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Abstract

The control of air pollution in all primary industries is the major technological challenge currently and for the
upcoming decades. The effect of industrial carbon emissions on global temperature rise is now an undisputed
fact, with all major institutions and governmental bodies examining pathways to reduce the amount of CO;
emitted in the atmosphere. Unless strict measures are implemented, the global average temperature increase is
projected to reach levels that will have severe effects on population welfare and the environment. Beyond
CO, other emissions from fossil fuel powered infrastructure have been found to adversely affect human
health and the environment. Some of the most harmful species emitted are NOy, a product of high temperature
combustion and a hurdle of diesel engine design regardless of application.

The marine sector accounts for roughly 3.3% of total anthropogenic CO, emissions and is also one of the
major sources of NOy emitted in the atmosphere, both on a global scale and near centres of high human
population density. In this thesis solutions to limit the contribution of the marine sector on global emissions
are investigated focusing on pollutants from marine internal combustion engines.

Modern emission reduction technologies for the marine industry are examined and evaluated using
measurement data collected from marine engines on-site, either on-board vessels or during factory acceptance
tests of the engines. The direct measurements were complemented by data acquired using telemetry solutions,
if required. The technologies investigated, aim to reduce CO, and NOx emissions by direct or indirect
methods. Both emissions are controlled by the International Maritime Organization (IMO) with limits that
target total ship carbon and NOx emissions. The control of carbon emissions is enforceable since the start of
2023 via indexes that penalize high fuel consumption, hence CO, emissions. In the case of NOy, limits have
become considerably stricter in specific sailing areas since 2016. The CO- reduction technologies examined
are the use of natural gas in dual-fuel marine 2-stroke propulsion engines and the use of marine type biofuels.
Dual-fuel engines operating on liquified natural gas (LNG) are, in their current form, a relatively new
development and the total number of such engines in the field is still limited compared to diesel only designs.
High interest for marine grade biofuels started roughly in 2018, with considerable number of tests conducted
between 2020 and 2022 to verify compatibility with various types of marine engines and evaluate for potential
effect on NOx emissions. The biofuel used for most of these tests and in the measurements conducted for this
thesis contained 30% biodiesel sourced from waste oil feedstock. The NOy abatement solutions examined are
exhaust gas recirculation (EGR) and selective catalytic reduction (SCR). Both technologies started their
commercial use in maritime within 2016, with SCR being the solution mostly selected until recently.

The thesis mainly concentrates on the 2-stroke engine which is the primary power source of commercial
vessels and has the highest contribution to both CO, and NOy emissions. The 2-stroke engine investigation
involved two engines with the same characteristics but with different designs and settings regarding gas
injection for the dual-fuel LNG high-pressure gas injection tests. For the biofuel trials five diesel engines of

various types were tested. A diesel only engine and a one of the dual-fuel engines were considered for the
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EGR tests and four engines were tested using SCR. In addition, seven 4-stroke engines were measured during
the biofuel tests. All 2-stroke engines tested were state-of-the-art including automatic control systems. For the
above subjects limited information is available in existing literature, especially regarding data from full-scale
applications and analysis of potential performance impact of the technologies based on experimental
procedures and not mainly simulation results.

The tests conducted included measurement of all major operational data from engines, with priority given in
acquiring cylinder pressure traces and data from the engines’ control systems. Exhaust gas composition
measurements were conducted for all engines to estimate their specific NOx emissions and acquire CO;
emission data via a streamlined procedure devised for fast and accurate on-board and on-site tests. The CO;
emissions were also calculated using fuel carbon content and fuel consumption. The cylinder pressure data
were used to conduct heat release rate analysis and estimate the fuel combustion progress. A heat loss model
was used to estimate gross heat release and allow calculation of fuel consumption where accurate
measurement was not possible. The pressure traces were analysed to derive engine settings, specifically the
timing of the exhaust valve opening and closing angle and the fuel injection angle. For the biofuels and EGR
analysis, a multizone engine model was utilized to simulate engine performance and emissions. The model
was based on pre-existing code that was modified accordingly. The validation of the model was performed
using the data from factory acceptance tests (FAT), that are of high quality for engine operation at
“conventional” conditions, with standard fuel and with/without EGR.

The technologies found to have the highest impact on engine performance compared to a modern but
conventional design were dual-fuel high-pressure LNG and EGR. Dual-fuel operation tests showed both
similar and quite different performance compared to diesel only operation, depending on the engine version.
For both LNG engines, high combustion “speed” and fuel energy content resulted in increased peak
combustion rate and decreased total combustion duration, excluding some cases of high delay between the
diesel pilot and main gas injection. Overall, the effect of the pilot injection strategy was found to considerably
alter the combustion mechanism. For the EGR equipped engines the presence of recirculated gases resulted to
slower combustion and peak combustion rate values were decreased. The combustion duration was increased.
For the other two technologies tested, biofuels and SCR, effects on engine performance were rather limited.
The use of biofuel did affect combustion to a degree but was in most cases not immediately discernible. The
SCR system had minimal impact on engine performance and no effect on the combustion process as it is an
exhaust gas aftertreatment device not imposing excessive backpressure.

Analysis of engine tuning showed considerable differences in some approaches, with the highest degree of
settings variation found for the EGR equipped engines and the updated version dual-fuel engine. For the dual-
fuel engines, the previous generation engine showed a conservative approach regarding pilot fuel injection to
limit peak combustion rate, pressure rise and maximum pressure values. The overall tuning resulted to nearly
identical performance to diesel only operation. Different tuning approach was found for the newer engine that
featured altered EVC timings, considerable pilot injection timing advance and use of a different injection

profile for the diesel pilot. During EGR use both EVC and injection timing were considerably altered, as was
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the total mass flow in the engines. Other notable differences in engine settings were found for the low-
pressure SCR system examined, in contrast with the high-pressure one, that barely affected engine operation.
These measures were employed to increase exhaust gas temperature at the catalyst inlet to allow safer
operation and improve NOy conversion efficiency especially at reduced load. The use of biofuels could have
presented differences for fuel injection timing due to physical property differences, but only minimal effect
was found. The only confirmed difference was earlier ignition due to elevated cetane number.

The variations in tuning and the combustion process affected main operational parameters, specifically
compression and peak pressure, pressure increase after fuel ignition and exhaust gas temperature. The total
efficiency of the engines was impacted in most cases with increased fuel consumption compared to typical
operation. The notable exceptions were both dual-fuel engines. The total fuel mass consumed, and total energy
content supplied to the engine were either similar to or considerably lower than diesel-only operation. In the
case of the updated version engine considerable improvement of efficiency was found due to advances in
injector design and a different tuning approach. The highest fuel consumption penalty was measured during
EGR use in the diesel and dual-fuel engines. The main reasons were the reduced rate of the combustion
process, prolonged duration and the lower peak pressures achieved. SCR operation caused minimal fuel
penalty due to the added backpressure either on the engine of after the turbine and some tuning requirements
to increase exhaust gas temperature. The urea consumption, however, was substantial, and its cost may,
depending on pricing trends, approach or surpass that of crude oil. This resulted to the SCR being the least
desirable NOy reduction solution in terms of operating expenses, but also featuring the least number of
considerations for potential issues on engine operation due to its relative simplicity and minimal effect on
performance. The B30 biofuel did affect fuel consumption due to its lower calorific content and a slight
combustion efficiency decrease compared to conventional fuels. The level of difference was evaluated as not
concerning in terms of operating costs, but the issue of its higher price will remain until production
capabilities increase.

The CO, emissions were affected by all the tested technological solutions due to the change in fuel
consumption and/or the different carbon content of each fuel used. Biofuels showed only a small decrease of
carbon tailpipe emissions compared to crude oil, while the lowest tailpipe CO, emissions were found for
MGO operation. Their benefit towards carbon emission reduction will only result in a well-to-wake basis. On
the other hand, their application is simple and requires no engine modifications. LNG use in high-pressure
injection dual-fuel engines confirmed its high potential for carbon reduction with both good fuel consumption
values and low fuel carbon content. The other two studied technologies resulted in fuel consumption increase
that raises CO, emissions; despite the low consumption penalty for the SCR its impact was rated as
considerable due to the urea production high energy requirements.

The NOx emissions were not affected for the tested dual-fuel engines and were close to or below diesel-only
operation. This is expected due to similar overall in-cylinder conditions and the use of the Diesel cycle
principles. The increase in peak combustion rate, most prevalent in the updated dual-fuel engine, did not result

in high change of NOx emissions or exhaust gas temperature. In the case of biofuels, NOx emissions were
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above conventional fuel operation in most cases. This was found for both the 2-stroke and 4-stroke engines
tested. The level of increase was moderate, allowing for the NOx emissions standards of the tested engines to
be retained. Due to almost identical engine performance compared to a conventional fuel, the NOx emission
increase was attributed to the oxygen content of the biodiesel, increasing air-fuel ratio in the flame and
reaction speed. The use of the multizone engine model confirmed the previous with good predictions of NOy
emissions for biofuel and conventional fuels. Both the SCR and EGR systems were proven capable of
substantial NOy reduction, with the maximum efficiency of the former being slightly higher. It is noted,
however, that the SCR catalyst efficiency will decrease with use, and three-to-five-year interval renewals are
required. For the SCR system the efficiency of catalysts operating on HFO was also confirmed, with some
reservations regarding the system’s longevity. The EGR effect on NOx emissions was investigated in detail
using the multizone engine model, with good results in replicating its effect on their formation. The required
EGR percentage was also estimated and found on the high side for all loads. The use of the model allowed to
determine the actual mechanism for NOx reduction and to examine of a solution for minimizing the fuel
consumption penalty at all engine loads.

Overall, the viability of all technical approaches tested was confirmed, most notably for the case of biofuels
that were up to now unproven in the marine field. Tests with the dual-fuel LNG engines demonstrated high
versatility on operation capabilities via engine tuning and it was established that high level of advances can be
achieved between sequential engine generations. This is strong indication that, as both a short- and mid-term
solution, LNG powered vessels will become the go-to approach for low-carbon fuel use. Between the two
NOy abatement measures available and tested for large marine engines, both were found within expectations
in real-world applications. Their comparison showed advantages and disadvantages for each system. The main
concerns for the EGR system are high complexity, low number of operating hours in the field and high impact
on engine operation. The SCR solution was superior in all of the previous terms, but its considerably higher

operating costs are unfavourable in return of investment terms.
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Chapter 1 Introduction

1.1 Background & Motivation

Environmental protection and air quality improvement is one of the most important technological challenges
of the immediate future and is expected to result in major shifts in all sectors relying on the use of fossil fuels
and internal combustion engines. The maritime industry is estimated to account for 15% of NOy emissions
globally and for 16.5% of population exposure in the EU (1,2). In addition, while emissions from vehicles are
on the decline, ship emissions show a steadily increasing trend (2). NOx emissions control is important due to
its harmful effect on human health and the environment (3). The CO, emissions of marine vessels account for
3.3% of global values and projections point to considerable increase in the immediate future, unless mitigative
measures are implemented (4,5). While the percentage compared to total emissions is low, the total green-
house-gases (GHGs) emitted by the industry are high, over 1000 million tons annually. Despite the energy
crisis during the coronavirus pandemic CO; emissions have risen globally and reached a new high in 2022,
(6). The International Council on Clean Transportation (ICCT) has declared the immediacy for action to curb
carbon emissions in the next 15 years for any chance to limit global warming to 1.5°C above pre-industrial
levels to be retained, (7). A scenario of exceeding this limit could result in catastrophic consequences for
natural and human systems, (8,9) as has been known since the late 1970s. In Figure 1-1 global temperature
anomalies, as recorded by NASA are visualized for the period of 2018 — 2022, with 2016 the warmest and
2019 the second warmest year in the 140 years of global historical records (10,11). Just recently the hottest
recorded day record was broken consequently between 5 - 8 July 2023 (12). In Figure 1-2 the CO; emissions
in the general Europe and African area are visualized by the organization (13) showing the increase of CO,
concentration in the atmosphere and in Figure 1-3 the global NOy distribution is given for 1960 and 2021.

Temperature Anomaly
2018 - 2022

Figure 1-1 Global temperature anomaly events and distribution Figure 1-2 COz emissions visualization, Europe and Africa
2018 - 2022, (11) 2022, (13)
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Figure 1-3 Global NOx emissions distribution, 1960 vs 2021, (14)

Further to the previous, marine engines have a very high contribution to SO, emissions due to the use of low
distillation fuels, that account to 15% of total emissions and at the same time to 11.6% of EU population
exposure to the pollutant due to sailing near coastal areas (15,16). As established for decades, the SO, emitted
by the combustion of high sulfur content fuels can have serious effects on human health and above a certain
concentration to the environment (17,18).

The internal combustion engine is the main powertrain solution of the maritime industry and will remain the
main technical solution for the next decades as no promising alternatives are immediately available (19). The
reasons for this dependence of the industry are the requirements of very high power output and for operation
at prolonged periods without stops for refuelling. At the same time, the powertrain selected should not have
considerable impact on the cargo capacity of the vessel. The previous makes solutions such as electrification
or utilization of renewables very difficult (20,21) with the exception of niche applications that mostly utilize
small vessels of low power requirements (22). The variant with the most widespread adoption for the
propulsion of seagoing commercial cargo vessels are compression ignition (Cl) engines, most commonly large
2-stroke low-speed types. For auxiliary power requirements 4-stroke medium-speed diesel generators are
used. The almost universal use of Cl engines in these applications is the result of superior thermodynamic
efficiency and the ability to run these engines on crude oil variants such as Heavy Fuel Oil (HFO). The sheer
power output of propulsion marine engines and consequently their energy requirements, coupled with high
runtimes, make fuel costs of outmost importance for vessel operators.

As with all industries relying on fossil fuel combustion, maritime is faced with scrutiny, and changes are
demanded by institutional bodies aiming to achieve significant emissions reduction. The International
Maritime Organization’s (IMO) first efforts regarding pollution control in the industry date back to the MEPC
MARPOL 1973 convention (23). Air pollution measures were set in the MARPOL ANNEX VI, initially
discussed in 1997, and have been revised multiple times with the 2008 NOy Technical Code introduction
being a major milestone setting the first hard limits for NOx emissions of marine vessels now designated as
Tier-1 (23). The latest revision of marine air pollution legislation entered into force in November 2022
including, for the first time, measures aimed at GHG emission control (24). Currently the officially regulated
exhaust emissions are NOy and SOy, with carbon emissions being indirectly restricted in the form of

environmental performance indexes to be achieved by vessels (4). The first measures for emission control of
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vessels were imposed in January 2000 by the IMO with the Tier-I standard which set limits for NOx emissions
of marine diesel engines of over 130kW output power, (23). Stricter limits were imposed in January 2011 with
the introduction of the Tier-1l1 emission standard. Since January 2016, the Tier-111 limitations have been in
effect, enforceable in select Emission Control Areas (ECA) zones, while globally the Tier-11 limit applies,
(25). The emissions limits for large 2-stroke marine engines for each NOy emissions tier are provided in
Figure 1-4. The transition from Tier-11 to Tier-11l introduced significant challenges demanding NOy emissions
reduction of 77% for low-speed engines compared to the 15% reduction from Tier-1 to Tier-Il limit, (26,27).
Considerable statutory restrictions on SOx emissions came into effect in 2005 following their 1997
introduction in the MARPOL ANNEX VI. The initial global limit was 4.5 wt. % and since 2020 has been
reduced to 0.5 wt.%, while for ECA zones a 0.1 wt.% limit has been in effect since 2015, (28). The SOx
emissions limits through time are given in Figure 1-5 with the depiction of current and possible future ECA
zones illustrated in Figure 1-6. Carbon emission restrictions started in January 2023 towards the goal of
reducing GHG emissions from vessels by 40% compared to 2008 values until 2030, (4). While no specific
limits have been set for CO; and other GHGs two indexes were introduced, Energy Efficiency existing ship
Index (EEXI) and the Carbon Intensity Index (CII), related to vessel fuel efficiency and carbon output, (29).
Depending on the score of the two indexes vessel operators may be forced to limit maximum engine power

and sailing speed inhibiting vessels’ operational capabilities, (30,31).

Global sea areas |

Designated sea areas

NOX Limit, g/kWh

1 1

Fuel sulfur concentration (%)

T T T T T T 1
2008 2010 2012 2014 2016 2018 2020 2022

Regulation enactment period (year)

1800 zooO

Figure 1-4 Marine NOx emissions limits, (32) Figure 1-5 Marine SOx emission limits, (33)

Current emission control areas

Figure 1-6 Marine Emission Control Areas Map, (34)
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Following the drastic changes in environmental policy, major shifts are underway in the maritime industry.
The technical solutions to overcome the new restrictions without significantly impacting operational
capabilities, fuel economy or availability and vessel acquisition cost are still not fully defined by the
regulating bodies (35,36). Vessel operators are concerned for the best strategy for a future fleet composition,
evaluating mainly cost, ease of operation, versatility and future proofness of newly acquired vessels should
further restrictions be imposed.

