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A B S T R A C T

The stringent environmental regulations along with the LNG fuel penetration and the development of port and
bunkering facilities render the use of the dual fuel engines an attractive alternative of the traditional ship pro-
pulsion plants based on diesel engines running with HFO for reducing both the plant operating cost and envi-
ronmental footprint. The present study deals with the computational investigation of a large marine dual fuel (DF)
engine of the four-stroke type for comparing its performance and emissions, in both the diesel and gas operaitng
modes by using the commercial software GT-ISE. The engine diesel model was initially set up and calibrated to
adequately represent the engine operation. Subsequently, the engine dual fuel model was further developed by
considering the injection of two different fuels; methane in the cylinder inlet ports and pilot diesel fuel into the
engine cylinders. The derived results were analysed for revealing the differences of the engine performance and
emissions at each operating mode. In addition, the turbocharger matching was investigated and discussed to
enlighten the turbocharging system challenges due to the completely different air�fuel ratio requirements in the
diesel and gas modes, respectively. Finally, parametric simulations were performed for the gas mode at different
loads by varying the pilot fuel injection timing, the inlet valve closing and the inlet manifold boost pressure,
aiming to identify the engine settings that simultaneously reduce the CO2 and NOx emissions considering the
air�fuel ratio operation window limitations. The parametric study results are discussed to infer the engine
optimal settings.

1. Introduction

Marine diesel engines gaseous emissions including CO2, NOx, SOx,
HC, CO and PM, have been steadily increasing throughout the last years.
As it is reported in Bows–Larkin et al. (2014), shipping accounts for 2–3%
of global gaseous emissions. For controlling gaseous emissions and air
pollution as well as reducing the environmental impact of the maritime
industry, various international and national regulatory bodies such as
IMO, EMSA and EPA have adopted a series of regulations for limiting the
non-greenhouse gaseous emissions including NOx and SOx, as well as the
greenhouse gaseous emissions; mainly CO2 as illustrated in IMO (2014a,
b), EMSA (2015), EPA (2010) and EPA (2015).

Through these amendments of the international regulatory

framework, the Energy Efficiency Design Index (EEDI) along with the
Energy Efficiency Operational Indicator (EEOI) were introduced and the
Ship Energy Efficiency Management Plan (SEEMP) was established. The
EEDI was made mandatory for newly built ships in 2013, whilst SEEMP
came to effect for new and existing vessels in 2011 with the adoption of
amendments to MARPOL Annex VI. The expected benefits from the
implementation of the above include not only the reduction of the
environmental impact of gaseous emissions, but also the reduction of the
fuel consumption throughout the ship lifetime leading to minimised
operating costs that affect the competitiveness of the shipping companies
(Theotokatos and Tzelepis, 2015). Furthermore, the price of LNG is also
attractive�about 60% of the HFO price (Livanos et al., 2014)� although
the market is volatile and the fuels prices are affected by various
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parameters including geopolitical factors.
Responding to the imposed regulatory framework, the engine man-

ufacturers e.g. MAN Diesel and Turbo (2010) and W€artsil€a (2015a), as
well as Classification societies e.g. ABS (2013) performed studies
focusing on the gaseous emissions reduction (Jean-Michael, 2012),
(Hendrik et al., 2016), (Bouman et al., 2017). In addition, the engine
manufacturers have pursued efforts to improve the combustion charac-
teristics, in order to increase the engines efficiency and consequently to
reduce the associated fuel consumption, as well as to limit the engines
gaseous emissions. Marine engine manufacturers have also developed
dual fuel (DF) versions both for the large two-stoke slow speed engines
and the small to medium size four-stroke engines. These engines have the
ability to operate on the gas and diesel modes; in the former by using
natural gas and pilot diesel fuel, in the latter by burning diesel fuel (HFO
or MGO).

As it is discussed in Hoenders (2013), Livanos et al. (2014) and
Abdelrahman et al. (2016), natural gas (NG) is the greenest fossil fuel
that forms a well proven and feasible solution for ships propulsion.
Whilst the conventional diesel fuels will remain the main preference for
the majority of the existing vessels in the near future, the commercial
opportunities of the natural gas are attractive for new-built vessels. The
sulphur content of natural gas is almost zero (about 0.004% by mass),
which is well below the 0.1% limit required for ECAs from 2015, and
therefore the SOx emissions of the engines operating in the gas mode are
very limited (SOx emissions can be reduced up to 90–95% compared
with the diesel mode operation at HFO). In addition, the DF four-stroke
engines with low pressure admission can achieve up to 85% NOx emis-
sions reduction as they operate in the lean burn combustion concept, the
CO2 emissions can decrease up to 20–25% due to the natural gas lower
carbon to hydrogen ratio, whereas the particulate matter (PM) emissions
are almost eliminated and there is no visible smoke during engine
operation at gas mode.

