at very low loads [34, 35] . Another advantage
of the enrichment is that it allows fast load pick up, almost in the same range (up
to 75 % load) as in conventional diesel engines [15, 36].

The application of advanced fuel-air ratio control system for enrichment at low
loads together with proper design of the combustion chamber oriented towards
the reduction of the volume of crevices [37, 38], the methane emissions can be
substantially reduced down to 2.5-3.0 g/kWh. Eventually LBSI engines can pro-
vide overall reduction of GHG emission including methane. This reduction is very
much dependent on the ship’s operational profile and gas fuel composition, but
the average 15-20 % reduction (comparing to diesel oil operation) is a fair num-
ber [33]. It should be also mentioned that the application of variable valve tim-
ing (VVT) or variable Miller factor together with optimized turbocharging system
can provide a better control of combustion process for gas fuels even with lower
methane number. It results in possibility of varying compression ratio, thus allow-
ing a high expansion ratio and providing high fuel conversion efficiency at chal-
lenging low load operational range [39, 40].

Despite being a proven technology and despite all the aforementioned advan-
tages, LBSI engines suffer from high methane slip at low loads and are very sen-
sitive to gas quality. In addition, the main operational disadvantage is a lack of
backup fuel (i.e. diesel fuel) if LNG is not available. This basically explains why
the shipping industry (especially deep sea ships) prefers Dual Fuel engine concept
(refer to Figure 3).

LBSI

LPDF

    LPLSDF

HPLSDF

Fig. 3 Preferred gas engine technology in shipping (as per December 2016)
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2.2.2 Low Pressure Dual Fuel engines

In general the operational principle of LPDF engines is similar to that described for
LBSI ones with reference to combustion of lean fuel-air mixture. The main differ-
ence is related to the ignition process where LPDF engines rely on diesel fuel as an
ignition source, which can also be used as backup fuel [41]. This is one of the main
reasons why Dual Fuel engines are a preferred solution for international shipping.
LPDF is a sort of compromise between Diesel cycle compression ignition of fuel oil
and Otto cycle with induction of fuel-air mixture prior to compression. The con-
flict lies between the sufficient heat and air excess to secure pilot ignition and low
compression ratio to avoid knocking [33] and rather low fuel-air ratio at low loads
for reduction of unburned methane emissions due to bulk quenching.

VVT and throttling have a limited applicability in this case due to requirements
for stable ignition and combustion of the pilot fuel. The compression ration has to
be also adjusted to satisfy the conditions set by the fuel’s methane number (MN)
at the same time providing certain margin to the knock limit [38] (assume slower
load pick up comparing to LBSI concept). Enrichment suitable for LBSI engines
cannot be utilized in the same manner here due to considerations of pilot fuel.
The contribution of pilot fuel to NOx emissions has to be minimized which can
be achieved by reducing the amount of injected diesel pilot fuel. Pilot injections
with 1-2 % of full load fuel consumption is achievable, but is rather challenging for
stable control. One of the most promising solution is installation of a separate pilot
fuel nozzle (either integrated in one housing or installed as a separate fuel injector)
[42, 43, 44]. Pilot fuel can be either injected directly into the (main) combustion
chamber or in a pre-chamber.

As Dual Fuel concept allows operation on two different fuels, the operational
profile of the considered marine vessel should determine whether the LPDF en-
gine should be optimized for diesel oil operation or for gas operation. When opti-
mized for gas operation - better performance level of LBSI engines should be ex-
pected at the same time keeping the same problems as methane slip at low loads
and slow load pick up. In this case one should also expect non-optimal perfor-
mance operating on diesel oil [33].

The considerations regarding methane slip are similar as for LBSI engines (mean-
ing low emissions at high loads and high at low loads) with local and bulk quench-
ing being the main formation principles. Higher air-fuel ratio utilization is chal-
lenging due to concerns regarding stable ignition and combustion of the pilot fuel.
The main methods for minimization of methane slip include improved process
control and reduction of the "dead space" (i.e. crevice volume) inside the com-
bustion chamber [45, 46] and can result in methane emission reduction down to
3.0-4.0 g/kWh. With all these net GHG reduction from LPDF engines is possible
and will be in the range of 12-18 % when compared to operation on conventional
diesel fuel.

LPLSDF concept’s main feature is operation on low-pressure gas, thus avoid-
ing need for dedicated high-pressure gas system. It has been recently developed
by Winterthur Gas and Diesel (Win-GD) and meets almost the same challenges
as LPDF engine concept, including homogeneous air-fuel mixture, proper air-fuel
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mixture control and stable pilot fuel ignition and combustion. Special considera-
tions have to be made regarding the gas admission system with gas injectors in the
cylinder liner and injection after the closing of the exhaust valve to avoid the gas
being blown through [33]. Two or more injectors are located symmetrically in the
lower part of the cylinder liner providing gas injected at around 10-12 bar [38].

Pre-chamber is required for the considered LPLSDF concept with minimum
two equal volume pre-chambers located in the periphery of the main combustion
chamber. Pilot fuel injection will occur through these pre-chambers and will be a
supplement to the main fuel injection system [38]. Typically a common rail system
will supply the amount of pilot fuel in the range of 1 % of full load fuel consump-
tion. This allows the concept to meet IMO Tier III requirements without any addi-
tional aftertreatment system at the same time providing somewhat lower methane
emissions than LPDF engines [33].