1.2 Thesis Objectives & New Contribution to the Field

The regulated exhaust emissions of marine engines are, as mentioned, CO2, NOx and SO,. In this thesis
various technical solutions for reduction of the CO, and NOx emissions are investigated, based on applications
in the field, in its two main chapters. Regarding SO, emissions, the industry has already settled on the use of
low sulfur content fuels or the installation of SOx scrubbers to achieve the required emissions limits. It is
noted, however, that the use of certain scrubber systems (open loop) is being banned in various areas (37), and
depending on the approach shipowners follow, further traction for research may appear on the subject. This
will mostly depend on price and availability of low and very low sulfur content crude oil blends. Regarding
CO, emissions a clear pathway has not yet been decided by regulators or shipowners (24). For NOy emissions

two main reduction methods are currently in use, each with their individual advantages and disadvantages.

1.2.1 Thesis Main Objective

The main objective of the thesis is to analyse the use of technical solutions for O, and NOy emissions
reduction technologies in the marine field focusing on novel solutions. The major requirement for the
technologies investigated was to be currently usable in actual commercial operation and to be considered as
potent short- and mid-term solutions for marine engines emissions control, while keeping operating expenses
within normal limits. The analysis contained in this thesis is focused on measurements to evaluate data from
actual operation and utilizes software tools for in-depth analysis, where viable. The aim is to provide a
comprehensive evaluation on major, newly introduced, pollution reduction technologies in the marine
industry, focusing on their effect on engine operation and performance and primarily relying on data from
measurements conducted on the field.

The technologies investigated in the thesis are newly introduced in the marine sector and include in-cylinder
measures (internal), exhaust after-treatment devices (external measure) and alternative low carbon content
fuels. Specifically for CO, emissions reduction liquified natural gas (LNG) use in dual-fuels engines and
liquid biofuels were investigated. The NOy emissions abatement solutions examined were selective catalytic
reduction (SCR) and exhaust gas recirculation (EGR). These solutions are either newly applied in the field, or
under evaluation by regulators and shipowners. The analysis is based on extensive collection of experimental

data acquired from full-scale testing, either on-board wvessels or in engine manufacturer facilities.
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Experimental results are also used to verify simulation tools that are utilized for further analysis and mainly
for the better understanding of the mechanisms that affect pollutant formation.

For the requirements of this thesis experimental data were acquired during full-scale tests with attendance on-
board marine vessels. The tests were conducted both on-board vessels during normal operation and official
sea trials processes. In addition, attendance and data collection was possible for engine FATs, commonly
referred to as Shop Tests in the industry, at the manufacturer facilities. This was achieved in cooperation with
engine makers and allowed to have high quality data. The on-site measurement data are complemented by

data acquired via telemetry via a specialized methodology in collaboration with shipowners.

1.2.2 Thesis Main Contributions
1.2.2.1 Methodology

Due to the sheer size of most of the engines tested and the low, or relatively low, number of units currently
utilizing the examined technologies, data from tests conducted at full-scale are very limited in the literature.
The logistics of conducting tests on-board vessels or participating in factory acceptance test (FAT) procedures
are challenging. In addition, use of equipment and measurement methods that do not intervene with
commercial operation, or other tests conducted in parallel, further complicates the testing of new technologies
on marine engines. For this reason, a streamlined procedure for acquisition of performance and emissions data
was devised with the aim of fast, efficient, and most importantly accurate measurements that allows for fast
verification of acquired data quality. This allowed for the analysis in this thesis to accommodate a high
number of engines, 19 in total. Multiple engine types were tested utilizing state-of-the-art technologies in the
marine field.

The conduct of these measurements allowed to carry out a subsequent analysis on a basis of hard data and not
estimations by simulators as commonly performed. The measurement procedure was performed on modern
engine types utilizing the emissions reduction solutions and provided insight on the various tuning changes
and compromises required to a degree that is possible by a hypothetical simulation. It also allowed to account
for the previous in the theoretical analysis included and provide further insight to the mechanisms involved
and influencing engine manufacturer choices. In addition, a combined analysis of the effect on both engine

performance and emissions was provided that is rarely contained in previous works on these subjects.

1.2.2.2 Technologies & Fuels Tested

LNG Dual-Fuel Engines

The measurement campaign conducted allowed for this thesis to include direct analysis and comparison of
dual-fuel high-pressure gas injection engines of the latest technology. The use of actual data for operation at
single (diesel) and dual-fuel (diesel and LNG) and direct comparison allowed to provide concrete estimates
regarding emissions and expected benefits. In addition, insight on the combustion mechanism and particular

tuning requirements was provided. The use of two sequential generation engines also provided information on
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improvements and major changes that can be expected for this technology. Information for dual fuel 2-stroke
marine engines is scarce in the available literature, especially for the high-pressure gas injection variant and
analyses based on actual measurements.

Marine Biofuels

The investigation conducted for biofuels covers a significant lack of technical and theoretical knowledge
regarding use of this fuel type in marine engines. At the time of writing this work (and related published
content in scientific journals) provide the first analysis regarding biofuel use in marine engines, especially 2-
stroke ones that contain information on performance, combustion and NOy formation process combining
measurement data and computational results.

EGR

The use of EGR is yet relatively uncommon in the marine industry. The measurement data acquired allowed
to assess its impact on engine performance, combustion and NOx formation under actual conditions. The
requirements for engine tuning were reviewed to a degree not possible by engine simulators. In addition, the
simulation tools utilized were prepared accordingly using the measurement data to allow parametric
investigations that are closer to actual conditions. Investigations that use actual measurement data and provide
detailed analysis on both engine performance and emissions of large 2-stroke marine engines are scarce in the
available literature.

SCR

The extensive investigation of SCR use in multiple engines provided insight on the specific of engine
operation and tuning limitations by the catalytic reactor minimum temperature threshold requirements. Data
from various cases was collected for specific urea consumption that changes considerably with engine load.
This is a value of major interest that is rarely used in detail in most investigations as they rely on flat
assumptions for the total engine load range. Last, the trials and subsequent analysis include one of the first

tests conducted with HFO in SCR systems, that is a new and quite limited approach.

Overall, a substantial contribution to the subject was provided, including both qualitative and quantitative

findings that can also be utilized as a basis or guideline for future applications and analyses.

1.3 Thesis Outline

The introductory part of the thesis continues with two additional chapters, 2 and 3. In chapter 2 a detailed
background on CO, and NOy emissions is provided, focusing on the marine industry’s approach to their
control with the relevant legislation and reduction technologies currently employed and under consideration.

Chapter 3 includes the principles and main formulation of the multizone combustion model used for detailed
analysis of the biofuels and EGR effect on performance and in-cylinder combustion and emission formation

mechanisms.
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Next the two main sections follow that contain the investigated emission control technologies. The sections
are divided on a pollutant basis for CO, and NO,. In the case of biofuels, the effect studied applies to both the
CO: and NOy emissions. Their categorization is based on the primary emission target that is CO..

The main sections are:

Section 2: CO, emissions reduction.

» Chapter 4: Dual-fuel high-pressure natural gas engines, a direct approach to carbon emissions
reduction.

» Chapter 5: Biodiesel addition in crude oil blends, an indirect approach to carbon emissions reduction.

For both chapters engine performance and tuning are determined and evaluated and the impact of the two
fuels, biodiesel and LNG, on the combustion process compared to conventional ones is estimated. For the
dual-fuel section two engines of the same type and consecutive generations, with the later generation only
recently installed in delivered vessels, are examined and compared. The data presented are exclusively from
high-pressure gas injection engines. In the case of the biofuel study, data from both 2-stroke main engines and
4-stroke auxiliary generators are presented. In total five 2-stroke main propulsion engines and seven 4-stroke
auxiliary generators using different variants of B30 biofuel were tested. The combustion process analysis is
based on measured data, specifically the pressure traces from the cylinders were employed. The combustion
analysis is also used to estimate fuel consumption with the required accuracy, which was important in cases
where measuring instruments were not installed or measurements proved to lack sufficient accuracy. Emission
measurement data are used to assess impact on emissions and verify compliance to regulations and the level
of benefits expected regarding carbon output potential. Performance and emissions are compared to findings
of other published studies and to data published by engine manufacturers, vessel operators, classification
societies, and marine fuel providers. The biofuels study includes a computational investigation using a multi-
zone simulation model that was utilized to simulate the effect of an oxygen enriched fuel on the performance
and NOy emissions of a large 2-stroke engine. Direct comparison between the two CO- reduction methods is
not performed, as biofuels and LNG are aimed at different market segments. Biofuels are considered as a
ready to use (drop in) fuel that requires no modification to the engines, fuel storage and handling installations
of existing vessels, while LNG use is mainly considered for newly ordered vessels even though also available
for retrofit solutions. The ability to conduct a retrofit to enable dual fuel operation is provided by engine
manufacturers (38), however, the overall cost and the requirement to also install a separate fuel gas supply
system and bunker tank will most probably dissuade ship owners from proceeding to alteration of this scale if

other options are available.

Section 3: NO, emissions reduction to achieve Tier-111 standards.

» Chapter 6: Exhaust gas recirculation; an in-engine solution.

» Chapter 7: Selective catalytic reduction devices; an exhaust gas after-treatment solution.
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For the two chapters the effect of the methods used to reduce emissions is evaluated regarding NOx reduction
potential and effect on engine performance and fuel efficiency. For the analysis, all data used were also
acquired from measurements conducted on full scale applications. All results in this case refer to 2-stroke
large engines since these are the main emission contributors. The EGR equipped engines tested were one
diesel engine and one of the dual-fuel engines of the CO, emissions chapter (the previous generation, as the
newer one was equipped with an SCR system for NOx reduction). In the case of the dual-fuel engine, the
effect of EGR was tested both at diesel only mode and during dual-fuel operation but emphasis was made on
the dual-fuel mode results. Measurements on SCR equipped engines were conducted on-board multiple
vessels and during FATs, with the results from four characteristic cases included. The data from low-pressure
(LP) and high-pressure (HP) catalyst installations are reviewed and provided separately. For both the EGR and
SCR systems the analysis is aimed at engine tuning changes when the systems are active and their effect on
performance and emissions. Performance and combustion analysis is extensively analysed in the EGR part
and only an overview is given in the SCR part for reference, due to its minimal effect on performance and no
effect on the combustion process. The multizone engine model used above is utilized for analysis of the EGR
engine. Its use allowed the estimation of certain implementation specific parameters detailed in Chapter 6, and
to provide further insight to its effect on the combustion and NOy formation mechanisms. Furthermore, it was
used to investigate the possibility for fuel consumption penalty reduction via engine tuning.

Extensive modifications were performed to simulate the EGR system during open cycle simulation. This
included modifications to account for some changes of engine design and tuning during EGR use. In addition,
modifications were applied in the fuel air-mixing mechanism along with the introduction of variable engine
settings for the case of electronically controlled 2-stroke engines These modifications are provided in a short
subsection of Chapter 6, EGR, following a detailed description of the EGR system and the engine
modifications conducted for its incorporation.

In the SCR section the methods used by the system designers to increase exhaust gas temperature at catalyst
inlet are analysed. The last part of the chapter includes a direct comparison between the two NOy abatement
solutions where overall complexity, engine operation impact and operating costs of each system are compared.
The final chapter contains a combined summary for all four technologies tested, along with the conclusions

derived from the analysis.
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1.4 Publications & conference presentations

The following publications in peer-reviewed international journals and conferences resulted from the work

performed as part of the Thesis:

Journal Publications:

Provataris S. A., Savva N. S., Chountalas T. D., Hountalas D. T. “Prediction of NOx emissions for
high speed DI Diesel engines using a semi-empirical, two-zone model”, Energy Conversion and
Management, 153, 2017, p. 659-670, https://doi.org/10.1016/j.enconman.2017.10.007.
Chountalas T. D., Founti M., Zannis T. “Experimental Investigation to Assess the Performance

Characteristics of a Marine Two-Stroke Dual Fuel Engine under Diesel and Natural Gas Mode”
Energies 2023, 16, 3551. https://doi.org/10.3390/en16083551.

Chountalas T. D., Founti M., Tsalavoutas I. “Evaluation of biofuel effect on performance & emissions
of a 2-stroke marine diesel engine using on-board measurements”, Energy, 278, 2023, 127845,
https://doi.org/10.1016/j.energy.2023.127845.

Chountalas T. D., Founti M., Hountalas D. T. "Review of Biofuel Effect on Emissions of Various
Types of Marine Propulsion and Auxiliary Engines"”, Energies, 16, 2023, 12: 4647,
https://doi.org/10.3390/en16124647.

Conference Proceedings:

Chountalas T. D., Founti M., “Effect of Low-Sulfur Fuel on Auxiliary Engine Combustion and
Performance”, SNAME 7th International Symposium on Ship Operations, Management and
Economics, SOME 2021, https://doi.org/10.5957/SOME-2021-010
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Chapter 2 Carbon & NOx Emissions in the Marine Industry

2.1 Pathway to Lower Carbon Emissions in Maritime

Carbon oxide emissions are a natural product of combustion using fossil fuels as they contain significant
amount of carbon in their molecular structure. CO; in the atmosphere traps part of the long-wave radiation
emitted by the earth’s surface trapping heat and thereby increasing temperature. The reduction of carbon
emissions is of the outmost importance to retain average earth temperature within 2°C above the pre-industrial
levels, as further increase could have catastrophic impact to the current state of earth’s biosphere. Currently
almost all industries with significant anthropogenic CO, emissions are in the process of investigating solutions
to their decarbonisation. Efforts have increased since the alarming all-time high for carbon emissions in 2016
that motivated industrial and governmental bodies to adopt a resolute stance regarding decarbonization of
human activity, (39). The marine industry is almost entirely dependent on the combustion of fossil fuels for
energy production. Over 85% of all merchandise is transported by marine vessels making the industry the
backbone of the commercial and transport sector worldwide, (40). Its carbon emissions account to 3.3% of
total anthropogenic emissions according to the latest estimates and are set to further increase in the future,
(6,41). Due to the size of the industry and the complexity of large vessels’ high power requirements, a defined
pathway to emissions decrease has yet to be set. For large marine vessels, such as cargo and container ships,
bulk carriers and tankers, electrification solutions are not currently feasible and will not become a viable
option for the foreseeable future due to the high power concentration and capacity required, (20). This makes
a solution utilizing fuel combustion in IC engines the expected approach for the next decades, (42). Thus, the
remaining pathways for decarbonization of the industry’s powertrains is increasing operational efficiency of
vessels and relying on low or zero carbon content fuels. Operational efficiency improvement of vessels is
possible, however, the remaining degree for improvement is low, as expected in a well-established industry,
(35). In addition, the high cost of fuel in the last two decades has long steered the industry towards
optimization to maximize profit margins. The latest development regarding efficiency advances is vessel
routing optimization using advanced algorithms such as deep learning and artificial neural networks, but the
level of expected improvement is in the single digit region, (43,44). The emission reduction target set by the
industry is 40% compared to 2008 by 2030 and by 50% - 70% up to 2050 and these quotas cannot be met
through optimization alone. Currently the industry’s attention is set on alternative fuels, liquid and mostly
gaseous, that can allow achieving low or even zero net carbon emissions (4,45-47). The main fuel to be used
is, according to current market position and projections by industry bodies, natural gas, (20,36,48). Other fuels
examined are biofuels, ammonia, methanol and e-methane. At this point, apart from LNG, none of the low-
carbon fuels have reached a meaningful penetration in the market, (20). For reference, according to estimates,
the use of biofuels accounts for roughly 0.1% of the total energy consumption of marine vessels, (49). The
adoption of vessels equipped with engines capable of operating on LNG is growing and has reached

considerable levels, with an annual growth between 20% - 40% since 2010, (50). Despite the high rate of
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adoption as an absolute number the LNG powered fleet remains limited in size when excluding LNG carriers
with a total of 173 vessels in operation by 2022, (42). The number of active LNG carriers is roughly 600
vessels and most of them use LNG as primary fuel, (51). With a high number of active orders for both LNG
carriers and vessels equipped with LNG-ready engines, industry bodies expect LNG use to lead to midterm
efforts of the industry for decarbonization.

Starting roughly around 2018 the marine industry began trials of using biodiesel as a drop in fuel. Biodiesel
was tested in blends with very low sulfur fuel oil (VLSFO), for ratios of 20%, 30%, 50% and 100%. The
testing was conducted by engine manufacturers and vessel operators in collaboration with classification
societies of the industry, focusing mainly on emissions, (52,53). Following initial testing results, international
maritime regulations for pollution were updated in mid-2022 to allow operation with fuel blends containing
up to 30% biodiesel that was officially classified in the same category as normal HFO/VVLSFO. However, ship
operators still have concerns regarding the possible effect of biofuel on performance and the present thesis

offers a positive contribution in this field.