There are two types of four-stroke engines classified based on the gas
injection; (a) the DF engines which operate at low gas pressure (5–7 bar)
where the gas is injected at port and mixes with air during the intake
phase (W€artsil€a, 2015b) and (b) the gas-diesel (GD) engines which
operate at high gas pressure (around 350 bar) where the gas is directly
injected into the cylinder during the combustion phase. Both categories
can achieve typical brake mean effective pressure (BMEP) of around
25 bar. Typical examples of the first type is the W€artsil€a 20DF and 50DF
engines, whereas W€artsil€a 32GD and 46GD are classified under the sec-
ond type (Jarf and Sutkowski, 2009). Likewise, there are two types of
two-stroke DF engines classified by the gas injection and combustion
processes concept; the first operates at high gas fuel pressure (around
300–350 bar) in which the gas fuel is injected during the combustion
phase and is burnt according to the diffusive combustion concept as
described in MAN Diesel and Turbo (2015), whereas the second operates
in low gas fuel pressure (around 7 bar) in which the gas fuel is injected
into the engine cylinder during the compression phase and burnt based
on the premixed combustion concept as explained in Nylund and Ott
(2013).

Previous research efforts on dual fuel engines along with a review of
the operation principles and practices are reported in Karim (2015) and
Ashok et al. (2015). The research efforts reported in Krishnan (2002),
Cordiner et al. (2005), Kavtaradze et al. (2005), Srinivasan et al. (2006),
Vasil’ev (2007), Ozcan and Yamin (2008), Papagianakis et al. (2010),
Pirker et al. (2010), Jarvi (2010), CIMAC (2012), Andre (2013), Xu et al.
(2014), Abagnale et al. (2014), Savva and Hountalas (2014), Yousefi
et al. (2015), Bo et al. (2015), Li (2016), Qiang et al. (2015), Zhongshu
et al. (2015), Banck et al. (2016), Cameretti et al. (2016), Moriyoshi et al.
(2016), Shinsuke et al. (2016), Wang et al. (2016), Georgescu et al.
(2016) mainly dealt with the investigation of the dual fuel engines
emission characteristics, the development of methods for increasing the
DF engines efficiency, the optimisation of the pilot fuel injection and the
gas substitution rate, the extension of the engine operating range in the
gas mode as well as the knocking avoidance. Simulation tools of various

complexities (0D to 3D) (Bhave et al., 2004), (Singh et al., 2004), (Merker
et al., 2006), (Coble et al., 2011), (Ritzke et al., 2016), (Theotokatos
et al., 2016), (Yang et al., 2016), (Mavrelos and Theotokatos, 2018) have
been used for investigating the DF engine steady state performance and
transient response CIMAC (2011) (Xu et al., 2014), (Shuonan et al.,
2014). For analysing marine engines and ship propulsion systems,
various model types have been also used as described in Benvenuto et al.
(2013), Theotokatos and Tzelepis (2015), Baldi et al. (2015), Cichowicz
et al. (2015) and Mizythras et al. (2018). However, very few studies have
been published focusing on marine DF engines investigations. The con-
trol during fuel mode transition of a marine DF engine has been reported
in Wang et al. (2015). Nylund (2007), Boeckhoff et al. (2010), Portin
(2010), Mohr and Baufeld (2013), Mohand Said et al. (2013), Menghan
et al. (2015), Weifeng et al. (2015) and Sixel et al. (2016) focused on
experimental studies of marine DF engines reported providing details of
the engine settings and operation, whereas a computational study of DF
engine investigating the alternatives of turbocharging system, compres-
sion ratio and variable valve timing is reported in Christen and Brand
(2013), where the DF engine combustion was modelled by considering
the gas fuel only assuming limited contribution of the pilot fuel. Sixel
et al. (2016) combined GT-Power with a developed combustion model
and experiments to investigate a marine DF engine operating with either
natural gas or menhanol.

In this respect, the main objective of the present study is to develop a
model for a large marine dual-fuel engine of the four-stroke type,
considering the engine processes and systems. Based on this, the inves-
tigation of the engine steady state performance and exhaust emissions is
carried out at the engine discrete operating modes (diesel/gas). By ana-
lysing the derived results, the processes that affect the engine efficiency
and gaseous emissions are revealed enabling the elaboration on possible
ways to increase the engine efficiency and reduce emissions. In addition,
the turbocharger matching along with the waste gate settings are dis-
cussed as different requirements are imposed in each operating mode.
Finally, the optimisation of the engine settings at the gas mode is
investigated based on a parametric study results and taking into account
the CO2 and NOx emissions reduction along with the engine operational
limitations.

2. Engine modelling

2.1. Investigated engine

The W€artsil€a 9L50DF engine, which is a four-stroke, non-reversible,
turbocharged and intercooled DF engine, was used for the present study.
The engine consists of nine cylinders placed in-line. This type of engine is
widely used due to its high power output along with its fuel flexibility,
low emission rates, high efficiency and reliability. The engine details are
reported in the manufacturer project guide (W€artsil€a, 2015b). The main
engine characteristics are illustrated in Table 1. The engine layout and
components are presented in Fig. 1. As it is shown, a waste gate is used to
by-pass a part of the exhaust gas along the turbocharger turbine in order
to control the engine cylinders air�fuel ratio at the gas operating mode.
Each engine cylinder includes a main fuel and a pilot fuel injector. Gas is
injected by using solenoid valves at each cylinder inlet port (upstream the

Table 1
Engine main characteristics.

MCR power kW 8775
MCR speed r/min 514
BMEP at MCR bar 20
BSFC at MCR (Diesel mode) g/kWh 190
BSEC at MCR (gas mode) kJ/kWh 7300
Bore mm 500
Stroke mm 580
No. of cylinders – 9
Turbocharger units – 1
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