The concept has certain challenges with regard to uncontrolled combustion
(pre-ignition and knocking) especially in the case of poor gas quality with low MN
[47]. The load pick up is rather slow due to required careful control to avoid knock-
ing. Power derating is the most practical approach dealing with low MN fuels and
is normally a preferred solution in shipping.

2.2.3 High Pressure Dual Fuel engines

High Pressure Dual Fuel engines are based on Diesel cycle concept, where only
air is compressed and pilot fuel oil injection is used to secure ignition of main
gas injection near the top dead centre (similar to diesel sprays) [48, 27]. This ap-
proach has a number of advantages over other considered concepts, namely ab-
sence of methane slip as there no fuel gas in the cylinder during compression pro-
cess and gas burns as being injected; flexible in regard to the main fuel quality,
i.e. to methane number. Another important feature of the concept is possibility of
converting existing diesel engines to gas operation at minimal cost. For successful
conversion it is required to change only cylinder head, install new gas fuel supply
and injection systems as well as adopt the control system for new gaseous fuel.

HPMSDF engines have been on the market for more than 20 years (consider
Wärtsilä 32 GD and 46 GD engines), but mostly for offshore platforms and on-land
applications [49]. The technology is still to be introduced to marine engine market.
On the other hand, HPLSDF engines have already been installed in several ships
and the technology is being successfully marketed by MAN Diesel & Turbo in re-
cent years [50]. This concept is of special interest for deep sea shipping companies
operating larger ships, where low-speed 2-stroke engines are of primary interest.
At the same time, high pressure dual fuel technology can be successfully imple-
mented in all types of engines: slow, medium and high speed ones.

High pressure dual fuel engines basically have similar operational character-
istics as diesel engines considering the power range, fuel consumption and load
pick-up. The main disadvantage that is typically pinpointed [48] is the need for
high pressure gas supply system (around 300-350 bar). In case of marine appli-
cation the importance of this issue is somewhat lower as fuel gas is stored on
board as LNG which can be first pumped to the required pressure and only then



10 Sergey Ushakov et al.

heated to the ambient temperature. LNG is pumped to 350 bar as cold incom-
pressible gas, which requires less work actually less than is required for conven-
tional diesel injection systems. To bring LNG up to the ambient temperature it is
required to install a simple heater, where engine cooling water can be used as a
working medium, not an evaporator. At the same time, the high pressure engine
gas supply system will make the entire LNG fuel system more complicated, where
one special concern can be related to high pressure cryogenic pumps [33]. Piston-
type high pressure cryogenic pumps is a mature technology, but are not developed
for continuous operation resulting in rather short time between overhauls (2000-
4000 hours). It is expected that current issue will be addressed together with ex-
pansion of the market share of high pressure dual fuel technology.

To keep NOx emissions low it is required to reduce the amount of pilot injec-
tion as much as possible at the same providing stable ignition source. Keeping in
mind that combustion temperature of gas fuel is lower than that of diesel and low
NOx tuning, it is possible to achieve fuel consumption at the same level as for
diesel (distillate or residual) fuel with 30-40 % lower NOx emissions. This means
that IMO Tier III requirements can be fulfilled only with the help of additional af-
tertreatment technology like exhaust gas recirculation (EGR) or selective catalytic
reduction (SCR) [51].

2.3 Gas engine emissions and methane slip

As it was highlighted above, the application of LNG as fuel in MDEs can result in
substantial reduction of not only regulated emissions, like NOx and SOx , but also
other still unregulated emissions, for example PM [32, 20]. Moreover, comparing
to conventional distillate and residual fuels, the CO2 emissions also can be re-
duced by 20-25 % depending on the engine concept [33] without any additional
aftertreatment system needed. It is believed that both lower fuel C/H ratio and
higher thermal efficiency at high loads contribute to this advantage.

Both LBSI and LPDF engine concepts are based on Otto cycle, hence allowing
combustion of leaner homogeneous fuel-air mixtures [27]. This can result in 75-
90 % reduction of produced NOx . The LPDF engines has somewhat higher NOx

emissions than LBSI ones due to use of pilot (diesel) fuel; at the same time both
the concepts meet IMO Tier III emission requirements (as well as LPLSDF engines)
[33, 36]. HPLSDF engines are operated according Diesel cycle and have higher NOx

emissions than LBSI, LPDF and LPLSDF concepts, but still allow 25-30 % NOx re-
duction comparing to standard diesel.

The methane and formaldehyde emissions is a serious challenge for gas en-
gines and become of great concern as more and more gas-operated vessels been
built and commissioned. Formaldehyde emissions are known to be toxic, aller-
genic and cancerogenic [52, 53] and should be minimized. The unburned methane
or ’methane slip’ is still of the main concern because of its contribution to green-
house gas (GHG) emissions [11, 54] and due to the fact that methane emissions at
low engine loads can be very high, up to 15 % [32]. As can be seen, the economic
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losses for the shipowner in such cases can be also substantial, so the right choice
of the gas engine concept is essential.

In fact, current emission regulations for ships state that NOx emissions should
be within Tier III limit within ECAs and within Tier II - outside ECAs respectively
[8]. Simultaneously, maximum allowed sulfur content in fuel should not exceed 0.1
% in ECAs and 3.5 % - globally. These limits can be achieved with conventional dis-
tillate or even residual fuel combined with an appropriate combination of various
abatement technologies like EGR and scrubbing, selective catalytic reduction, etc.
[10] or using alternative fuels. Among all alternative fuels available, LNG seems to
be the most feasible solution at the moment [55], not only because of the econom-
ical benefits [54], but also due to fact that gas technology is being on the market for
marine application for decades as well as suggests additional operational [56, 57]
and environmental benefits [10, 58, 59]. Moreover,on the way towards carbon-free
fuel LNG is probably the most logical ’intermediate stop’ that also allows to stay
within a stricter global fuel sulfur cap (0.5 %) coming into power in 2020 [9].