2.1.1 Legislation for CO; Emissions

Official legislation for limiting carbon emissions of commercial vessels came into effect in January 2023, (4).
The first two measures implemented refer to the design and operational aspects of vessels with the EEXI and
Cll indexes respectively. The EEXI calculation is required to be submitted to regulating parties as a once in a
lifetime process, unless substantial changes are performed on the vessel. The first periodical survey will be
completed in 2023 at the latest for all vessels that are of 400 GT and above with the requirements for EEXI
certification having started since November 2022, (29). For each vessel type and particulars, a certain
efficiency value has to be achieved. A number of options is provided for cases where improvements are
required. The most common is engine power limitation (EPL), which restricts the maximum available engine
power. Other popular methods are devises to improve vessel propulsion efficiency, such as ducts, propeller
boss cap fins, but the effectiveness of said devices has to be verified by model tests. Additional options can be
re-tuning of the engine, which in turn requires revision of its NOy file to verify that emission standards are
attained, and retrofits allowing the use of alternative fuels for example LNG. Last, state of the art efficiency
devices that may be used are wind assisting propulsion systems or hull air lubrication systems,
(4,24,30,45,54).

The Carbon Intensity Indicator (CII) came into effect in January 2023 to be used as (31,55,56) an indicator of
operational efficiency at an annual basis. The CII rating applies to commercial vessels of 5000 GT and above
regardless of propulsion type. The rating has five categories from A to E with the threshold of each stage
revised and becoming increasingly stringent towards 2030. For vessels that achieve a D rating for three
consecutive years or an E in a single year their operators will have to proceed to a corrective action plan. The
basis of ClI calculation is emitted CO, per cargo carrying capacity and nautical mile. The achieved CII rating
is primarily the result of fuel consumption and how efficiently the ship is operated. The final rating is affected

by vessel speed, engine and hull condition and how effectively the ship is routed based on voyages and
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weather conditions. Studies by independent organizations have verified that the impact of speed limitations on
vessels can substantially decrease emissions, (57). Considering the CII rating the use of biofuels or other
carbon neutral fuels can provide significant improvement of the final evaluation, allowing greater flexibility
especially concerning the vessel speed set by charterers. The same applies to vessels operating on natural gas
(NG) that has low carbon content and can easily achieve good CII rating, at least until methane emissions

monitoring commences.

2.1.2 Carbon Emission Reduction Technologies under Consideration

The pathway to low carbon emissions within 2050, set by the IMO, has led to consideration of multiple
technical approaches. These mainly include alternative marine fuels of low-carbon content and the use of
advanced technologies, not yet applied in the maritime sector, (35). The short-term ones are technical and
operational measures that have taken the form of the Cll and EEDI/EEXI indexes to regulate carbon output of
existing marine vessels. The mid-term solutions that will be jointly utilized with the aforementioned indexes
will be market based measures and the introduction or further adoption of low-carbon fuels. On the long-term,
from 2050 and beyond, technologies that are still in the R&D or pilot project stage are expected to make their
market entry or to have achieved a meaningful market penetration. Currently industry bodies expect that
solutions with most likely market uptake will be LNG and LPG, (42), with currently the highest percentage of
both active and on-order (newbuildings) vessels utilizing a low/lower carbon solution, being LNG powered,
(36). Biofuel of Fatty Acid Methyl Ester (FAME) content is also projected as able to make a market entry, as
recent trials and improvement in its production capacity for marine use have shown potential, (58,59) and
marine biofuels are becoming commercially available. Interestingly studies have shown that the
conventionally used fuel with the greatest benefit regarding carbon emissions is HFO with the use of a
scrubber unit, (42), however the use of scrubbers is progressively being banned in ports worldwide currently,
(37).

Beyond solutions existing in the market the alternative fuels that may be adopted by the industry in the future
are methanol, biogas, hydrogen (from water or methane) as a fuel or in fuel cells and ammonia, (20,35,47,60).
As stated in chapter 1, battery powered propulsion has been mostly excluded as a consideration for large
marine vessels due to the very high power density required. Electrification may prove to be a good solution
for smaller vessels sailing short routes near coastal areas, (35,61,62). Ammonia is another fuel into
consideration that can be used in marine engines as a H» carrier, with the first large 2-stroke marine engine
expected by 2024, (63), while an extensive proof of concept project has been underway from various industry
bodies since 2020, (64). Its use within fuel cells is currently at a premature stage and direct combustion will
be the first version of the technology, (35,65,66). Apart from a considerable number of technical challenges,
mainly due to the ammonia being toxic and having a lower combustion speed (63), the major problems for its
adoption are very limited supply and practically non-existent bunkering infrastructure, (67). No availability
exists for ammonia, as the yearly global production is currently consumed by other sectors, mainly

agriculture, almost in its entirety, (68). Increase of its production by significant percentage, especially using
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renewable sources to achieve a net carbon emission reduction would require profound changes in the
worldwide economy. The previous is partly due to the very low efficiency of using electricity to produce
ammonia for vessel propulsion; the total cycle efficiency is estimated at around 17%, (65). The next stage
would be use of hydrogen, possibly within fuel cells. There is currently no application for such engines in the
marine industry, (20). The use of hydrogen is considered as one of the last technologies to reach maturity and
to be late-term option possibly beyond 2050 for zero-carbon shipping, (35). The main reasons for this
reservation regarding the required time for full scale use of this fuel is the land-based applications that have
been met with some accidents, and the challenges of transitioning this technology and its peculiarities to the
challenging marine environment, and the engine operation due to the combustion speed of hydrogen, (69) thus
the most common way to use the fuel is through either addition to conventional fuels or via its use in fuel
cells. However, multiple concerns still exist for fuel cells in marine vessel use ranging through safety to their
capability as a main powertrain solution for large vessels due to issues when both high energy density and low
energy input are required, (70). In addition, one of the main challenges, hydrogen storage on-board is not
solved, (71). The final major hurdle regarding this technology is cost that using current production capabilities
and methods will be considerably higher than all other fuels examined for potential use, regardless of the
hydrogen production approach, (72,73). Despite the ever-mounting concerns for environmental protection and
curbing global temperature rise a non-viable economic solution will not be adopted at a meaningful degree
and other options will be examined. The same currently applies to fuel cell use in general, regardless of their
technology, (20). The last two fuels under serious consideration are liquefied petroleum gas (LPG) and
methanol. The use of LPG is viewed in tandem with LNG as they both require the use of dual fuel engines and
actual commercial solutions already available in operating vessels are in the field, (36,42,74) with more than
100 LPG operation capable main propulsion engines sold since 2018 by one of the major two marine engine
manufacturers. The CO- reduction potential of LPG ranges between 13% - 18% based on estimates from
various sources, (20,35,74,75). Its combustion characteristics show stable combustion, low flame temperature
and the fuel has a high octane number (75,76), all of which are desirable qualities in a dual fuel engine for the
main fuel used (roughly the opposite are required for the fuel triggering the main combustion event). Actual
data from researchers that studied existing LPG powered vessels confirm that fuel efficiency was good for
these engines and that LPG prices were competitive to conventional fuels, (75,76) (for substantial time
periods propane price was comparable to that of Brent oil, (20)). However, as with the use of LNG, concerns
exist regarding propane slip to the environment that can negate all CO; reduction benefit or even have higher
final environmental impact and further evaluation using empirical tests is recommended, (75). In this thesis
the use of LNG is examined due to its much faster adoption and most studies considering it as the most viable
mid-term fuel use in the future, (20,21,35).

The last alternative fuel considered is methanol that features the lowest carbon content and can be almost
completely carbon neutral when produced from electricity via renewable sources or biomass (e-methanol),
(77). However, for methanol not produced by renewable sources the carbon emission benefits decrease

considerably due to its higher brake specific fuel consumption (BSFC) compared to conventional fuels,
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mostly because of a low lower calorific value (LCV), (78). Some studies conducting lifecycle analysis of the
fuel have concluded that when methanol is produced from fossil feedstock such as coal and natural gas the life
cycle GHG emissions might be above those of typical HFO, (79). Further to the carbon emission benefits the
combustion of methanol produces lower NO, than marine gas oil (MGO) or HFO, (80-82). This is due to the
lower combustion temperature of methanol, (83-85). However, the level of emissions is still below the Tier-111
standards, (20,86-88). The combustion characteristics of methanol also resulted in very low particulate matter
emissions, confirmed by measurements from real world testing in marine methanol engines, (79,82).
Currently only one type of methanol capable two-stroke diesel engine for ship propulsion is commercially
available and used in marine tankers, (20). According to the manufacturer’s data the number of installed
engines is 26 in total and exclusively used in methanol carriers, (86). Compared to the other fuels considered
for use in dual fuel engines, methanol has multiple benefits regarding handling and storage (87), which place
it close to qualifying as a drop in fuel. The main challenge for its use is that for substantial benefits
synthetic/green production is required which has currently very low production capabilities unless it has to
compete with other sectors for use of renewable feedstock, (35,87). Another substantial technical aspect that
needs to be considered is that the low energy content of this fuel, 40% of HFO, that requires high storage
capacity, (20,87).

Beyond the use of low carbon fuels, other solutions are examined to improve sailing efficiency of vessels and
consequently reduce energy requirements and fuel consumption. A number of those solutions examined by the
industry is summarized for the sake of completeness. These solutions include hull efficiency increase
measures, such as redesign of hull shape, use of low friction paints and air lubrication, (35,49,89,90). The use
of renewable energy is also under consideration with solar panel installation on the vessel board and the
utilization of wind assisting devices for propulsion, (20,35,91), but the benefit and use feasibility of
employing these solutions on-deck is unknown. Another future technology gaining traction among studies is
carbon capture devices (92-95), with researchers examining the potential of CO, absorption rate and
regulating bodies considering their future application, (35). Currently, pilot projects have shown very poor
return of investment due to very high capital expenditure (CAPEX) and operating expenses (OPEX) of the
technology, (96). Other major challenges are the very low technical experience of the technology in the
marine environment and space constraints requiring liquefication or solidification of the captured CO,, which
requires high energy use, (96,97). If this technology reaches maturity and installation on vessels proves
possible without operation issues, it will feature one of the most carbon reducing potentials close to 85%,

(93,97), but the overall technology is yet unproven, (35).
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2.2 NOx Emissions Control in the Marine Industry

2.2.1  NOy Emissions Formation

NOx formation in CI engines is classified in three categories, thermal NO as the main source, fuel NOx and
prompt NOy. Fuel and prompt NOx contribution to total emissions is rather limited, as the former results from
the nitrogen content of the fuel and the latter is caused by attack on air content nitrogen from hydrocarbon
radicals. The most significant formation mechanism is thermal NOy, driven by the breakdown of atmospheric
nitrogen due to high temperatures, (98). As the name implies, thermal NOy formation is highly dependent on
temperature rising exponentially above 1100°C. NO, formation is kinetically controlled and driven mainly by
O, availability and temperature level. The formation of thermal NOy is described by the Zeldovich mechanism
that proposes two main reaction paths for their formation:

O+N, & NO+N (2.1)
N+0, &#NO+0 (2.2)

The first reaction takes place when O, molecules are dissociated to atoms under very high temperatures. The
O atoms react with N2 molecules forming NO and N. The resulting N reacts with nearby O,, and NO and O
are formed. The overall process is mainly controlled by the first reaction’s rate, as the second reaction is much
faster and occurs immediately after the first reaction. In cases of low oxygen availability and fuel rich

conditions the second reaction weakens, and a third reaction is included in the mechanism.
N+ OH < NO+H (2.3)

The three reactions are known as the extended Zeldovich mechanism, (99). As mentioned, this process
initiates at around 1100°C and is commonly maximised in the region of 1900 — 2000°C. Since this is the
common temperature range for combustion processes thermal NOy are the main source and most measures
employed by manufacturers to limit emissions are focused in reducing the above reaction rates either by
lowering the mean combustion chamber temperature or significantly lowering oxygen availability to control
the first reaction’s rate.

Fuel NOy are formed by the oxidation of fuel nitric contents. As such the fuel’s N content is rather

proportional to the amount of NOx formed. The general reaction for their formation is:
RyN + 0, & NO,NO,,CO,,H,0 (2.4)

The complete mechanism has not been defined, but it is based on two primary formation pathways. In the first
during the initial stage of combustion, volatile nitrogen species are oxidized. The second pathway is the result
of nitrogen combustion from the char portion produced, however it is a considerably slower reaction than the
former pathway. Due to the reduction of most NOx formed via the second pathway to N by the formed char,

the fuel NOx finally emitted are mostly attributed to the first pathway i.e., the oxidation of volatiles.
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2.2.2 Maritime NOx Emissions Legislation

NOy emissions of marine engines are currently controlled by the MARPOL ANNEX VI, NOy Technical Code
of 2008. The code has been revised or amended to incorporate even stricter limits and account for newer
technologies introduced in the maritime industry. In 2023 three categories of NOx emission limits are in effect
that depend on vessel age, ranging from Tier-1 to Tier-111. The Tier-111 category applies only in certain areas
commonly referred to as Emission Control Areas, which are continuously expanded. Further to the various
categories the limits depend on the engine type and size. A breakdown of all applicable NOx emissions values
was presented in Chapter 1 for 2-stroke engines. Before an engine is installed on the vessel a NOy file has to
be registered during a trial run that covers 25%, 50%, 75% and 100% load for large 2-stroke engines and
additionally 10% load for 4-stroke auxiliary generators. During this procedure the main operating parameters
are registered such as in-cylinder peak pressure, inlet air and exhaust gas temperature along with the flue gas
composition. The process is not conducted for all engines manufactured but at least for one of each line of
series-produced. The engine series is commonly referred to as family, with the engine selected for testing
being the one incorporating the features that will result in the highest emissions designated as the parent
engine. Following engine installation on the vessel, the NOx Technical Code (NTC) includes various methods
for future testing the NOx emissions.

The emissions verification methods to be conducted on-board are the engine parameter check method, the
simplified measurement method and the direct measurement and monitoring method, (26,27). The simpler
procedure is the parameter check method that is based on the verification that certain engine components,
settings and operating values that can affect NOy emissions are according to the specifications of the engine
NOx file. For engines that are not equipped with NOy reducing devices i.e., all Tier-1 and Tier-1I engines no
emissions measurements are required in this verification procedure. The simplified measurement method can
be conducted during surveys, confirmation tests and renewal procedures. As a minimum, the CO, and NOx
concentration in the exhaust gas must be measured along with engine speed, torque and fuel consumption.
Additional parameters required are ambient conditions, inlet air and exhaust gas pressure and temperature.
The measurement procedure should be conducted at a number of different load points with the approval of the
regulators. The direct measurement and monitoring method has similar requirements to the simplified
measurement method with stricter requirements regarding the load points of the conducted tests and the
measurement time of flue gas composition. The tests should be conducted according to the E2, E3 or D2
cycles depending on the type and use of the engine tested. The E3 and D2 cycles are provided in Table 2-1 and
Table 2-2. Both simplified measurement and direct and monitoring methods provide the option for allowance
of higher emissions than the limit applicable to the tested engine. Due to the difficulties of the overall
procedure an increase of up to 10% over the emission limit may be accepted as detailed but the IMO in the
NOx Technical Code of 2008 (26,27). The same applies when tests are conducted using RM-grade fuel, such
as HFO, VLSFO or any other such fuel type. In no case, however, the total added emissions allowance cannot

exceed 15%.
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Table 2-1 Test Cycle E3 for 2-stroke main engines

Speed 100% 91% 80% 63%

Test Cycle Type
E3 Power 100% 75% 50% 25%
Weighting Factor 0.2 0.5 0.15 0.15

Table 2-2 Test Cycle D2 for 4-stroke generators

Speed 100% 100% 100% 100% 100%
Test Cycle
Power 100% 75% 50% 25% 10%
Type D2 o
Weighting Factor 0.05 0.25 0.3 0.3 0.1

2.2.3  Effect of engine tuning on NOx Emissions

NOx emission reduction using engine tuning is a process of compromise between fuel efficiency and
regulation limits. The common methods are retarded fuel injection timing and lowering the effective
compression ratio via alternating valve timing which have been commonly used by manufacturers to achieve
the Tier-1 and mostly Tier-11 emission standards enforceable since 2011. While the aforementioned techniques
have a positive effect regarding NOx emissions, they can negatively affect other emissions and in most cases
decrease fuel efficiency, thus resulting to added CO- emissions. In Table 2-3 a summary of the measures used
in diesel engines to control most common pollutant emissions is provided along with the methods” advantages

and disadvantages.