Finally, it should be mentioned that justification of use of certain solution to-
wards higher efficiency, lower emissions and costs in any application (also outside
of maritime sector) requires not only the comprehensive modelling and simula-
tion approaches [59, 54], but also the real measurement data, i.e. field data, suit-
able for verification of these models. The performance and emission data for ship
engines is mainly available from test-bed measurements with only few, like for ex-
ample [58], studies reporting real operational data. This lack of data from on-board
measurements makes it difficult for researches to apply correct emission factors
for the assessment of emission reduction potential of LNG as marine fuel compar-
ing to some other solutions. On the other hand, it is also difficult to control the
development of gas technology within different gas engine concepts that could
help shipowners in choosing the most appropriate gas engine type as quantitative
data basis is missing. The summary of main advantages and disadvantages for all
existing gas engine concepts is given in Table 2.

The main focus of current article is to present the first comprehensive sum-
mary of the emission (with special emphasis on methane slip) data measured from
different concepts of gas engines installed on-board. This allows comparison of
concepts on the fair basis and in real operational conditions. Some data from ear-
lier measurements is also presented providing possibility to evaluate the develop-
ment of gas technology over the last decade.

3 Materials and methods

To obtain the required emission profile and performance data in real operation a
measurement campaign was carried out on six sailing ships and on one test-bed
engine at manufacturer premises. The measurements were carried out by SINTEF
Ocean that is an accredited institute for exhaust gas measurements, so all the data
was collecting according to corresponding standards as described below.
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Table 2 Summary of existing gas engine technologies for marine application

Parameter LBSI LPDF LPLSDF HPMSDF HPLSDF

Fuel delivery
method

Low pressure
injection before

compression

Low pressure
injection before

compression

Low pressure
injection before

compression

High pressure
injection during

combustion

High pressure
injection during

combustion

Gas supply
pressure, bar

4-5 4-5 10-12 >300 >300

Ignition
source

Electrical
spark plug

Pilot diesel
fuel injection

Pilot diesel
fuel injection

Pilot diesel
fuel injection

Pilot diesel
fuel injection

Thermal
efficiency

Higha High at high load
Poor at low load

High at high load
Poor at low load Highb Highb

NOx emissions
level

Tier III Tier III Tier III Tier II Tier II

CO2 reductionc, % 20-30 20-25 20-25 20-25 20-25

Sensitive to
gas quality

Yesd Yesd Yesd No No

Methane slip Yese Yese Yese No No

PM reductionc, % >99 95-95 95-95 30-40 N/A

a At high load higher than diesel counterpart
b Similar to diesel counterpart
c Compared to operation on conventional MGO fuel
d Require fuels with high methane number, MN>70
e Need to be minimized by optimal combustion chamber design and better combustion control

3.1 Measurement instruments and data acquisition system

The exhaust gas measurement system used is composed of HORIBA PG-350 and
JUM 3-200 instruments with the detailed specification provided in Table 3. All the
instruments were checked and calibrated according to national procedures for ac-
credited measurement equipment prior every measurement intervention.

The layout of the typical measurement setup that was used is shown in Fig-
ure 4. The gas sample was extracted from the exhaust gas system with the help of
ISO-standard sampling probe equipped with heated PM pre-filter to avoid exces-
sive particulate loading of the measurement instruments [60]. The sample is then
transported to the measurement devices with the help of heated transport lines to
avoid condensation. Pressure relief column together with bypass valve were used
to avoid overpressure in the sampling lines that potentially can be damaging to
the gas analyzing cells. Real time emission data with 1 Hz frequency were collected
from the instruments with the help of specially designed data acquisition system
consisting of 8-channel analog input module Adam 4017 and interface module
Adam 4520. Data has been collected on the laptop with the help of DASYLab data
acquisition software and later analyzed in Microsoft Excel and MATLAB. Addition-
ally, ambient temperature, relative humidity and ambient pressure were also mea-
sured during the measurement campaign.

3.2 Measurement procedures

All on-board measurements were carried out according to ISO 8178 [61] standards
using either constant-speed E2 cycle for generator operation or E3 cycle for propeller-
law-operated main engines depending on the machinery configuration. In certain



Summary of methane slip emissions from gas fuelled ships 13

Table 3 Specification of emission measurement system

Gas
component

Measurement instrument / principle
Measurement

range

NOx ,
ppm

Horiba PG-350 /
Chemiluminescence (CLD) method

250 ppm /
500 ppm

CO,
ppm

Horiba PG-350 /
Non-Dispersive InfraRed (NDIR)

absorption method
500 ppm

CO2,
%

Horiba PG-350 /
Non-Dispersive InfraRed (NDIR)

method
10 %

O2,
%

Horiba PG-350 /
Paramagnetic method

25 %

THC,
ppm

JUM 3-200 /
Heated Flame Ionization Detection (HFID)

method
1000 ppm

Methanea,
ppm

JUM 3-200 /
Heated Flame Ionization Detection (HFID)

method
1000 ppm

Ambient
conditions

KIMO AMI 300 /
Barometric pressure (bar), relative humidity (%) and

inlet air temperature (◦C)
a There are no measurement procedures provided by Norwegian Accreditation for methane
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12

Fig. 4 Measurement setup schematics

cases the actual engine speed and load level could not meet the specified values
according E3 cycle due to load variations caused by changing propeller pitch with-
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out changing the engine speed. In these cases, the load was decided by readings
from the load calculator of the engine control system, and deviation in engine
speed compared to standard was neglected in the calculations of specific emission
factors.

As both E2 and E3 cycles are steady-state ones, for each load point a stable op-
erating conditions were established before the measurements commenced. This
step required around 5-10 minutes. After that a logging of emission data was car-
ried out for a period of 15-20 minutes with a data sampling frequency of 1 Hz. The
last 7-10 minutes of the sampling period, the JUM 3-200 hydrocarbon analyzer
was switched from THC mode to CH4 mode operation. Readings of engine oper-
ational data as engine load, engine speed, air receiver pressure and temperature,
etc. were taken from the engine control system in the engine room. Average values
from both emission logging and readings from ship control system were used to
calculate the required emission factors.

Ambient data (ambient temperature, relative humidity and barometric pres-
sure) were measured by a hand-held KIMO AMI 300 instrument in location close
to engine inlet filter. All emission measurement instruments were calibrated prior
every measurement sequence. During long continuous measurements the instru-
ments are required to be re-calibrated after two hours of operation which was done
without stopping the cycle sequence. Before every re-calibration the drifting since
last calibration was calculated and written to the log to ensure the drifting value
being within acceptable limits. No measurements were rejected due to drifting er-
ror of the instruments in current campaign.

The overall engine stability during the measurements normally depends on
cycle-to-cycle stability of engine itself and on load variations due to the effect of
propeller and other equipment. The stability was verified by calculating the stan-
dard deviation of the measurement series for THC and CH4.

4 Results and discussion

The measurement results presented here are based on measurements performed
on six ships (for one of the ships the measurements were performed for two en-
gines) and one test-bed engine. For the test-bed engine four separate measure-
ments were done: two by SINTEF Ocean (E2 and E3 cycles) and two in parallel with
engine manufacturer. Moreover, the data from the measurements on two other
ships carried out within different project were also included into the data pool.
Some data was also available from the manufacturer test-bed measurements doc-
umented in technical files for the considered vessels. Overall 18 separate measure-
ment series created a basis for current study. The data from two older engines of
those 18 were not used for calculation of the desired emission factors due to the
recent developments in gas technology that took place during the last 5 years.

Only LBSI and LPDF engines were considered during the measurements due to
very limited number of marine vessels with other gas engine concepts employed.
With further development in LPLSDF and high pressure dual fuel engines, these
technologies should be also included in the scope of similar studies in the future.
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To avoid unnecessary advertisement and/or possible negative effect on the repu-
tation of any of the engine manufacturers for the engines involved in current study,
no engine manufacturer details are given in the report. Each of the considered en-
gines receives a corresponding gas technology tag LBSI or LPDF with a certain ID
number, for example LBSI3 and LPDF7.

4.1 LBSI engines summary

Data from 9 single measurement series was used to calculate the desired emission
factors for LBSI engines. The main emphasis is paid to CH4 as being the main goal
of the study, but the values for NOx , CO, THC and CO2 are also provided supple-
menting the results and providing additional proof for making necessary conclu-
sions. The calculated emission factors are shown in Table 4.

Table 4 Weighted average emission factors for LBSI marine engines (built after 2010) in accordance to
E2 and E3 test cycles

Data source NOx CO THC CH4 CO2 Number of
enginesg/kg

fuel g/kWh
g/kg
fuel g/kWh

g/kg
fuel g/kWh

g/kg
fuel g/kWh

g/kg
fuel g/kWh

SINTEF Ocean
measurementsa 7.1 1.29 10.3 1.86 27.3 4.82 25.0 4.42 2677 480.5b 7

Manufacturer
measurementsc 8.3 1.35 8.0 1.31 18.8 3.07 17.0 2.77 2722 444.0 2

Average
(all sources) 7.3 1.30 9.8 1.74 25.4 4.43 23.2 4.05 2687 472.4 9

a Based on on-board and test-bed measurements
b High- and medium-speed engines considered together
c Based on test-bed data only

First of all, one can observe that there is a pretty good agreement between inde-
pendent measurement data and one provided by the engine manufacturers when
it comes to the regulated emissions of NOx (by Tier II/Tier III standards [62]) and
CO2 (by Energy Efficiency Design Index (EEDI)[63]). The difference is within 10%,
which is rather low considering all possible uncertainties related to the measure-
ments and calculations. At the same time the unregulated emissions show a huge
difference reaching almost 40 % for methane. Obviously there is a number of rea-
sons for that including the absence of clear and detailed measurement standards
for THC and methane, difference in engine operating conditions between labora-
tory and at sea, variation in fuel quality, possibilities for engine tuning in labora-
tory and so on.