Table 2-3 Measures for Optimising Diesel Engine Combustion & their Effects on emissions and cnsumption, (100)

Measure NOx HC/C0 Soot bsfc Noise
Retarded start of injection + - - - +
Exhaust gas recirculation + - - - +
Cooled EGR + - + + 0
Supercharging - + + N 0
Intercooling + - + + 0
Pilot injection 0 + - 0 +
Added post-injection + 0 + - 0
Injection pressure increase 0 + + + 0
Lower compression ratio + + 0

Symbols: +: reduction; —: increase; 0: no change

One of the main measures applied is the adjustment of injection timing. Retarded start of injection will lead to
lower NOyx emissions, but also possibly increase soot formation, (100) and BSFC. The goal of retarded
injection is to limit the peak pressure and mainly in-cylinder temperature. This occurs because fuel injection
takes place closer to expansion, which lowers the pressure. Injection retard reduces peak temperature,
however the fuel and air mixing is negatively affected which leads to greater soot formation, (100). The
decreased oxidation of soot due to the lower temperatures further increases the soot emissions. For advanced

injection timing, combustion initiates the pressure rise when the piston is still moving upwards, thus pressure
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also increases due to compression. The higher pressure results to higher peak temperature values, that drive
NOy formation.

The adverse effects of retarded injection timing can be partially alleviated by reducing injection duration.
Increasing injection pressure enhances fuel mass flow rate, shortening injection duration. This allows for
better mixing of fuel and air so the number and range of fuel rich mixture regions is decreased, leading to
lower soot formation. However, the shorter injection duration leads to faster combustion, placing the
combustion around Top Dead Centre (TDC), increasing thus peak temperature. The effect of injection timing
is presented in Figure 2-1 while the effect of injection pressure is presented in Figure 2-2 received from (100)

for a heavy duty diesel engine, as part of the above description.
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Figure 2-1 Effect of Injection Timing in NOx, Soot and Peak Pressure, (100)
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Figure 2-2 Effect of Injection Pressure Relative to Injection Timing on Soot and NOx Formation, (100)

2.2.4  NOy Emission Reduction Systems in the Marine Industry for the Tier-111 Emissions Standard

As established, the main contributor driving NOx formation is high temperature during combustion. In
addition, their formation can also be enhanced by increased oxygen presence at the most intense thermal spots
of the combustion chamber. The main methodologies applied by engine manufacturers to limit NOy emissions
are divided into two categories, the in-cylinder measures (internal) and after-treatment devices (external). The

in-cylinder measures employed target temperature and oxygen availability. As stated above, to achieve Tier-11

37



Investigation of novel emission reduction technologies and use of liquid or gaseous fuels for curbing marine engines environmental impact

emissions certification the methods applied are exclusively in-cylinder, specifically engine tuning and
injection rate/profile. To further reduce NOy emissions to the newer Tier-111 standard new technical solutions,
proven in other fields, such as the automotive and energy generation industries, have been introduced in
maritime. These involve selective catalytic reduction (SCR), exhaust gas recirculation (EGR) and Otto cycle
based duel-fuel engines operating on gaseous fuel with the low-pressure gas admission approach. The first
two solutions are studied extensively in this thesis. These solutions are most often employed in tandem with
older approaches regarding engine tuning, thus, for Tier-111 operational mode usually differs than the one for
standard operation. The tuning switch is performed via the engines’ electronic control system. The different
tuning for Tier-111 operation is investigated in depth in each relevant chapter, along with the NOy abatement

systems’ effect on engine performance and emissions.
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Chapter 3 Multizone Model Description

3.1 General-Model Modifications

Before proceeding to the main section of the thesis, a description of the multizone engine model that was
employed to assist in data processing and the overall investigation is provided. The model was mostly used to
analyse in detail the effect of the technologies examined on engine performance and emissions.
Various simulation models exist in the literature ranging deform simple zero dimensional, to
phenomenological multizone and finally to detailed computational fluid dynamic (CFD) models. For the
present work a multizone model emulating both the closed and open part of the engine cycle was used. The
model is based on pre-existing code which was focused on the description of 4-stroke engines used for
automotive and truck applications. The model was modified for the needs of the thesis to incorporate the
novelties of the engines studied and mainly to properly describe 2-stroke marine engine operation.
Furthermore, modifications were conducted to improve the air-fuel mixing mechanism and to minimize the
necessity of combustion model tuning with engine operating conditions. The modifications conducted to the
older multizone model code are provided below:
e \Variable injection and exhaust valve timing to account for the electronic control system of modern
engines.
e Consideration for fuel composition which allows to examine oxygen enriched fuels.
e Modification of the air entrainment mechanism to use volume based air entrainment instead of
momentum which overcomes the necessity of constant tuning with engine load.
e Introduction of EGR for the open cycle simulation, which includes modifications to inlet and outlet
system modelling.
o EGR cooler.
e Incorporation of cylinder bypass valve (CBV) in the engine.
e Incorporation of exhaust gas bypass (EGB) valve at the turbine.
e Development of computation procedure to estimate EGR and CBV valve mass flow rates.
As mentioned in chapter 1, the specific the modifications required for emulation of EGR operation are
provided in a separate subsection in the relevant chapter as description of the engine and system layout is first

required.

3.2 Zone Formation

In the model, the fuel jet is divided in individual volumes or zones with different properties. The cylinder
volume is treated separately and is attributed a uniform pressure value in each time step of the simulation,
(215). The main approach of the model is the calculation of the conditions in each zone, by applying mass and

momentum conservation equations and use of the first thermodynamic law to form a differential equation
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which provides the uniform in-cylinder pressure. Following the estimation of the mean cylinder pressure, the
first thermodynamic law is employed for each zone to calculate the local temperature. The principle detailed
below has been found to perform well in other studies using engine modelling, such as (102).

The consideration of zones is done to acquire a more realistic representation of the actual air-fuel mixing
mechanism and the distribution of the investigated parameters inside the fuel jet. This is especially important
for the prediction of NOy which depend on temperature and species, mainly O, distribution. A single zone
model cannot predict NOx, while a two zone model can offer NOx prediction but is limited regarding
capability to predict the effect of load, speed and other parameters. The multizone approach offers enhanced
prediction capability, important for practical applications.

It is common practice in phenomenological modelling to consider only one fuel jet and assume all others to be
the same. The total number of fuel jets is thus equal t0: Nholes X Ninjectos. The number of zones in the
circumferential direction was selected after a sensitivity analysis from the point where NO and performance
predictions were stabilized. No zone mixing or jet interaction is considered. This is common practise in
phenomenological modelling, and other more resource intensive modelling applications, and is accounted for
by the use of correction factors that are determined during the initial calibration procedure using shop test
data.

3.2.1 Heat Transfer Model

For the heat transfer mechanism, a turbulent kinetic energy viscous dissipation rate k~g model is used to
determine the characteristic velocity of heat transfer calculations (103). The mean flow kinetic energy En is
supplied to the cylinder chamber during the gas exchange process. The Kinetic energy is partially converted to
turbulent Kinetic energy k through a dissipation process at the rate of Py and finally to heat through viscous

dissipation at a rate of me;. The system of two differential equations for Emn and k can be written as:

dBm _1dm , _, _Emdm (3.1)
dt  2.dt nl T Ttk T g

dk k dm (3.2)
Ty

with E,, = %mﬂz and k= %ml'lz for isotropic turbulence, and dm/dt the net mass flow rate into the

combustion/cylinder chamber.

The turbulent kinetic energy production rate and the viscous dissipation rate & are calculated from the known

relations:
ks v (33)
& = (E) E, Ptk = 009utg

with lcar being the characteristic length equal to the combustion chamber height at each time step, or the

cylinder radius depending on the piston position and p: the gas turbulent viscosity that is calculated using:
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k)°'5 (3.4)

He = Plear (B

The heat transfer calculations additionally require the characteristic velocity calculated by:
Uy = (T + a?)03 (3.5)

The Nusselt number is calculated to be used for estimating the heat transfer coefficient:
Nu = cRe®8pr033 (3.6)

The heat transfer coefficient is calculated by eq. (3.7) and the instantaneous heat rate by eq. (3.8).

v
h, = cRe®®Pr033 — (3.7)

car

Q = A[h(Tg — Tw) + o (Tg — Ta)] (3.8)

As also verified in the biofuel results, Chapter 5, the above relation for heat transfer has been tested with very
good results for this type of engine. Equation 3.8 contains two unknown parameters, the mean wall
temperature Ty, and the c constant of the previous eq. 3.7. During its application in the multi-zone model the
Tw cannot be used for zones not in contact with the cylinder walls surface. To circumvent this difficulty the
first part of eq. 3.8, referring to convective transfer phenomena, is calculated using the bulk average
temperature of the jet, provided by:

21 1 Micy; Ty (3.9

Zi=1 m; Cyj

T =

Then the heat exchange rate calculated in eq. 3.8 is distributed among the jet zones on using the individual

zone mass, temperature and heat capacity as distribution basis:

Q(mjcy;T,) (3.10)

dO:
Uid = S T

Regarding the radiative component of eq. 3.8, zone surface area is used so no further calculations are required

and is used as described above.

3.2.2 Cylinder Blowby

Blow-by rate affects the compression pressure diagram. A detailed blowby model is embedded in the present
simulation considering for the rings motion in their grooves. However, for the present investigation, the blow-
by rate is modelled using a simplified approach assuming an equivalent blow-by area between the cylinder
rings and the cylinder liner. The blow-by mass flow rate is calculated using the isentropic compressible flow

assumption as follows.
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— = N (3.11a)
dm = C4A Py 2YRyTy (E)Y _ (P_d) Y for Pgq > (L)Y—l
dt AR,y | v-1 |\Py Py Py = \y+1

— i N (3.11b)
dm Py 2YRyTy (Pd); (Pd)T Py ( 2 )ﬁ
-/ SVluuffZd)y _ (Id d (2
a — Cd RuTu | v-1 [\Py Py for Py = \y+1

where dm/dt is the blow-by mass flow rate, P is the pressure, T the temperature, y is the ratio of the specific
heat capacities under constant pressure and volume and Cq4 the discharge coefficient (index “u” denotes
upstream of the flow and index “d” downstream).

The equivalent blow-by area A is equal to:
Agq = TDST (3.12)

where or is referred to as the “equivalent” cylinder-ring clearance. This is considered as one of the model
constants and its value should remain fairly the same with operating conditions. The equivalent blow-by area
accounts also for the mass loss rate through the engine valves because no distinction is made, in the present
analysis, between this mechanism and blow-by.

3.2.3  Air Swirl

Air swirl is required to achieve a high rate of air and injected fuel mixing in the cylinder. In the case of 2-
stroke large scale marine engines the swirl motion of the cylinder charge is produced during the scavenging
stroke as a result of the inlet port geometry. The effect of swirl on fuel mixing is lower for newer engines due
to the advanced injection strategies used. Further to the promotion of fuel and air mixing the swirling motion
of entry air assists the scavenging process and gas exchange improving efficiency of this stage of the engine
cycles. The previous effect was researched and described in detail in (104,105). The swirling motion of the air
is modelled by assuming a hybrid scheme consisting of a solid body core surrounded by a potential flow
region, (106,107). In this approach the air viscosity is taken into account, as it creates a boundary layer near
the cylinder walls. This requires the use of tangential velocity profile for calculations, such as the one

proposed by (107):

u=W,R for0 < R <R,
(3.13)
u = W,R.(R./R)*0° forR. <R <R,
where R. is the point to which the solid body rotation ends, given be the following empirical expression:
R¢ = Rin(Dp/2R}) (3.14)

with R, the cylinder radius, Dy the piston bowl diameter (for 2-stroke engine designs with no bowl D,=D) and
Rin the cylinder-valve axis distance. For the 2-stroke engine since air flows through the inlet ports Rin is equal

to the cylinder radius, Rin=D/2.
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The swirl ratio in the present case is considered to be an input and from the aforementioned modeling its
variation during the engine cycle is determined. The calculation of swirl is based on the conservation of the
flows angular momentum applied to the cylinder during the intake stroke. During the induction stroke angular
momentum is continuously added to the cylinder, with a part of it lost due to friction and the remaining

forming the flow field. The equation for angular momentum conservation is:

daw) _ . dw ar _ 3.15
w  Ta W= (3.15)

In eq. 3.15 W is the angular air velocity, | is the moment of inertia of the mass trapped in the cylinder and T, is
the torque force acting on the flow field. T, is equal to the force due to friction on the cylinder walls, piston

crown and cylinder head. By integration of eq. 3.15 the instantaneous angular velocity of the cylinder charge

is calculated.

3.24 Spray Model

The spray model used has been previously utilized in (108), (109). The main assumptions of this model are
detailed presently. Empirical correlations are used to estimate the fuel jet angle and zone penetration in the
cylinder. These correlations provide the velocity along the spray axis and its radial component (105), (108).
The air swirl effect is also considered by applying the approach of (108). Using the previous and the equations
for mass and momentum conservation the position of each zone in the cylinder is estimated for each time step.
The analytical model description is presented below.

Following injection, the fuel starts to penetrate into the combustion chamber and the individual zones of the
model start to form. The initial conditions at injector nozzle exit are derived from the injection rate which can
either be derived from a fuel injection system simulation model or can be predefined as input to the
simulation. There are multiple approaches to model the initial behavior of the fuel spray before substantial
breakup into droplets, (110) with a relatively simple but efficient approach used in the present thesis. The
breakup length is calculated using the well tested test approach of (105,107):

91)0'5 din (3.16)

L= Ujnjthreak = C1 (_
Pa

with ¢ a constant and pa and p; the density of air and fuel respectively.
The distribution of spray velocity along its axis is calculated using correlations for spray penetration (106,111)

with the following equations used in reference to time of penetration.

0.5
u=uin]- = Cq (Zs_lp) forx<L
(3.17)

L n
U = Ujp; (;) forx>L
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with cq above a constant. According to theoretical and experimental data the spray zones located at the fuel jet
periphery will have lower axial penetration. To simulate this the following radial distribution of exponent n of
eq. 3.16 is assumed:

Nj = NppineXp [log‘1 <M> (£>2] (3.18)

Npin/ \lo
where n; is the local zone exponent, r; is its position relative to the axis and Nmin, Nmax are the minimum and
maximum values for the exponent distribution. From a sensitivity analysis and considering the result from
application of various engine designs the values are used are 0.7 and 1.0 respectively. For each time step the
initial value of the radial velocity for all zones formed is given by:

a
U = uim-tan (I‘_ ri) (319)

[0}

with r, the nozzle hole radius and r; the radial distance of each zone from the centerline. The angle “a” of the
jet is estimated using the widely tested relation:

2

d?njpaAP>°'25 (3.20)
Ha

a= 0.05<

To estimate the effect of the cylinder charge swirl on the fuel jet the local components of air velocity in the
radial and axial directions are calculated using the conservation of momentum equations in both axes. The air
swirl results to deflection of the zones from their original direction, which promotes air entrainment in the
zones. Application of the momentum conservation equations shows that axial penetration of the jet decreases
and this leads to increased air entrainment rate in the jet zone. The deflection of each zone is calculated using

the local air velocity:

Ujxt = Ujx + uaSin((Pi)

(3.21)
Ujrt = Ujr — uacos((pi)

In the above equation, u, is the local swirl velocity and ¢; the angular position of the zone inside the cylinder.

3.2.5 Wall Impingement of Spray Model

An effort was made to calculate the effect of wall impingement on the fuel spray, which is a challenging task
for multi-zone models and is better suited to other approaches such as CFD modelling for accurate predictions
at the cost of heavily increased computational power and time requirements. The simpler approach is to
assume that following wall impingement the zones follow a path parallel to the cylinder walls, even though
such an approach would be non-realistic and is unlikely to provide a proper representation of the jet geometry.
The wall jet theory of (112) is used to estimate a zone’s velocity after it reaches the combustion chamber

walls.
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E) (3.22)

In the above eq. 3.22, 1y is the initial radial position of the zone relative to the jet axis after impingement and
Woi its initial velocity. The zone is assumed to follow a path adjacent to the wall and its radial distance & is
used to define the thickness of the wall jet, (102,112).

r.
5 = 5. (r_l) (3.23)
01

where i is the initial distance of the zone from the wall following deflection. Before the zones collide with
the combustion chamber walls, their velocity is divided into the normal one and one parallel to the cylinder
walls. At impingement the parallel velocity component is deflected in total, while the normal component is
assumed to be divided in two segments, left and right, (102). The portion of the zone with a velocity vector
opposite to the parallel component will now be treated as a new zone created by the impingement. Its initial
values for velocity and thickness are determined by applying conservation equations for mass and energy and
accounting for the local jet geometry, (102).

3.2.6  Zone Air Entrainment

The air entering the zones is estimated by considering the volume change of each zone through time and

momentum conservation. A typical approach for phenomenological multi-zone modeling is to use the

momentum approach. But the volume change approach allows to circumvent the issues in accuracy that can

be caused by the initial momentum loses due to friction that cannot be easily replicated directly in a model of

this type. Furthermore, after a detailed analysis conducted, comparison of simulation results has revealed that

with the volume approach no tuning of constant c, which affects the peak combustion pressure is required

with variation of engine operating conditions and load. The air entrainment rate for each zone is calculated by,

(102):

dm;, dv; (3.24)
a P

with ¢, above a constant specific to the model.

3.2.7 Droplet Breakup and Evaporation

There are multiple models and sub-variations for the modelling of droplet breakup utilizing relations within
the multi-zone approach (110,113-115), CFD direct numerical approach (116) and also approaches utilizing
stochastic mathematic simulations (117) aiming to increase the accuracy of droplet size and distribution. For
this application a conventional model was used that has been proven to work well with large 2-stroke marine

engines.
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The injected fuel is distributed into zones according to the injection rate and for each zone the fuel is divided
into groups of droplets that have the same Sauter mean diameter. The formula used for the distribution of
droplet diameters in the packages is given by (105,107):

= 135(5m) oo [ (me)] o (pe) -

While a conventional approach, the use of the above relation gives a quite accurate prediction of the fuel-air
equivalence ratio distribution inside the jet, (which is important for the present analysis) and the SMD
packages approach is used in detailed analyses (with some variations to improve accuracy) that employ
advanced flow simulations such as (118).

The Sauter mean diameter Dswm is obtained by the use of semi-empirical correlations derived by analysis of

experimental data and is given as:

—032 (V37 (P17 (3.26)
Dswm,1 = 0.38Ref;;>Wej, 132 (V ) (p—) dinj
a a
0.54 0.18
_ p1 (3.27)
Dswm,z = 4.12Ref;}*Wej 27 (V ) (p ) dinj
a a

where the 1 and 2 subscripts are used to refer to complete and incomplete sprays respectively. The required for

calculations Reynolds and Weber number are given by:

Wornidis 3.28
Reinj _ 1n‘]/'l inj ( )

2oode (3.29)
Weinj __inj 0-m]pl

The Sauter mean diameter is taken as the maximum of the two values received from equation 3.26 and 3.27.
For evaporation, similarly multiple modes are available (105,110,119) with one used in for the current model

being the one of (120). The rate of droplet mass change according to the model selected is given by:

dm  2mrD,P P
dam _ = emrby n( )Sh (3.30)
dt ReT, \P—P,

The Sherwood number Sh is calculated as:
Sh = 2 + 0.6Re3>Sc!/3 (3.31)

In the above eq. 3.30 Dy is the mass transfer diffusivity for the fuel air mixture, T, the mean temperature of
the fuel-air mixture and Py the partial pressure of the fuel vapor at the liquid surface. To obtain the temperature

of the droplets the energy balance equation given below is integrated.

(3.32)

dm
mycp—— = 2Trky, (T, — T)) [ 1] Nu + Lfi— Tt

d

The Nusselt number included in eq. 3.32 is given by:
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Nu = 2 + 0.6Re%>pPri/3 (3.33)

and the z exponent is a dimensionless correction factor for heat transfer that includes the effect of the mass
transfer in its formulation given in;

dm 1 (3.34)

Z=—Cpp—————
PPt 2mrie,, Nu

In the last equation of this series, 3.34, kn is the thermal conductivity of the mixture and Ly is the fuel’s latent
heat of vaporization. The integration of equations 3.25 and 3.27, 3.28 provides the history of each droplet

group inside the zones.

3.2.8 Combustion Model
For each zone the internal mixing rate is controlled by turbulent diffusion. The evaporated fuel and the
entrained air mass of each zone are divided into two portions, macromixed one a micromixed one, (102). The

corresponding mass rates are given by:

Memic = De(W) (Mfmae — Memic) (3.35)
Mymic = Dt(mamac - mamic) (3-36)
Di(u) = apixl (3.37)

with amix a constant and u the relative velocity of the burning zone element with respect to the surrounding air.
The amix constant is used to control the overall intensity of the heat release rate and affects the estimated
engine power. For this reason, it is used as a calibration constant to match the desired engine power output.
The process of calibration is conducted as in (102).

The fuel ignition delay can be determined by the correlation of (121):

1 (1.38)

t
Sor = j dt=1
P Jo agerPy 2554 %*exp(5000/Ty)

In eq. 1.38, @ is the local equivalence ratio of the fuel air mixture inside the zone. The age IS @ constant
calculated from the constants determination procedure of (115) and the ignition quality of the fuel i.e., a
function of its cetane number.

The combustion rate depends strongly on local temperature and on the concentration of O, and evaporated

fuel. The local fuel combustion rate is modelled using an Arrhenius type equation (107):

L —Ec
mp, = K, TmE®) P for (AFR) > (AFR)q
(3.39)

_EC

eT Py, for (AFR) < (AFR)s

(Mfmic—myp)

m, = Kp (AFR)gTTO
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In the above Ky is a constant, Ec is the reduced activation energy, AFR the fuel air ratio and Po, the partial
pressure of oxygen in the zone. By using this approach, the effect of the EGR and also of the oxygen rich

biofuels on the combustion rate are taken into account.

3.2.9  Fuel Injection System
A simple fuel injection model is used which considers for the following control volumes: high pressure pump
chamber, delivery valve chamber, delivery pipe from pump to injector, and injector.
The fuel is considered to be compressible, its compressibility defined by the following function,

_ _y 9 (3.40)
Kf - J de
The simulation of each control volume is accomplished by considering the previous equation and the
incoming and outgoing volume flow rates, obtaining thus the following relation,

dP]' _ K¢ de . 3.41
v (G ) (34D

where Qt]- is the total net volume flow rate into the control volume and dVj/dt is the rate of its volume change.

The volumetric flow rate through orifices, various openings or ports is given by the formula,
i 24P\ > (3.42)
0= nca(2)

and “j” is the corresponding volume. The delivery valve is modelled as a check valve allowing fuel flow only
from the delivery chamber to the fuel pipe. The injector is modelled in a similar way, as a check valve,
allowing fuel to flow towards the combustion chamber only when the pressure exceeds its opening pressure.
The pressure estimation in the control volumes is achieved by solving the unsteady flow equations inside the
tube using the two basic principles of mass continuity and momentum conservation. The corresponding
differential equations are solved using the method of characteristics, (122).

The injection profile is determined from the simple fuel injection simulation model using the actual fuel cam
geometry. The model allows the use of this approach or the use of a predefined injection profile. A
comparative analysis was performed using the simulated injection rate and a mean injection rate defined from
the fuel consumption and injection duration at each operating condition to evaluate its effect on predicted
values. The last was defined from the point of injection initiation and the peak combustion rate after
significant analysis. As revealed, the qualitative results remained valid and only minor effect was observed for

absolute performance and emission data.

3.2.10 Gas Exchange System
For the simulation of the inlet and exhaust manifolds the method of filling and emptying technique is used,

(107), (115). This allows the calculation of gas exchange rate between them and the engine cylinder. Good
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results have been found in other applications for large 2-stroke marine engines, (123). The model also
includes the air cooler, EGR cooler, and turbocharger operation, (115).

Turbocharger:

As known from practice, characteristic charts for the compressor and the turbine are usually not available. For
this reason the method of operation similarity (124,125) is used from which the charts are reproduced using
existing experimental data. The method is efficient for engine loads in the range of 40% to 100% and is as
follows:

Using the least squares method, a set of constants is calculated for the polynomial curves that fit the following

functions,

Nise = f1(9) (3.43)
Mg, = £2(9) (3.44)
kis = f3(¢) = Ah;s/U? (3.45)

where = m/(pAU) is the flow coefficient.
The data required for the calculation of the turbine and compressor characteristic maps in the previous form

are:

Pressure before and after the compressor.

e Pressure before and after the turbine.

e Air temperature before and after the compressor.

e Exhaust gas temperature before and after the turbine.
e Rotational speed of the turbocharger.

In the present application these data were obtained from the official engine shop tests.

Air-Cooler:
The air cooler is modelled using a simple approach that is based on the processing of shop test data. The

pressure drop and the effectiveness are expressed as functions of the mass flow rate through it (126,127) as

follows,
e = 1 —bm? (3.46)
AP, = a, 1h? (3.47)

where "g" is the effectiveness defined as,
Ta,in_Ta,out (348)

e =
Ta,in_Tc,in
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where subscripts "a, ¢, in, out" denote respectively: air, cooling medium, inlet and outlet from the air cooler.
The mass flow rate of air is calculated from the engine simulation model using the measured data mentioned

above. The same approach is applied for the simulation of the EGR cooler.

Exhaust Duct:
The exhaust backpressure after the turbine at the exhaust duct is expressed in a way similar to the pressure

drop at the air cooler as follows,
APeyn = aethz (3.49)

Constant aexn is estimated using the engine shop test data and the mass flow rate estimated from the simulation

model.

3.2.11 Scavenging Model

Scavenging is of significant importance for 2-stroke engine operation and emission formation. It affects,
beyond others, the temperature level inside the combustion chamber and the fuel jet and O availability and
thus NOy formation. A two-zone model was used for simulating the scavenging process. One zone consists of
the inlet charge mix of fresh air and recirculated gases and the second of the combustion products from the
last combustion cycle. A description of the model is provided in (102). The scavenging model employs two
zones so that for the gas exchange process the cylinder contents are divided in two parts, one for the fresh
entrained air and the second for a mix for fresh air and combustion products of the previous engine cycle.
During the scavenging process part of the intake air escapes directly to the exhaust manifold, which lower the
temperature of the exhaust gas. The total amount of air entering the cylinder at a certain time step is divided in
the part that enters the fresh air zone and the part that joins the combustion products zone. These amounts are

given by the following equations:

dma,fz = drﬂa,inl(l — Cyscav) (3.50)
dma,cz = drﬂg,exh(1 — Cascav) (3.51)

The total amount of exhausted mass to exhaust manifold comprises of part of the fresh air zone and the

combustion product zone as established above. The gas masses of the two zones are calculated by:

dmg,fz = dmg,exhCZScav (3.52)

dmg,cz = d-rng,exh(1 - C2cav) (3-53)

In the above two equations the Ciscav are the constants of the scavenging model. At the end of scavenging
perfect mixing between the two zones is assumed that results to a single zone comprised of fresh air and

combustion products from the previous cycle.
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3.2.12 Nitric Oxide Formation Modeling

The formation of nitric oxides is calculated using a chemical equilibrium scheme for each zone. Due to the
very high temperatures inside the zones, chemical dissociation takes place. The contents of each zone are
initially assumed to contain air and ideal combustion products, (123). Eleven chemical species are assumed in
the complete chemical equilibrium scheme; O, N2, CO,, H-0, H, Hz, N, NO, O, OH, CO.

The chemical reactions describing the species formation are:

1H, & H,20, ©0, 1N, & N, 1H, © H, 2H,0 & 2H, + 0, (3.54)
H,0 & OH + 2 Hy, H, + CO, & H,0 + CO (3.55)
(3.56)

1
H0 + 5Nz © Hz + NO

Including the above equilibrium equations and the equations for the atom balance of C, H, N and O a system
of eleven available equations is formed. The solution of these non-linear equations provides the concentration
of the subject species in each zone.

The formation of NOy is chemical kinetics controlled and for the present calculations the extended Zeldovich

mechanism is applied, (128) that involves the below reactions:

0+N, SNO+N, kyr=1.6-1010 (3.57)
N+0, SNO+0, kye=64-105-T-exp (‘3;25) (3.58)
N + OH SSNO + H, ks = 4.2 1010 (3.59)
with kit the corresponding forward reaction rate constants.

Inside each zone the change of NO concentration is given by eg. 3.60:

1 d(INODV _ 2(1-B*)R, (3.60)
\Y% dt 14 B'ﬁ

In ed. 360 Ry = ky[NIe[NOle, R = Kor[NJe[Ozle, Rs = Ksr[NJe[OH], and § = ok, The “e” index

denotes equilibrium. The NO concentration in each zone is obtained by the integration of eq. 3.60, as in (123).
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Chapter 4 Liquified Natural Gas Dual Fuel Engines

LNG has been used in the maritime industry for considerable time with the first trials taking place in 1970 and
the first low-speed engine entering the market in 1972, (129). However, the fuel until recently was exclusively
used in engines of LNG containerships utilizing their cargo boiloff gas, (130). The modern iterations of 2-
stroke low-speed marine engines burning natural gas are based on two different principles of operation.
Regardless of type, all such engines operate on a dual-fuel basis, with natural gas injected first in the cylinder
and another easily ignitable fuel, MGO or HFO, injected to initiate combustion. The primary difference
between them is the method used for natural gas injection. Both methods were introduced by the two major
marine engine manufacturers in the early 2010s, (129,131,132). The conditions for market adoption were
highly favourable at the time with the cost of natural gas at record low levels compared to the previous
decade, and the impending ban of high sulphur fuels requiring the use of expensive LSFO/VLSFO or scrubber
exhaust gas cleaning devices, (133,134).

In this chapter performance analysis is conducted on two dual fuel high-pressure gas injection engines, based
on measured cylinder pressure traces at both diesel-only and gas modes. Similar analysis for the low-pressure
variants was not feasible due to lack of measurement points to conduct cylinder pressure measurements. The
removal of the traditional on-cylinder indicators was attributed to security concerns of the engine designer

regarding the possibility of gas leakage in the engine room, due to the low-pressure gas admission concept.

2-Stroke Low Pressure Natural Gas Engines

The 2-stroke low-pressure gas injection gas engine operation resembles the premixed Otto cycle when using a
lean burn approach, (135). Natural gas is admitted early in the compression phase following scavenging. The
early admission allows adequate time for the fuel gas and air to be well mixed. Ignition is achieved near TDC
by the injection of a small amount of pilot diesel fuel, which is highly ignitable. The air/fuel ratio is by design
relatively high in these engines and the amount of diesel pilot is very low, roughly 1% of the full load total
fuel consumption. The combination of fuel lean mixture and a premixed cylinder charge leads to lower
combustion temperature compared to the mainly diffusion controlled combustion process normally occurring
on diesel engines. In this way these engines can achieve up to 90% reduction in NOy emissions compared to
diesel only and high-pressure natural gas ones, (135,136). This allows to achieve the Tier-11l emissions
standard without the use of additional installations such as SCR and EGR systems. The downside of this
approach is that limitations are introduced regarding operational characteristics to avoid the possibility of
knocking (137). As the air and gas fuel mix during the compression stroke the risk of a misfire or pre-ignition
increases. This is enhanced when the gas fuel is mixed into the total swept volume of the engine. Due to this
possibility the power output is limited compared to diesel engines and the engine operating window is
narrowed down to a safe region, as shown in the schematic of Figure 4-2. The operating region satisfying the
safety and stability criteria requires lower compression ratio and mean effective pressure, thus peak

compression and combustion pressure values are reduced. The previous result in overall lower thermodynamic
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efficiency compared to engines operating at the Diesel cycle. Part of the efficiency penalty is compensated by
the aforementioned significantly lower NOx emissions that can achieve Tier-11l standard without use of
additional techniques, as all abatement techniques for this pollutant currently used in maritime increase fuel
consumption. Another significant issue with the low-pressure admission implementation is methane slip,
(138). The global warming potential of methane is 28 times higher than CO; over a 100 period and 86 times
higher when evaluating on a 20 year horizon, (139). In low-pressure DF engines any amount of unburnt
natural gas is classified as methane slip due to its high methane content. The main mechanisms of methane
slip are valve overlap, which does not apply in 2-stroke engines, quenching through walls and crevices and
incomplete combustion. The latter is mainly the result of high air-fuel ratio. When the mixture becomes too
lean, the speed of the flame initiated by the pilot fuel ignition is reduced and is not sufficient to cover the
chamber volume before expansion starts and decreases temperature below the conditions required for
complete combustion of all species. On the other hand, by decreasing air fuel ratio (AFR) the overall cylinder
temperature rises promoting NOx formation. It is expected that as early as 2027 the IMO will introduce
regulations regarding methane emissions from vessels, (140,141), while the EU will start methane emissions
regulation in 2025 with the fuelEU Maritime initiative, (142). Due to the impending limitations marine engine
manufacturers have recently introduced a new type of low-pressure DF engine that operates on the Otto
principle and also utilizes an EGR system to limit methane slip to the environment, (137). The development of
this solution started just in 2017 with the first full scale demonstration taking place in 2021. The use of the
EGR system allows for greater flexibility regarding engine tuning as it suppresses pre—ignition and limits
excessive combustion rate that can occur on engines operating on premixed air — fuel concept. The gas
admission strategy and other factors such as compression ratio can be adjusted to a wider range improving
efficiency. The main benefit of EGR use, however, is that methane slip is reduced by around 50%. The
number of current orders for this engine type is high for all manufacturers, thus good levels of market
penetration can be expected in the near future, (143). Despite that, the introduction of EGR installation in low-
pressure DF engines removes one of the two main benefits of this implementation compared to the high-

pressure approach, the ability to use this engine without a Tier-111 NOx reduction solution.
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Figure 4-1 Dual Fuel, Low-Pressure gas admission operating principle, (137)
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Figure 4-2 Low-pressure natural gas marine engine operating region, (137)