At the same time, all LBSI engines (with the exception of LBSI1 utilizing some-
what older (prior 2010) gas engine technology) and considered in current study
confirmed the compliance with strict Tier III NOx emission standard without any
aftertreatment systems. For considered medium-speed engines the Tier III limit
would be around 2.5 g/kWh. The drawback of LBSI technology is clearly indicated
by high emissions of unburned hydrocarbons (THC), majority of which (more than
90 %) corresponds to methane. More detailed data from the measurements is given
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as function of engine load in Figure 5 namely for methane slip (a) and NOx (b). The
large standard error in measured NOx is explained by LBSI1 results clearly showing
offset from the rest of the data sets.
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Fig. 5 Methane slip (a) and NOx emissions (b) measured for LBSI marine engines

As can be seen NOx emissions increase with the load, while methane emissions
substantially decrease. This is quite a natural behaviour as fuel-air ratio increase
with the load providing more efficient and complete combustion at medium and
higher loads comparing to low load operation. Combustion at these loads is rather
steady and complete, hence methane emissions are basically only due to unburned
fuel escaping from the crevices volume which is also supported by the data from
Figure 5 (a) indicating methane levels almost not changing at loads above 50 %. At
low loads too lean operation results in unstable and incomplete combustion (even
misfire) with correspondingly very high methane slip and proportionally higher
fuel consumption [36]. In this situation it can be proposed to perform low-load
NOx tuning of the engines as at low loads there is still a substantial NOx margin
until Tier III limits are reached. Somewhat richer operation can help to reduce
methane slip substantially at the same time fulfilling emission standard require-
ments.

Two older LBSI engines were also included in the measurement campaign to
indicate the gas technology development over the last decade, but were not in-
cluded in calculation of emission factors as are not representative for state-of-the-
art LBSI gas technology. This data adds substantially to the standard error as shown
in Figure 5, but is important as indicates variability in methane slip data among
so-called "gas engines" as well as shows the achievements available through the
recent developments in gas engine technology.
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Quite an interesting observation was found studying the data from the same
engine models, but installed in different vessels. As can be seen from Figure 6 an
impressive agreement (considering on-board measurements) in methane slip is
registered for medium and high loads, while at lower loads the deviation in data
sets starts to increase rapidly. Again an unsteady nature of combustion at low loads
due to too lean conditions is the main factor here. A contribution of other fac-
tors such as difference in fuel composition (methane number), engine operational
state and conditions, etc. should be also taken in account.
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Fig. 6 Comparison of methane slip data from the same engine model installed on different ships

The measured emission data from the same engine model collected on-board
was also compared to that collected in laboratory test-bed measurements as shown
in Figure 7. As can be easily seen the agreement is rather good at loads > 50 %, while
results are simply incomparable at 25 % load. At first look the difference in more
than 400 % at 25 % load can be due to the measurement error or (and) poor calcula-
tions, but returning back to 5 one can clearly observe that the difference between
different measurements at low loads can be tremendous and difference in hun-
dreds or even thousands of percent is not an exception [32]. Again the main reason
is bulk quenching due to too lean conditions [27, 64] resulting in large amount of
gas (i.e. fuel) leaving the combustion chamber simply unburned.

In addition to this purely physical reason in current case there might be some
other factors that are involved and probably even dominating over the specified
bulk quenching phenomenon. They may include the effect of "ideal" laboratory
conditions, possibility for tuning of the engine on test-bed stand, different health
conditions of the engines, difficulties for fuel control system to deal with unsteady
conditions at sea and others [36]. The effect of each of the specified factors is not
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Fig. 7 Comparison of methane emissions from on-board and test-bed measurements for the same en-
gine model

known and hardly can be evaluated, but all they should be taken into considera-
tion.

4.2 LPDF engines summary

Data that makes basis for the assessment consists of measurements done on two
ships equipped with state-of-the-art engines from different manufacturers. It is
supplemented by the data provided by the engine suppliers from their own test-
bed measurements. Emission factors for LPDF engines based on the available data
are summarized in Table 5. As can be seen methane slip comprise 92-97 % of mea-
sured THC emissions proofing to be of the main concern in regards to unburned
hydrocarbons.

Table 5 Weighted average emission factors for LPDF marine engines (built after 2013) in accordance to
E2 and E3 test cycles

Data source NOx CO THC CH4 CO2 Number of
enginesg/kg

fuel g/kWh
g/kg
fuel g/kWh

g/kg
fuel g/kWh

g/kg
fuel g/kWh

g/kg
fuel g/kWh

SINTEF Ocean
measurementsa 13.7 2.32 9.8 1.65 33.8 5.70 31.2 5.26 2683 452.1 2

Manufacturer
measurementsc 10.3 1.74 11.5 1.95 47.0 7.92 44.8 7.56 2609 441.1 5

Average
(all sources) 11.3 1.90 11.0 1.86 43.2 7.28 40.9 6.90 2630 444.2 7

a Based on on-board measurements
b Based on test-bed data

In contrast to the case of LBSI engines, there is a pronounced difference be-
tween NOx emissions measured by independent institution and that provided by
the manufacturer for LPDF engines. The difference is 25 % and might be partially
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explained by difference in engine operational condition in laboratory and at sea.
The difficulties providing proper emission statistics based on only two measure-
ments on-board can also have an impact here. The difference in other measured
emission types is significant especially in case of THC and CH4 emissions com-
prising 28 % and 32 % respectively. Nevertheless lower methane slip measured by
SINTEF Ocean at the same time showing higher NOx levels in contrast to the data
from the manufacturers may indicate the laboratory tuning of engine for lower
NOx which is the only directly regulated emission type [62] and is of primary con-
cern. In such case it might be advised to utilize the margin between actual mea-
sured NOx level and limits specified by Tier III for reduction of excessive methane
slip emissions. It is sufficient with the intervention in control settings of the en-
gines providing changes in the valve timing and/or pilot injection timing. It should
allow somewhat less lean combustion at low loads that are the primary contributor
to the overall methane emissions [64]. Here it should be also pinpointed that, even
despite of the use of pilot injection significantly contributing to overall NOx emis-
sions [41], the Tier III emission standards were fulfilled for the considered engines
(with the exception of LPDF1) without use of exhaust gas treatment.