2-Stroke High Pressure Natural Gas Engines

The high-pressure 2-stroke DF engine solution, which is examined in detail in the present thesis, in its present
form entered commercial operation at roughly the same period as the low-pressure approach, (132). High-
pressure gas injection engines operate on the Diesel cycle with the natural gas injected near top dead center
(TDC) mostly slightly earlier than the diesel pilot fuel, (131). As with the low-pressure approach, combustion
start is achieved by the auto-ignition of the pilot fuel. The injection of both gaseous and liquid fuel close to
TDC, shortly before ignition, means that combustion is primarily diffusion controlled. The main advantage of
this approach is that the compressed cylinder charge is air, thus there is no danger of pre-ignition and misfire

allowing higher compression ratio and overall peak pressure values, increasing efficiency. In addition, by
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injecting the natural gas (NG) close to TDC methane slip due to crevices and wall quenching is non-existent
and the higher temperature diffusion combustion that ensues leaves significantly lower amounts of unburnt
fuel, thus methane concentration at exhaust is minimal in this implementation. In addition, the improved
combustion increases fuel efficiency. The downside is considerable increase of NOy emissions so these
engines cannot satisfy the Tier-11l standard without the use of EGR or an SCR system increasing cost and
complexity compared to low-pressure DF engines. The main challenge of the high-pressure solution is the
requirement to inject NG at a pressure above the peak in-cylinder combustion pressure. This typically
translates to injection pressure up to 300 bar for maximum load, that requires special infrastructure to achieve
for a gaseous fuel. The cryogenic installation used for injection of NG at this pressure level is very complex
and can raise CAPEX significantly for the larger engine variants, (20). In addition, power consumption of the
various auxiliary systems supporting the high-pressure gas injection system will raise operating costs. Beyond
expenses, an overall highly complicated installation is usually undesirable for ocean going vessels due to
potential negative impact on vessel downtime and the difficulties of maintenance procedures conducted
during sailing. With the upcoming introduction of EGR use also in low-pressure DF engines part of the
simplicity and lower CAPEX advantages has been lost, while the high-pressure engines retain their superior
fuel efficiency and very low methane emissions and have achieved significant market penetration with a high

-
] ﬁ
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Figure 4-3 Dual Fuel, High-Pressure gas injection operating principle, (129)
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4.1 Operating Characteristics of High-Pressure Gas Injection Dual-Fuel

Engines

The operation of 2-stroke high-pressure natural gas injection dual-fuel engines is analysed in this section.
Comparison is conducted for two engines, for which different tuning approaches were selected by the
manufacturers. In the case of “Engine-1” tuning choices to achieve very high grade of similarity between
diesel and gas mode was followed, while for “Engine-2” fuel efficiency was improved by the engine
manufacturer with considerable differences in overall performance and especially combustion as a result of
tuning and component revisions.

The objective of the study is to evaluate the differences in overall performance between the diesel and DF
mode of two engines that belong to the same overall type but are of two consecutive generations, with the
newer one being the most advanced version currently available. The general engine behavior is examined, and
focus is directed towards comparing the differences in the combustion process due to the use of LNG and pilot
diesel fuel injection for ignition. A direct comparison of the two modes utilizing actual measurement data
from this engine type in a controlled environment and without the use of a simulator is challenging due to
significant constraints in the measurement procedure. The constraints result mainly from the sheer size, fuel
consumption and power output of the engines, which prohibits testing in a laboratory environment, and the
limited availability of vessels’ schedule to allow for lengthy measurement procedures along with the various
challenges of conducting on-board tests. Thus, at the time of this study, comparisons of the two-stroke high-
pressure gas injection engines using experimental data are scarce in the literature, especially when considering
data for both diesel and gas modes under various loads. Most of the available information is based on
simulation results, and commonly refer to four-stroke or low-pressure gas injection engines, as detailed below.
The majority of research works employ the use of computational methods.

One approach is the use of computational fluid dynamics (CFD) simulation of fuel and gas injection and
combustion, as in the case of (144,145). Both works confirm the expectation of a fast and intense fuel burn
rate of methane, which is visible in the fuel burn rate diagrams. Additionally, in (144), the influence of the
pilot injection and ignition angle is evaluated regarding its effect on combustion intensity, which generally
increases with pilot injection delay. Investigations based on the utilization of experimental data from direct
gas injection engines are provided in (146), but no information is available for two-stroke marine engines. The
use of experimental data and analysis with simulation software is utilized in (147) to investigate the
combustion characteristics of diesel and gas modes. An intense combustion of NG is found, with most of the
gas fuel burning during the rapid combustion phase, resulting in an overall lower combustion duration, which
is partly in agreement with the general findings of the present thesis. Further results based on experimental
data are reported in a review of various types of marine dual fuel engines in (148). In these investigations, a
significant effect of the dual fuel combustion mechanism on the heat release rate mechanism is revealed. The

effect is similar to the one predicted by the aforementioned CFD simulation works, which reveals their
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usefulness. For low-pressure gas induction, marine dual fuel engines are examined in the studies of (149,150)
which are also mainly computational. The results are not comparable to the high-pressure direct gas injection
variant, as fuel-air mixing and, consequently, the combustion process, differ significantly.

For the present study, acquisition of the experimental data under both diesel and gas modes from full scale
testing was achieved by conducting the measurement procedure alongside the process of the engine’s factory
acceptance tests at the engine manufacturer’s facility. This provided a controlled environment with high-
quality instrumentation and the same conditions for the testing of both modes, diesel and DF. With this
approach, high-quality experimental data were acquired and used to conduct a full comparative investigation
of the two modes using the actual engine under normal operation, providing insight into the studied subject
using measurement data, which were hitherto limited in peer-reviewed work. In addition to the recorded data,
engine settings were determined using an analysis conducted with the aid of a specialized methodology
described in (151). This step is important, as tuning between single and dual fuel mode differs for these
engines by design. The two modes’ individual tuning settings are compared, and their effect on engine
performance is examined in tandem with the fuel effect achieved. The acquired cylinder pressure traces were
processed to derive the heat release rate, which was used to conduct an analysis of the combustion process.
The estimated heat release rate was used to determine the effect of natural gas use on combustion progression,
intensity and combustion duration in comparison to the corresponding values of the diesel mode, which are
the areas expected to be most affected based on the available literature detailed above.
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41.1 Measurement Procedure

The measurement installation is provided in the following simplified schematic, Figure 4-4 which applies to both engines tested. The
tested engines and used fuels most important properties are given in Table 4-3 - Table 4-4. In this and all further cases only the basic
data of the engines are provided to the degree allowed by the manufacturers and shipowners. Because of this no detailed information is
provided, even though available, for nozzle geometry, designs, etc. The specifications of the measurement equipment involved are
provided in

Table 4-5 along with the error level associated with each measured value.
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6. Turbine Outlet Temp. 13. NG Consumption
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Figure 4-4 Measurement Setup for the dual fuel engines, Schematic View

Table 4-1 Particulars of Engine 1

5G70ME-C9.5GlI Units Value
Type - Two-stroke
Electronic Control - Yes
Cylinder No. - 5

Bore mm 700

Stroke mm 3256
Nominal Speed rpm 68.1
Nominal Power kW 11,975

Table 4-2 Particulars of Engine 2

6G70ME-C10.5GlI Units Value
Type - Two-stroke
Electronic Control - Yes
Cylinder No. - 6

Bore mm 700

Stroke mm 3256
Nominal Speed rpm 71.0
Nominal Power kw 15,081

58



Theofanis Chountalas

Table 4-3 Diesel fuel and natural gas properties, Engine 1.

Diesel Fuel Properties Units Value

Density at 15 °C kg/m3 879

Lower Calorific Value kcal/kg 10,116

Viscosity at 40 °C cSt 5.98

Sulfur (m/m) % 0.16

Carbon (m/m) % 86.70

Natural Gas Properties Units Value

Methane (CH,) % mol 86.60

Ethane (C;Hs) % mol 9.89

Lower Heating Value kcal/kg 11,762

Total Carbon (m/m) % 76.30

Table 4-4 Diesel fuel and natural gas properties, Engine 2.

Diesel Fuel Properties Units Value

Density at 15 °C kg/m?3 825.60

Lower Calorific Value kcal/kg 10,274.60

Viscosity at 40 °C cSt 4.56

Sulfur (m/m) % 0.12

Carbon (m/m) % 85.38

Natural Gas Properties Units Value

Methane (CH,) % mol 87.63

Ethane (C2Hs) % mol 6.24

Lower Heating Value kcal/kg 11,545.89

Total Carbon (m/m) % 74.81

Table 4-5 Characteristics of instrumentation for engine performance monitoring.

Instrument Measured Parameter Range Accuracy

Hydraulic Brake Torque <0-5%
Speed 0-250 rpm 0.1 rpm

Diesel Fuel Scale Diesel Fuel Consumption 0-10,000 kg 0.2%

Gaseous Fuel Scale Gas Fuel Consumption 0-10,000 kg 0.3%

MBS 3000 Scavenging Air Pressure 0-10 bar 0.5%

Air Temperature Sensors Scavenging Air Temperature -10-80 °C 0.2°C

Exhaust Gas Temperature Sensors Exhaust Gas Temperature —10-700 °C 0.5°C

Cooling Water Temperature Sensors Cooling Water Temperature 0-180 °C 0.2°C

Kistler 6613CG2 In-Cylinder Pressure 0-250 bar +0.5 bar

4.1.2 Processing of Measured Cylinder Pressure Data

The most valuable source of information for the evaluation of dual fuel performance and comparison with a

typical diesel mode is the cylinder pressure trace. The cylinder pressure trace used for all cases examined is

the mean value of all engine cylinders in order to have a representation of overall engine performance. For

each cylinder the mean value of 40 cycles is used. Before using the mean cylinder pressure trace, uniformity

59



Investigation of novel emission reduction technologies and use of liquid or gaseous fuels for curbing marine engines environmental impact

between all cylinders was verified regarding pressure values and power output. This was possible since, as
mentioned, in the following measurements at each load were repeated 3-4 times. Using the cylinder pressure
data recorded, the following information was derived using an advanced diagnostic technique described in
detail in (102,152).

e Engine brake power: Estimated from the indicated power using the mechanical efficiency map of the
engine defined during the shop test procedure. The power is compared against the one measured using
the hydraulic brake to evaluate the quality and accuracy of the measured pressure data.

o Combustion rate of fuel: Estimated by applying the heat release rate analysis methodology described
below.

e Start of combustion (SOC): The ignition angle was estimated from the cumulative heat release from
the point where 3% of total energy was released. For verification of the derived values, a second
methodology was used based on the second derivative of cylinder pressure to crank angle.

e Start of injection (SOI): Estimated from the ignition angle and the correlation used to derive the
ignition delay, (153). The value was cross-referenced with the engine control system (ECS)
indication. Furthermore, the methodology was verified using data from common rail engines where a
signal for the injection angle of diesel is provided.

o Exhaust valve opening (EVO): This value is directly provided by the ECS and is secondarily
estimated for verification from the measured cylinder pressure trace using a technique described in,
(102,152). The latter is based on the simulation of cylinder expansion stroke after combustion using
the closed cycle assumption.

e Exhaust valve closing (EVC) angle: This value is provided indirectly by the exhaust valve actuator
signal, which is available in the ECS. The value is verified using an engine simulation model to match
the measured Pcomp/Pscav Value, as described in (102,152). Furthermore, it is estimated for the
comparison of the actual and the simulated compression curve corresponding to close cycle
compression.

It is noted that the exhaust valve and injection angle timings vary due to engine design (electronic engines)

while an additional variation is added due to auto tuning which for all cases examined was “ON”.

4.1.3 Estimation of Combustion Rate

The burn rate of fuel provides information on the combustion process, which is of major interest for dual fuel
operation. It allows a study of ignition, combustion progression and duration, which are expected to differ
when using a high-ignitability pilot fuel and a low-ignitability main fuel injected in parallel inside the
combustion chamber. The fuel burn rate is derived by conducting a heat release rate analysis of the measured
cylinder pressure traces. The process to estimate the net heat release rate is based on the first thermodynamic
law, (107):
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dQnet _ &( dv dP PV dm) dv
do R

- %

de dp  mde (4.1)

In the above equation, the following assumptions are made:
e The cylinder contents are assumed to behave as an ideal gas, which is close to reality.
e The cylinder mass is considered constant, which does not present an accuracy reduction due to the
extremely low blow-by rate of the tested engine, as revealed in the performance analysis.

o Uniform distribution of the thermodynamic properties inside the combustion chamber.

The composition of cylinder content charge variability is estimated using the initial mass after EVC and the
amount of fuel burnt from the heat release rate analysis and the measured fuel consumption. For this purpose,
an iterative procedure is used until the convergence of the total estimated fuels amount with the measured
ones using the known heating value of the fuels, (152).

For the estimation of engine fuel consumption and the actual fuel combustion rate, it is necessary to use the

gross heat release rate. This is provided in, (107):

dQgross _ dQnet _ dQ_w
aross — o o (4.2)

The heat loss rate ‘%‘:’ is estimated using the heat transfer model of Annand, (154), which has been found

accurate in multiple similar applications for this engine type.

df_(;v =A (aC%Reb(TW —Tg) + cr(Toy — Tg)) (4.3)

The heat transfer model is calibrated using the shop test data for which the measured cylinder pressure traces
under 25%, 50%, 75% and 100% load along with accurate fuel consumption (FC) data are available. For the

heat release rate analysis, the mean cylinder gas temperature is used, calculated using the ideal gas law

assumption:
PV
Tg=— (4.9)

The initial charge mass after EVC is estimated using the simulation model e utilizing an open cycle approach
and the filling—emptying technique for mass exchange, (152). The accuracy of the methodology is validated
using the exhaust gas and air mass flow rates, which are determined using the carbon balance methodology

and are available in the official NOx file documentation of the engine.
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4.2 General Performance Values

The overall performance differences between diesel and DF modes are presented herein for the two engines
examined. In this first subsection the direct measurement results are presented. The mean compression
pressure (Pcomp) and peak combustion pressure (Pmax) during dual-fuel and diesel operation are compared in
Figure 4-5a, b and Figure 4-6a, b, respectively for the two engines. In Figure 4-7a, b and Figure 4-8a, b
pressure increase due to combustion (AP) and cylinder exhaust gas temperature for natural gas and diesel
mode are compared. Initially, significant differences could be expected due to the use of pilot diesel injection
for ignition and the properties of the natural gas fuel, mainly the energy content, which is significantly above
that of conventional marine diesel.

As revealed by the analysis, this expectation was not verified by the results for “Engine 1”. The differences
are minimal for combustion pressure and exhaust gas temperature. Thus, no effect is expected on exhaust
system components and the turbocharger during dual fuel mode operation. Regarding maximum pressure, the
highly similar values reveal an effort by the engine manufacturer to maintain these values steady between the
two modes via engine tuning (Figure 4-5a). Differences are observed for the compression pressure (Figure
4-5b) which are mainly the result of scavenging pressure (Psa) values. The specific engine type features
variable exhaust valve timing, thus, the Pcomp differences are also attributed to slight closing angle variation, as
shown below in section 4.2.1. The engine settings that affect the main operating parameters, namely the start
of injection, exhaust valve opening/closing angle and air mass flow, can also have a significant effect on
exhaust gas temperature. As seen in Figure 4-7a, these values were the same between the diesel and DF mode
for “Engine 1”. The compression pressure differences are reflected in the pressure rise due to combustion
between the two modes, Figure 4-7b, as the peak combustion pressure values are almost identical. For both
modes, a steep decrease in pressure rise is observed as the load increases. Differences between the two modes
are observed at 90% load and above, affected by the compression pressure values.

For “Engine 2” the differences between diesel and DF mode are high revealing different overall tuning and
considerable variations in the combustion process between the two modes. Compression and peak combustion
pressure are higher during DF operation, Figure 4-6a, b, with Pcomp increased due to earlier EVC. Despite that
exhaust gas temperature was decreased during DF mode operation, Figure 4-8a. AP is also increased during
DF operation, Figure 4-8b, but the difference is lesser compared to the Peomp and Pmax Values indicating to

earlier gas fuel ignition.
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Figure 4-5 (a) Mean peak combustion pressure, diesel, DF modes; (b) Mean peak compression pressure, diesel, DF modes; Engine 1.
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Figure 4-7 (a) Mean cylinder exhaust gas temperature, diesel and DF modes; (b) Pressure rise due to combustion, diesel and DF
modes; Engine 1.
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Figure 4-8 (a) Mean cylinder exhaust gas temperature, diesel and DF modes; (b) Pressure rise due to combustion, diesel and DF
modes; Engine 2.