As can be seen from Figure 8 there is a rather good agreement in the mea-
sured methane slip data down to 50 % load, while for 25 % load there a substantial
spread, stretching between 8.5 g/kWh and 26.5 g/kWh, that can be observed. Again
a number of factors that can be used here in explaining the difference is for exam-
ple difference in engine operational conditions, control settings, fuel composition,
load variation, amount of pilot fuel used and so on. Basically all these factors af-
fect the combustion stability. At low loads the combustion may be unstable due
to lean operational conditions [27], hence incomplete fuel combustion and even
misfire can occur leading to sudden increase in unburned fuel, i.e. in registered
methane slip. In case of LPDF engine this can be normally avoided by increasing
amount of pilot fuel used [65, 66], hence increasing overall combustion efficiency.
This matter allows to save the fuel which in other case will pass through the com-
bustion chamber unburned resulting in environmentally harmful emission. Only
two data sets (both from on-board measurements) are available for very low load
operation providing poor statistics as data shows a tremendous variation. These
results at the same time highlight the complexity of combustion phenomenon at
challenging low load operating conditions and possible issues that this implies for
further data analysis.

As was mentioned above, only LPDF1 engine was not able to fulfill Tier III as
can be seen from part (b) of Figure 8 with NOx emission curve lying above the bulk
of the data with substantial margin at medium and high loads. At the same time
at low loads this engine shows one of the lowest NOx levels among the tested en-
gines. This engine has a potential to achieve Tier III levels by proper adjustment
of the engine control and regulation system, i.e. by incorporation of so-called low
NOx tuning. It is believed that such tuning should take place after the engine has
been installed and tested in a vessel, not on a test-bed during the acceptance test,
as the engine real operation condition at sea cannot be completely reproduced in
laboratory tests. Moreover, it is quite often that engines appear to be "overtuned"
resulting in very low nitrogen oxides emission, far below the limit set by the stan-
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Fig. 8 Methane slip (a) and NOx emissions (b) measured for LPDF marine engines

dards. Lower combustion temperatures in such cases results in lower NOx emis-
sion [27], but this deteriorates the combustion quality causing reduction in fuel
utilization efficiency and hence in higher emitted levels of CH4 [33]. Such situation
was also observed during the measurement campaign and is reflected in Figure 9.
As one can see, the engines LPDF1 and LPDF2 clearly shows identical methane slip
behaviour with nearly constant offset (around 35-55 %) over the entire measured
load range highlighting the above-mentioned concern. Same offset of around 30-
60%, but in opposite direction, can be also seen from corresponding NOx emission
plot shown in part (b) of the same Figure 9.

Such behaviour was not observed for every manufacturer as can be seen from
Figure 10 where a pretty good agreement between on-board and test-bed emission
data can be observed. In such case it is not possible to conclude on existence of any
tendency in "overtuning" the engines in regard to NOx emissions or this being only
an exception for LPDF1 and LPDF3. The observed behaviour is planned be double-
checked in continuation of current study as more field data has being collected.

The majority of LPDF emission data comes from test-bed measurements as
seen from Table 5. This data includes an interesting set of results from the same
engine model (and manufacturer correspondingly) with different power rating and
engine speed as represented by Figure 11. The variation in cylinder power rating
is rather significant (around 20 %) even despite rather modest variation in engine
speed, which is quite natural considering the same engine model designed for a
specific operational window and application. All the engines show a pretty good
agreement over the entire measured load range with some higher variation ob-
served for NOx emissions at 75 % load. The interesting fact that summarizing in-
formation from Figures 5-10 one can notice that NOx levels have its minimum at
75 % load for all the considered LPDF engines, with LPDF1 and LPDF2 showing a
pronounced "deep valley" at this load point. Such behaviour is a direct result of
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Fig. 9 Comparison of methane slip (a) and NOx (b) emission data from on-board (ship) and test-bed
measurements for the same engine model
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Fig. 10 Comparison of methane slip (a) and NOx (b) emission data from on-board (ship) and test-bed
measurements for the same engine model (different engine manufacturer is considered comparing to
Figure 9)

the engine been "tuned" for minimum NOx emissions exactly at 75 %. This load is
typically chosen for such "tuning" as in accordance to E2 and E3 test cycles [62, 61]
it has the highest weight factor (50 %) that has to be used in calculation of overall
NOx emission factor for the considered engine to get the required Tier III accep-
tance. Such approach is not used in on-shore transportation sector where more
advanced test cycles (including transient cycles) are employed, but also utilized in
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some off-road applications with smaller engines where weight factor approach is
still being used.
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Fig. 11 Comparison of methane slip and NOx (b) emissions from the same engine model with different
power rating and engine speed

4.3 Single LBSI and LPDF engines

In addition to the summary of the analysis for considered LBSI and LPDF engine
groups a more deep evaluation of a randomly chosen single engines from each
concept was performed to assess the correctness of the measurements performed.
The engine on-board always operates in slightly unsteady conditions (even at con-
stant load and calm sea) [58], thus making challenging performing comprehensive
emission measurement campaign on board.