The diesel and natural gas consumptions are provided in Figure 4-9a, b in kg/h for “Engine 1”. The total
hourly fuel mass flow rate is higher for the diesel mode. On average, 12.9% more total fuel mass is consumed
in the diesel mode, and this difference remains mostly steady with engine load. The diesel to natural gas mass
ratio under DF mode operation is provided in Figure 4-9c. The peak value is 14.53% under 25% load, and it
gradually decreases to 5.16% at 100% load. The previous ratios expressed in energy content result in 12.48%
and 4.43%, respectively. According to the manufacturer, higher percentages are expected for very low load
operation, up to the threshold for switchover to the diesel mode, (151). In Figure 4-9d, e, the 1SO corrected
BSFC for the two modes is shown. For the DF mode, the BSFC of the diesel pilot decreases steadily, with the
minimum value observed under maximum load, and the reverse is found for natural gas. For the diesel mode,
the minimum BSFC value is observed for 50% load operation. The highest value is observed for the lowest
load tested, 25%, which is normal under low load due to deterioration of the mechanical efficiency. The most
important parameter for long-term engine operation, also considering its size and CO, emissions, is specific
fuel consumption. Due to the difference in LCV, the evaluation between the two modes in terms of efficiency
cannot be based on the comparison of specific fuel consumption without LCV correction. For this reason, for
the comparison of the two operating modes, the use of the total heat rate (THR) of both fuels consumed in

(kJ/kWh) is preferred. The total heat rate was calculated as follows:

THR = SPCiso * LCViesel + SGCiso * LCVgas, (45)

where SPC is the specific pilot fuel consumption and SGC the specific gas consumption. Based on Figure
4-9f, the overall efficiency of the diesel mode is found to be higher, with lower total heat rate required for the
same power output; however, the average difference is small. The efficiency gains under diesel mode are
mainly found in the region of 50% load and under maximum load. The average increase was estimated at

1.15%. In contrast, advantage in efficiency for the DF mode is observed under low load operation (25% load)
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at 1.82%. The accuracy of the previous calculation is the same as the accuracy of the fuel consumption values
measured in the factory acceptance tests, which is higher than the level of difference observed and is thus
reliable. Considering the mean values, only a small reduction in efficiency is observed for the DF mode,
which is in the range of 1%. Further study of the performance under lower loads, below 25%, would be of
interest, as the pilot fuel energy fraction increases significantly (151); this was not feasible during the factory
acceptance tests procedure, as in all cases, the load point tests begin at 25%. The findings of other studies
regarding fuel consumption efficiency for marine high-pressure LNG engines are summarized in (148).
Different results can be found depending on the engine type and tuning, such as (155,156). Overall, modern
dual fuel high-pressure engines are capable of similar efficiency as diesel engines under selected load regions.
Using the values of total gas and liquid fuel mass consumed and the carbon content of the fuels, as provided in
Table 4-3, the specific CO, emissions of both modes can be estimated. This results in an almost steady 22.6%
improvement under DF mode, which is considerable.

“Engine 2” fuel consumption values show significant improvement in overall fuel efficiency between the
diesel and DF mode, Figure 4-10. In addition, improvement is found compared to the “Engine 1” data for both
diesel and DF mode when comparing BSFC and specific total heat rate. Another improvement is the reduction
of diesel to gas mass ratio from low to full load; this comparison however must also take into account the
energy content of the fuels used. It was found that this improvement was also present when conducting
comparison of the diesel to gas energy content ratio. The ratio reduction was most pronounced for medium
and high load which also affected the overall diesel fuel consumption vs load trend, considering the graphs of
Figure 4-9a (“Engine 1) and Figure 4-10a (“Engine 27).

These initial observations are analysed along with the engine settings and operating conditions in the
following section. Review of the specific consumption of both fuels, Figure 4-9e and Figure 4-10e shows that
“Engine 2” is optimized for medium load operation. The reduction of specific total heat rate during DF mode
for “Engine 2” was found to reach 4.8% for 75% load. The total specific heat rate shows slightly lower
thermal efficiency for low load and significant gains for both medium and full load operation for DF mode
operation. Efficiency gains of “Engine 2” compared to “Engine 1” are also present for diesel mode, but to a
lower degree, specifically an overall energy efficiency improvement of 3.5% was found for DF operation in
favour of “Engine 2”, and for diesel operation the improvement was 2.1%. Thus, after one generation the
high-pressure dual fuel engine presented very high improvement regarding fuel efficiency and DF mode
capability regarding diesel fuel percentage requirements. This improvement results to further reduction of

tailpipe CO; emissions by 6.9%, increasing the potential benefits of this technology.
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Figure 4-9 (a) Diesel consumption, diesel and DF modes; (b) Natural gas consumption, DF mode; (c) Mass ratio of diesel to natural
gas; (d) Specific fuel consumption ISO, diesel mode; (e) Specific natural gas and diesel consumption I1SO, DF mode; (f) Cumulative
specific heat rate, diesel and DF modes; Engine 1.
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Figure 4-10 (a) Diesel consumption, diesel and DF modes; (b) Natural gas consumption, DF mode; (c) Mass ratio of diesel to natural
gas; (d) Specific fuel consumption ISO, diesel mode; (e) Specific natural gas and diesel consumption ISO, DF mode; (f) Cumulative

specific heat rate, diesel and DF modes; Engine 2.
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4.2.1 Comparative Evaluation of Engine Settings

In the present section, the engine settings are presented and compared for diesel and DF modes. The injection
timing of diesel fuel and exhaust valve opening/closing angles, as well as the resulting pressure ratio
(Pcomp/Pscav), are examined for the two engines at both modes. These values were estimated from the
processing of the cylinder pressure data as described above and cross-referenced with the ECS indications.
For “Engine 1” the exhaust valve opening angle variation with load was found to be the same and generally
very small for both modes. The absolute values are shown in Figure 4-11a, revealing the identical tuning. This
is important, as it confirms that exhaust gas temperatures, also found to be nearly identical, were not affected
by the valve timing. The exhaust valve closing angle variation affects the pressure ratio, with earlier EVC
resulting to increase and retarded EVC to decrease. The EVC variation with load is intense for both modes, as
revealed by the change of the pressure ratio, Figure 4-11b. This is in contrast with the mostly steady EVO
angle timing. This analysis revealed only minimal differences in EVC angle timing between the DF and diesel
mode. The valve closing angle is slightly delayed under DF mode operating at 50% load and below; for higher
loads, the values are identical up to 100% load, and finally, the closing angle is advanced at 110% load for
both modes. The EVC timings do not result in significant differences in Pcomp values (Figure 4-5b). Pcomp
control is used to regulate peak combustion pressure in the DF mode and not to exceed the maximum
permissible value. The alternative solution would be to delay fuel injection, but this would have a negative
impact on engine efficiency (BSFC).
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Figure 4-11 (a) Exhaust valve opening angle, diesel and DF modes; (b) Effective compression ratio (Pcomp/Pscav), diesel and DF modes;
Engine 1.
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For “Engine 2” the respective values are provided in Figure 4-12a, b, and confirm the expectation of high
engine tuning differences between diesel and DF mode. In addition, the tuning approach of the engine
manufacturer considerably deviates from that of “Engine 1” for both modes. EVO presents again small
variations with load and rather similar values between the two engines. As in the case of “Engine 1” the

mostly minimal differences between diesel and DF mode are not expected to affect the cylinder exhaust gas
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temperature values. EVC angle is well advanced for all loads during DF mode operation of “Engine 2”7,
especially in between 62% and 75% load. This region coincides with the highest thermal efficiency

improvements between the two operating modes.
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The main difference observed in engine settings and the resulting performance for diesel and DF modes is
injection, and consequently, ignition timing. The liquid fuel injection timing, which is the ignition source, was
estimated using the diagnostic software utilized for two-stroke diesel engine applications. The ignition angle
was estimated using two techniques for confidence, one based on the cumulative heat release diagram and a
second based on the second derivative of cylinder pressure. Both methods provided essentially the same
ignition angle in all examined cases, increasing the validity of the derived result. The point of combustion
initiation was deemed to coincide with the ignition point of the diesel fuel. This assumption is valid and has
been proven by various investigations, such as (144,157-160).

In Figure 4-13a,b, the diesel (diesel mode) and diesel pilot (DF mode) injection angle and ignition angle are
provided for all load tests of “Engine 1”. The difference between the two figures is small due to the low value
of diesel ignition delay. Fuel injection is advanced (before TDC) in diesel mode up to 75% load. Above that,
the injection angle is retarded and remains almost steady. Advanced SOI has been found to provide efficiency
advantages (161), while retarded SOI commonly results in lower NOx emissions and limits Pmax values (162).
These are the main factors that affect engine tuning choices in this type of marine engine, and indeed, as
shown in Figure 4-9b and Figure 4-9f, the fuel efficiency and pressure increase are affected by SOI in the mid
and high load regions. On the other hand, in the DF mode, pilot injection is retarded (after TDC) under all
loads. Despite the retarded SOI, the pressure rise due to combustion is comparable to or slightly higher than
the diesel mode. This is the first indication of significantly more intense combustion in the DF mode, at least
in the early (premixed) stage. For the 90% and 100% loads, the ignition angle is slightly advanced compared

to the lower loads of this mode and is similar to the injection timing estimated for the diesel mode. The overall
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variation in liquid fuel injection timing is small, in the range of +1° CA across all loads. For both modes, the
injection timing of liquid fuel is generally retarded, close to or after TDC, to control the peak combustion
pressure. Despite the difference in diesel fuel SOI timing, the peak combustion pressures were found nearly
identical for all loads, as already shown in Figure 4-5a. This was attributed to the engine maker defining the
SOI timing curves to have the same values of Pmax for both modes and achieve similar performance. This is
further elaborated in the combustion rate analysis section below and is mainly a result of the difference in the
peak value of heat release between the two operating modes, as well as the premixed combustion rate
difference.

In Figure 4-14a, b the fuel injection and ignition angles for “Engine 2” are provided, revealing also small
diesel fuel ignition delay as found for “Engine 1”. This was expected based on the higher pressure ratio of
“Engine 2” that resulted to in-cylinder conditions more favourable towards diesel auto-ignition. The pilot fuel
injection angle is well advanced compared to diesel mode injection timing, and as could be expected, the
highest degree of SOI advance was found for the loads with the biggest efficiency advantage compared to
diesel mode operation. This comes in contrast to the tuning choices of “Engine 1 that revealed SOI delay
during DF mode. The SOI and ignition angle advance of “Engine 2” compared to “Engine 1" for both modes
is in agreement with the lower BSFC values and the increased Pmax at each load.

The comparison of the EVC and SOI settings between the diesel and DF mode for the two engines tested
provides valuable insight into the effect of tuning on overall operation, even for units of the same main type.
Furthermore, it is estimated that the approach followed for the older generation dual-fuel engine was to match
DF to diesel mode performance as close as possible, which proved feasible while retaining similar fuel
efficiency capabilities. For the newer (current) generation engine increase of pressure values to higher levels,
more than 20 bar on average, even at maximum continuous rating (MCR), during DF mode allowed for
considerable fuel consumption reduction to be achieved. Last, it is noted that the AP values are also increased

compared to “Engine 1” operation by a considerable degree (roughly 10 bar at each tested load).
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Figure 4-13 (a) Diesel SOI angle, diesel and DF modes; (b) Diesel ignition angle, diesel and DF modes; Engine 1.
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Figure 4-14 (a) Diesel SOI angle, diesel and DF modes; (b) Diesel ignition angle, diesel and DF modes; Engine 2.

422
The measured cylinder pressure traces are shown in Figure 4-15 for “Engine 1” and are compared between the
diesel and DF modes for four of the six measured load points: 25%, 50%, 75% and 100%. In Figure 4-16 the

respective data are shown for “Engine 2”. Based on the analysis of the pressure traces, the net heat release rate

Measured Cylinder Pressure Traces and Combustion Rate Analysis

diagrams were estimated and are provided for comparison. The calculated heat release rate diagrams Figure
4-17 (“Engine 1) and Figure 4-18(“Engine 2”) provide information on the evolution of the combustion
process inside the combustion chamber. They are used for the estimation of the ignition angle, peak heat
release rate, initial combustion slope and combustion duration. Utilizing this information, the overall
combustion process can be comparatively evaluated from the early to the late stage.

In Figure 4-15a-d, the mean cylinder pressure traces for the diesel and DF modes are provided for 25% up to
100% loads for “Engine 1”. The overall differences are limited, as detailed in the previous section; differences
are observed for the peak compression and combustion pressure and ignition angle. This is in line with the
similarity in engine settings, apart from the fuel injection timing. The specific engine is ME-type technology,
equipped with the auto-tuning system, which enables dynamic control of both Pcomp and Pmax 0N each cylinder,
triggered by the measured cylinder pressure signal. After reviewing the cylinder pressure traces in the
corresponding graphs, the tuning of the engine with the goal of achieving the same variation of Pmax to load
for both modes is made evident. This confirms that the specific DF marine engine design can provide similar
performance under both DF and diesel modes, which is not the case for all engine types when DF operation is
tested (163). This is an important finding in the present investigation. For the “Engine 2” tests, in Figure
4-16a-d are provided the measured pressure data, that better display the high change in engine operation after
the switch to DF mode. The most notable observation from Figure 4-16a-d is the very high maximum pressure

values during DF operation. From these graphs the difference in compression between the two modes for
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“Engine 2” is noticeable, and specifically the higher compression and peak combustion pressure for DF mode,
as result of earlier EVC and, to a lower degree, the increase in AP during combustion.

As a general comment, the initial concern of manufacturers for tuning of engines using high energy content
gaseous fuels relying on secondary means of ignition were knock and the danger of extreme pressure buildup
in the cylinder. Such events could result in the compromise of engine integrity and reliability after the
accumulation of operating hours which probably led to the rather conservative engine tuning regarding the
overall cylinder pressure values and SOI timing of “Engine 1”. The previous is clearly shown in the next

section containing the analysis of the fuels’ combustion process.
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Figure 4-15 (a) Mean cylinder pressure traces at 25% load; (b) Mean cylinder pressure traces at 50% load; (c) Mean cylinder pressure
traces at 75% load; (d) Mean cylinder pressure traces at 100% load, at diesel & DF modes, Engine 1.
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Figure 4-16 (a) Mean cylinder pressure traces at 25% load; (b) Mean cylinder pressure traces at 50% load; (c) Mean cylinder pressure
traces at 75% load; (d) Mean cylinder pressure traces at 100% load; at diesel & DF modes, Engine 2.

In Figure 4-17a-d, the net heat release rate estimated from the mean cylinder pressure traces is presented for
25% up to 100% load of “Engine 1”. In contrast to the cylinder pressure traces of Figure 4-15, the differences
between diesel and DF modes are now clear, especially in the low and medium load regions. This is an
advantage of heat release rate analysis for engine performance and combustion investigation. From 25% to
75% load, ignition occurs later for DF mode operation, as expected, since both diesel fuel (main and pilot)
SOI timing and ignition delay are similar for both modes, Figure 4-13a, b. The peak value of heat release rate
is considerably higher for the DF mode, with a maximum increase of 17.4% under 50% load. This is in
general agreement with similar studies of natural gas DF engines, such as (156). However, the reverse may
also be encountered (145), mainly depending on the pilot ignition angle and the amount of diesel fuel injected
(161). The peak heat release rate (HRR) difference, however, does not lead to a higher value of pressure rise
due to combustion, which is about the same for both modes, Figure 4-7. Thus, the effect of the faster heat

release rate for the DF mode is offset by the retarded ignition angle. In the case of the same ignition angle, the
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pressure rise due to combustion would be significantly higher, and Pmax Would be expected to increase. The
faster heat release rate is mostly attributed to fast mixing of the NG fuel (gaseous fuel) and to its 16.3% higher
heating value which results to a faster energy input. For a 90% load and above, the differences are minimized
between the two operating modes, and the fuel ignition angle is similar. The same is observed for the peak
value of heat release rate. This, again, reveals the ability of the injection system to supply fuel at the required
rate even at full load. The physical properties of natural gas could potentially limit fuel mass delivery in the
cylinder. However, this engine type and other modern NG engines inject natural gas at a low temperature and
high pressure (in the range of 40° C and 300 bar), hence enabling a relatively high mass injection rate,
(131,164). The relevant temperature and pressure values were measured at the site of tests, confirming
previous findings. Despite similarities in the combustion rate for 100% load, Figure 4-17d, the pressure rise
due to combustion was higher for DF mode operation, Figure 4-7b. For all tested loads, except 100%, late
combustion was found to progress at a slightly slower rate under DF operation, despite later ignition in most
cases. This conflicts with the findings reported in (163), where a better behaviour of DF combustion in the late
stages was observed. Regarding natural gas fuel injection duration, the injection end can be estimated from
Figure 4-17, as it occurs roughly at the angle of the peak HRR value (observed from the analysis of a
significant number of engines were injection duration was provided from the engine control system i.e., two
stroke engine with common rail fuel injection system). Figure 4-17 indicates that, for high load, the injection
duration is similar to that of diesel fuel. In addition to the differences in the progression rate of early stages,
variations in diffusion-controlled and late-stage combustion can be observed. The observed differences in the
HRR in DF mode under low and mid loads of 25 to 75%, Figure 4-17a—c, lead to the assumption that the
combustion process in DF mode deviates further from the typical diesel mechanism when the ignition angle of
pilot fuel is retarded, and the ratio of diesel/gas is high. It can be anticipated that these conditions could

influence the premixed over the diffusion burn processes.