Engine LBSI5 built in 2015 and installed on oil/chemical tanker with gross ton-
nage of 3960 t was used as an LBSI example here. It is a medium-speed engine with
maximum power of 1460 kW at 900 rpm used for electricity generation, hence E2
test cycle is considered here [61]. The entire measurement log for four load con-
ditions and measured concentrations of NOx , CH4, CO, CO2 and O2 was studied
carefully. Only the area of most stable operation was considered for computation
of mean values. It should be also mentioned that both methane and THC emis-
sions were measured for each load point to find the contribution of unburned
methane to overall unburned hydrocarbons.

As can be seen from emissions summary presented in Figure 12 the emissions
of methane are very stable over the entire measurement period for all four load
points, while other emissions show some variation that is although not statisti-
cally significant. Here it can be clearly seen oxygen content decreases over the load
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indicating reduction in air-fuel ratio and hence more complete and efficient com-
bustion. This results in unburned methane (and CO) emissions substantially de-
creasing with load while NOx emissions increase. Increase in registered CO2 levels
also indicates more complete combustion [27]. Somewhat higher variation in NOx

emissions at 100 % is explained by challenging conditions under constant maxi-
mum load operation at sea [67, 33] and possible switch on and off of additional
power consumers on board to provide maximum load operation conditions.
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Fig. 12 Exhaust emission summary for LBSI5 engine

In its turn, among the tested LPDF engines, LPDF3 was chosen for more de-
tailed stability analysis of measured exhaust gas emissions. It is also a medium-
speed 4-stroke engine and was built in 2016 and installed on a cement carrier with
gross tonnage of 4284 t. The engine’s speed is 750 rpm and maximum rated power
of 3000 kW. In a similar manner to LBSI5 engine, the emission summary of the
presented data for LPDF3 is shown in Figure 13. As can be seen the stability of all
measured emission types are very good with the only exception of NOx emissions
at higher loading conditions. At 100 % load this behaviour can be due to the dif-
ficulties performing maximum load measurements at sea as the engine normally,
due to the practical reasons, cannot deliver 100 % of rated power resulting in slight
load (fuel consumption) variation at condition with lowest air-fuel ratio and hence
highest measured NOx levels [33]. In its turn 75 % load conditions are very impor-
tant in case of Tier III compliance verification with weight factor of 50 % and is nor-
mally chosen for fine engine tuning for lower NOx . This can cause over-regulation
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of fuel gas admission valve with corresponding variation in supplied fuel quanti-
ties causing excessive variation in measured NOx levels.
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Fig. 13 Exhaust emission summary for LPDF3 engine

Comparing NOx and CH4 emission behaviour for different engine concepts
from Figures 12 and 13 it is possible to observe another interesting fact, i.e. the
contribution of pilot fuel combustion to overall NOx levels. Both engine concepts
exhibit similar behaviour (i.e. decrease) for methane slip over the entire load range,
while NOx emissions increase with the load for LBSI engine and for LPDF concept,
but only in 50-100 % load range, in other words excluding low load operation. At
this low loads it shows a 50 % increase in NOx (comparing to higher load point of
50 %). Such behaviour most likely was caused by pilot injection utilizing more fuel
to provide stable combustion at challenging low load conditions. This additionally
highlights the significance of pilot fuel injection contributing to overall NOx emis-
sions [42]. For the reference, it can be specified that for LPDF3 engine the pilot fuel
injection duration at 25 % load was 35 % longer than at other load conditions (as
was set by the manufacturer).

The detailed statistical analysis on the lower level (i.e. for each load point) was
also performed for each data set (considering both LBSI and LPDF engines) to re-
veal possible issues with the collected data and to identify possible outliers. This
was done by performing normality check at the same time considering available
engine operational data. No data points were excluded from the analysis based
on such approach. The consistency in data is probably due to all measurements
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strictly following the same measurement protocol (standard) and proper instru-
ments conditioning and maintenance.

4.4 Overall summary

The overall results comprising data from on-board and test-bed emission mea-
surements performed by SINTEF Ocean, data from the manufacturers’ own test-
bed measurements and materials from the engine acceptance tests provided basis
for current study and are represented graphically in Figure 14. The same data pool
was extended by the data from the earlier SINTEF Ocean’s projects/measurements
both on-board and in laboratory allowing to provide realistic and reasonable spe-
cific emission factors (refer to Table 6) that are advised to be used for performing
various estimations and simulations of emissions from LNG-fuelled MDEs. The
authors believe that this can be also beneficial in building more precise environ-
mental models for coastal sea areas and can be found useful in further develop-
ment of environmentally-friendly gas engine technology.

Table 6 Specific emission factors proposed for marine gas engines

Gas engine type NOx CO THC CH4 CO2
g/kg
fuel g/kWh

g/kg
fuel g/kWh

g/kg
fuel g/kWh

g/kg
fuel g/kWh

g/kg
fuel g/kWh

LBSI engines 5.1 0.9 9.8 1.7 25.4 4.4 23.2 4.1 2687a 472.4a

LPDF engines 10.4 1.9 11.0 1.9 43.2 7.3 40.9 6.9 2630 444.2

Average (all sources) 7.5 1.4 10.3 1.8 33.2 5.7 31.0 5.3 2662 460.1

a Values are based on data from medium- and high-speed engines
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Fig. 14 Overall summary of emissions result from the measurement campaign

On Figure 14 a rather good agreement among the measurement results from
LBSI engines allows to group them based on the gas technology maturity, i.e. on
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the production year, resulting in two distinctive groups: LBSI built before 2010
(solid line rectangular) and those built after 2010 (dashed line rectangular). A rather
clear reduction in the emitted methane slip can be observed at the same time
keeping NOx emissions at the same low level. The development in lean-burn gas
engine technology (valid commonly for both LBSI and LPDF engines), namely im-
provements in combustion chamber design (shape optimization and crevice vol-
ume reduction), use of variable valve timing and Miller cycle, better throttle valve
and gas admission valve control and others [36], can be the main reasons for such
"breakthrough". The methane slip reduction associated with the improvements
implemented in commercially-available marine gas engines is summarized in Fig-
ure 15 constituting 52 % for LBSI engines and 56 % for LPDF engines. The data
from some earlier projects [32] were used to estimate the effect of LPDF engines
development as no engines of this concept built before 2010 were considered dur-
ing current study.

It can be also noticed that LPDF engines in general indicate higher levels of
emitted NOx and CH4 likely due to complexity of the technology incorporating
the homogeneous combustion of main gas fuel in Otto cycle with application of
diffusion flame from the liquid pilot fuel injection. The precise control is very chal-
lenging in such cases as pilot fuel amount should be minimized (down to 1 % of
the total supplied chemical energy) for lower NOx production at the same time
having capability to provide almost 100 % power in situations when main gaseous
fuel is not available [33]. This also can be one of the reasons explaining somewhat
higher variability of LPDF emission results.

Fig. 15 Emission reduction due to recent development in marine gas engines (2010-2017). Values are
weighted average based on E2 and E3 test cycles

5 Conclusions

Methane emissions or, in other words, methane slip do not receive sufficient at-
tention from the environmental researchers and marine gas engine manufacturers
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most likely because of the absence of direct regulatory requirements and not very
wide acceptance of LNG as marine fuel. At the same time the harmful nature of
CH4 both for humans and environment is known for decades and need for lower
emitted levels of methane was indicated in various research studies [11, 21]. Such
regulatory requirements exist for different industries including transportation. It
is believed that international shipping should not be an exception here, especially
considering constantly increasing number of vessels utilizing LNG as main fuel. At
the same time there are some practical difficulties not allowing to make any final
regulatory decisions here such as immaturity of marine gas technology with dif-
ferent concepts available, insufficient amount of available emission data of good
quality (especially field data) to set realistic limits, difficult structure of IMO re-
garding decision making, absence of clear and precise measurement standards
and procedures and so on.

Current study is aimed to help in fulfilling the gaps that exist in understand-
ing the methane slip phenomenon providing high-quality measurement data from
on-board measurements from both LBSI and LPDF engine concepts. This two gas
engine groups combined comprise the majority of all operated marine engines as
well as dominating option when it comes to the ordered vessels. The study also
provides an updated specific emission factors (separately for LBSI and LPDF en-
gine groups), based on on-board emission measurements, that can be used for
more realistic exhaust emission estimations not only by environmental researchers,
but also by ship operators/owners when considering different propulsion options
for new-build vessels.

It can be summarized based on the performed measurements that there is a
significant "breakthrough" in gas engine technology achieved during the last years
(2010-2017) with methane emissions reduced by more than 50 % for both LBSI
and LPDF concepts at the same time keeping same low levels of emitted NOx .
Due to presence of pilot fuel and complexity of its control [65, 66] (especially at
low loads) the LPDF engines show somewhat higher emissions with correspond-
ingly higher variation than LBSI engines. Despite that this engine group is rather
popular among the LNG-operated ships due to its option of utilizing diesel fuel
in addition to main gas fuel. Moreover, both LBSI and LPDF marine gas engine
designs show to fulfill strict Tier III NOx requirements without application of any
aftertreatment systems.

It was also shown that it is quite common among the manufacturers of ma-
rine gas engines to perform low NOx tuning (including injection and valve timing,
etc.) with 75 % load being especially important due to its significant weight factor
as specified by Tier III E2 and E3 test cycles. It can be addressed here that such
"tuning" does help to improve the performance of gas engines in terms of NOx

emissions, but in the expense of CH4 emissions. The authors especially would like
to highlight the importance of avoiding "overtuning" of the engines, i.e. providing
lowest possible NOx with very high levels of methane slip. Tier III levels can be
achieved with rather low methane emissions for the considered low-pressure gas
engine concepts. Moreover, it is essential to perform the final adjustments of the
gas engine control and regulation systems at sea when engine experiences real op-
erational conditions, despite this being a rather challenging work. Finally it should
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be noticed that weight factors that are specified for each load point in E2 and E3
test cycles cannot represent well the real operational situation of every vessel. For
example, large crude oil carrier, passenger ferry and platform supply vessel have
very different operational profiles, so it is not correct to utilize same weight factors
for them as they spend different amount of time at different loads.

The future work is also planned to improve current study by supplementing it
with the real operational data from other gas engine concepts as they are entering
maritime market. LPLSDF and high-pressure gas engines has been already tested
on ships by still are rather seldom considering immaturity of corresponding gas
technologies. It is also important to keep on updating the specific emission factors
presented in the study as the rapid development in gas engine is not planning to
slow down and it would be beneficial to follow up this development.
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