In Figure 4-18 the net HRR values estimated for “Engine 2” are presented. The HRR diagrams show
significant difference between diesel and DF mode, with the early ignition of the diesel pilot easily
identifiable for all loads, especially at 75%, Figure 4-18c. A brief intermediate stage can be observed in all
loads with the combustion rate slightly increasing before the main combustion event, which is attributed to the
difference in timing of liquid pilot fuel and gas fuel injection. The peak combustion rate is considerably higher
during DF mode, with increased initial rate following the ignition of the injected natural gas. The premixed
stage combustion is more intense for DF mode operation for all loads, as most of the fuel is burnt within the
first 10° to 15° CA after ignition. Following that, the late-stage combustion is quite slow during DF mode
compared to diesel only. This behaviour is attributed to a different strategy regarding the injection the diesel
pilot and the main gas fuel. Overall, the specific combustion rate favours efficiency since combustion is fast
and slightly after TDC. For “Engine 2” the diesel pilot is injected well before TDC compared to “Engine-1"
and generally to modern engine standards. The ignition of the two fuels is staged with a clear time difference

between diesel and NG. This difference is the result of slight staging of the diesel pilot injection and the
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timing of NG. For this to be achieved, the liquid fuel injector was redesigned for the new generation engines,

with adjustable nozzle injection bores able to accommodate both the low volume diesel pilot injection and the

MCR fuel supply requirements of diesel mode, (165). In addition, a different profile was implemented for the

pilot injection. Comparison between the two studied engines shows that peak HRR during DF is considerably

enhanced for “Engine 2”, and that this is present for all loads, even MCR, which was the load with the lowest

difference between diesel and DF mode for “Engine 1”. It is noted that the overall lower HRR values for

“Engine 2” compared to “Engine 1” are due to its similar power output per cylinder but lower total fuel

consumption and the practically no delay between diesel and NG ignition for “Engine 1. The last is the result

of the reduction of the difference between the two injection events, pilot and gaseous fuel.
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Figure 4-17 (a) Net mean heat release rate at 25% load; (b) Net mean heat release rate at 50% load; (c) Net mean heat release rate at

75% load; (d) Net mean heat release rate at 100% load, at diesel and DF modes; Engine 1.
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Figure 4-18 (a) Net mean heat release rate at 25% load; (b) Net mean heat release rate at 50% load; (c) Net mean heat release rate at
75% load; (d) Net mean heat release rate at 100% load, at diesel and DF modes; Engine 2.

The combustion duration for 50% and 95% of total diesel and natural gas fuel mass fraction burnt was
calculated using the cumulative heat release, which is the integral of Figure 4-17 and Figure 4-18 diagrams’
values. The results are provided in Figure 4-19 and Figure 4-20 for the two engines. In the case of “Engine 1”
for 25% up to 75% load and for both 50% and 90% of total fuel mass fraction burnt, early combustion
progresses at a notably higher rate in DF mode operation, indicated by the 6-8% shorter combustion duration.
Due to the longer premixed combustion duration and comparable diffusion stage burn rate, the difference
increases further for 95% fuel combustion duration. The shorter total combustion duration in DF mode was
also reported in (147). Usually, a shorter combustion duration results in efficiency benefits, as thermal losses
are also limited. In the present case, this is observed at 25% load. The SOI delay of the pilot diesel fuel in DF
mode is possibly the major reason for the small efficiency loss of 1% for “Engine 1”. The near maximum load
premixed phase combustion rate is similar for both modes. The late combustion stage progresses at a lower

rate in DF mode, which contrasts with the expectations based on (160) which is, however, based only on
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simulation results of a marine four-stroke propulsion engine. This highlights the importance of experimental
data use on actual scale engines of the two-stroke variant. The slower late combustion under full load affects
combustion duration, which is equal to or slightly longer than that of the diesel mode, in contrast to the shorter
duration observed under lower loads. This is found by examining both the 50% and 95% total fuel burnt. The
difference in the total heat release between the two modes that can be observed in some cases is attributed to
the slight load differences and variation in heat losses.

Relatively similar behaviour regarding total combustion duration is observed for “Engine 2” with shorter total
combustion length for DF mode, except near the MCR load region. For the 50% fuel burnt time the opposite
trend is found for “Engine 2” with shorter duration during diesel operation for all loads. This is mostly
affected by the late NG ignition which is more pronounced at 75% load. The very high combustion rate of the
NG during the premixed stage and its longer duration (after the main ignition event) makes up for this
difference and total combustion duration is not negatively impacted. Slightly higher values compared to
“Engine 1” are mainly due to the prolonged combustion of only the diesel pilot, while for “Engine 1” the
ignition angle of gas was practically simultaneous to that of diesel (it is noted that engine speed was roughly

the same between the two engines).

13 |—®—DIESEL ] 32 - |—®—DIESEL
| |- 4&- DUAL FUEL | 30 | |- - DUAL FUEL

CA)

Combustion Duration (deg

Combustion Durat
]

—
O = N W s OO N 0O O
T T T T T T T T T T

0O 20 30 40 50 60 70 80 90 100 110 10 20 30 40 50 60 70 80 90 100 110
Load (%) Load (%)
(a (b)

Figure 4-19 (a) Combustion duration for 50% fuel mass fraction burnt, diesel and DF modes; (b) Combustion duration for 95% fuel
mass fraction burnt, diesel and DF modes; Engine 1.
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Figure 4-20 (a) Combustion duration for 50% fuel mass fraction burnt, diesel and DF modes; (b) Combustion duration for 95% fuel
mass fraction burnt, diesel and DF modes; Engine 2.

4.2.3 NOx Emissions, Diesel & DF Mode

The high differences in the combustion process between diesel and DF mode, observed mainly for “Engine 2”
equipped with the redesigned liquid fuel injection nozzles, could potentially affect NOx emissions. The NOx
emissions of “Engine 1” are extensively reviewed in Chapter 6 for Tier-1l and Tier-11l mode as this engine is
equipped with an EGR system (“Engine 2” is outfitted with an SCR system). In this brief section a short
comparison is made between NOy emissions at Tier-11 operation in diesel and DF mode for the two engines to
examine if any effect on emissions can be expected. As the principles of the Diesel cycle are retained in the
high-pressure approach it is expected that emissions, especially for “Engine 1” that presented similar
performance for DF and diesel only modes, should be at Tier-II NOx emissions levels. Due to the exhaust gas
mass flow not being the same between the two operating modes, specific NOy emissions are used for the
comparison instead of measured concentrations. The specific values, non-1SO corrected, are given in Figure
4-21a for “Engine 1” and Figure 4-21b for “Engine 2”. As seen, emissions were affected by the transition to
DF mode. The general trend appears to be similar for both engines with higher values at lower loads and
lower values at high load. For “Engine 2” the transition point between lower and higher NOx emissions takes
place at a higher load. This is the result of its tuning which focuses on BSFC reduction. At low load, for both
engines the combustion rate of fuel for the DF mode is more intense, especially for “Engine 27, resulting to
higher NO, emissions. Examination of the HRR diagrams provided, reveals that NO, emissions for DF mode
are decreased compared to diesel mode values when the diffusion combustion stage becomes shorter and less
intense. This occurs at elevated load especially for “Engine 2”. NOx emissions are also affected from the
pressure increase due to combustion and possibly by the mass ratio of pilot diesel to gaseous fuel that is
known to have an impact on NOy emissions, (166) and last by the lower flame temperature of methane that

comprises a large portion of the injected NG especially at higher loads. NOy emissions decrease compared to
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diesel mode operation was also observed in (167), where similarly to the present case the high effect of pilot
and main injection timing was significant.
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Figure 4-21 Specific NOx Emissions non-1SO corrected for Diesel and DF Tier-1I mode; a) “Engine 17, b) “Engine 2”.
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4.3 Summary and Conclusions

In this chapter of the thesis, the performance of two 2-stroke marine diesel engines operating under the high-
pressure natural gas injection principle was examined for DF and diesel modes. The two engines belonged in
the same model category but were of different generations with the latest being the current one, recently
introduced in the market. The two engines presented considerably different behaviour between them and in
their tuning when switching to DF operation from diesel only mode.

For the older generation “Engine 17, the comparative evaluation revealed that, overall, limited differences
existed between the two modes for the specific engine design. The engine settings regarding exhaust valve
timing were found to be nearly identical for the opening angle, with differences observed only for the closing
angle at low and high loads. For the diesel injection (pilot in the case of DF operating mode) and,
consequently, ignition angle, differences up to 1° crank angle for low and mid loads, with retarded injection
timing for the DF mode, were observed. This is an important finding, since multiple studies have shown that
the injection angle has a major effect on pressure rise and on the overall evolution of the combustion process
(144,163,168). The main performance data were found to be similar between diesel and DF mode for “Engine
17, and the only difference of note was observed in the pressure increase due to combustion influenced by the
SOl angle and combustion intensity under DF mode due to the NG high LCV.

For the new generation “Engine 2”, the switch to DF mode resulted in considerable performance changes. The
peak pressure values for DF operation were increased well above the values of the diesel mode and also the
values measured for “Engine 1” in either mode. The increase was partly attributed to the increased
compression pressure as the result of earlier EVC angle. Settings were altered considerably with the only
restrained difference found in EVO timings, which were quite similar for both modes. EVC angles were
advanced and resulted to substantial increase of the cylinders’ effective compression ratio. Diesel pilot (DF
mode) and main (diesel mode) SOI angles were before TDC for all loads at both modes, with higher injection
timing advance at DF mode.

The combustion process analysis revealed differences between diesel and DF mode mainly for low and
medium loads for “Engine 1. The combustion rate was more intense in DF operation and presented a higher
peak rate, similar to the findings of (156), (161) for which SOI timing under DF mode was also retarded.
Increased combustion intensity was attributed to the higher LCV of injected natural gas and the better mixing
of gas and air until the diesel pilot ignition. The same was observed for part of the diffusion-controlled
combustion process, attributed to the fast ignition (144) of NG inside the combustion chamber. A prerequisite
for the former was the ability of the NG fuel supply system to inject a high mass of gaseous fuel in the
combustion chamber at a rate comparable to diesel operation. This was confirmed by the HRR diagrams, as
the time from ignition to peak HRR, where injection is approximately considered to terminate, was similar or
lower in the DF mode. Late-stage combustion also progressed slightly faster in the DF operation. The faster
burn rate resulted in lower combustion duration under the DF mode for these loads for both 50% and 90% fuel

mass fraction burnt. The aforementioned differences were not observed under high loads, with the HRR being
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mostly identical. Based on these differences, it can be estimated that the combustion process in DF mode
deviates from the typical diesel mechanism when the ignition angle of pilot fuel is retarded, and the ratio of
diesel to natural gas is high, by affecting the intensity of premixed and diffusion burn processes and the ratio
of fuel burn between them.

For “Engine 2” the HRR analysis revealed a significantly different combustion process during DF mode
operation. The main similarity to the “Engine 1” findings was the increase in peak HRR. The increase in
maximum combustion rate value, relative to the diesel mode. was considerably above that of the previous
generation engine. The most significant finding of the “Engine 2" combustion analysis was staged combustion
of the diesel pilot fuel and the main NG mass injected. Following a small energy release from the combustion
of the pilot fuel and a brief intermediate stage, very rapid premixed combustion of the NG followed. The
diffusion combustion stage was mostly below the one of diesel fuel with a markedly slower mid and late
stage. The slow early diesel pilot and late-stage NG combustion did not negatively impact the total
combustion duration that was similar to or shorter in most cases than for diesel mode operation. Unlike
“Engine 1” the overall combustion process did not present notable differences between load, with the only
observed variation being in the case of 75% load due to the high SOI advance of the pilot and rather retarded
NG injection allowing for longer combustion of the diesel before NG ignition and subsequently very rapid NG
burn. The improvements by the manufacturer regarding the injector nozzle design and pilot injection profile
resulted in the decrease of the total diesel mass required for engine stable operation compared to the previous
generation.

In the case of “Engine 1” BSFC of diesel mode was lower overall when expressed in terms of the total heat
rate provided by the supplied fuel, signifying better overall thermal efficiency. The difference between the two
modes was very low in the range of 1-2%. This is promising, considering the known positive effect of dual
fuel operation on CO; emissions, (36). Regarding CO, emissions, the overall effect was a 22.6% improvement
despite the efficiency reduction, as the carbon content of natural gas was 12% lower than diesel while also
providing 16.3% higher energy content, which resulted in lower total fuel mass consumed.

For “Engine 2” the aforementioned differences and other refinements in the overall engine design resulted in
fuel efficiency improvement over the previous generation for both modes. The most important change,
however, was the degree of engine thermal efficiency improvement of DF mode over the diesel one. Except
for an efficiency penalty at 25% and minor deficiency at 50% load, the total specific heat rate was lowered up
to the engine MCR, with the maximum improvement close to 5% at 75% load. The actual consumption was
also lower in terms of total fuel mass burnt in DF mode. In terms of GHG emissions the advances in the
efficiency of both modes (diesel and DF) resulted in a similar reduction of carbon emissions with “Engine 17
namely 22.8% on average. Comparison between the two engines showed a gen-on-gen improvement of 6.9%
regarding specific carbon emissions due to the improvement of both diesel pilot and gas fuel efficiency.
Overall, the analysis of the two engines showed that the use of a high-pressure system for natural gas injection
allows operation and efficiency very close to that of a typical diesel cycle without the need for extensive

setting changes that could be expected due to the dual fuel aspect, mainly regarding injection timing. The
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major performance values can be maintained almost identical, excluding some limited differences in fuel
efficiency, as in the case of the older “Engine 17 that was optimized for low—medium load operation at DF
mode and its efficiency was lower but sufficiently close to that of the diesel mode for the other (higher) loads.
The current generation “Engine 2” showed that with some component improvements allowing extended
control capabilities and higher level of tuning variation, engines of this type can operate at efficiency
significantly superior to that of the diesel mode, at least in a large part of their load range. For “Engine 2” the
combustion process was found altered and more akin to what would be theoretically expected to be observed
for a DF engine with pilot fuel ignition, such as staged combustion events and high pressure increase values.
The overall evaluation and analysis reveal that modern marine two-stroke high-pressure DF engine
performance can be very close to, or above the standards of diesel-only operation, while providing concrete
environmental benefits in terms of CO, emissions. Considering the quite substantial improvements between
the two consecutive generations studied, these benefits might further increase in the future. This makes natural
gas or other low-carbon gaseous dual fuel engines a very attractive option until zero-carbon solutions become

possible for large marine vessels.
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Chapter 5 Marine Type Biofuels-Impact on Performance and

Emissions

Use of biofuels based on biodiesel from non-edible biomass is lately gaining traction in the marine sector. The
aim is to use blends of biodiesel and VLSFO as a drop-in fuel that can improve the GHG footprint of existing
vessels without resorting to extensive retrofit projects that may not be financially viable for operators,
especially in the case of older vessels, (169,170). The subject of biofuel use in IC diesel engines has been
extensively studied in the automotive sector and currently automotive use diesel comprises of biodiesel at a
5% ratio in the United States, (171) and is also contained at 7% in fuels distributed in Europe (172). Biofuels
are separated into four generations with only the first two having entered commercial use (173-175). The
first-generation biofuels are the product of edible crops such as grains, sugar cane and vegetable oils, (176).
The requirement for land use that would normally be used for food production has caused concerns regarding
food security, (177). In addition, the potential of this biofuel type for GHG emissions reduction is rather
limited, (176,178). The 2" generation biofuels are the product of non-edible biomass such as wastes of edible
plants or municipal wastes such as cooking oil and disposed food, (179). Especially the case of used cooking
oils is quite promising as currently their primary disposal path is the sewage system, (180). This makes the
cost of raw materials used very low, but the production process is costly making 2" generation biodiesel
pricier than traditional fuels.

The third and fourth generation biofuels are still at the research and development stage and are both algae
based, (175,181,182). The 3™ generation biofuels based on microalgae are a promising technology as they
offer distinctive advantages compared to the two previous generations. The land use requirements are
considerably lower and the harvesting cycle of grown biomass is also shorter, (183-185). A further benefit is
found in the quality of the produced biomass, which is closer to the final product, biodiesel or bioethanol,
compared to previous generations. There are still challenges to be overcome until the commercial use of this
production method, with the main one being cost, as 3™ generation biofuels are currently not financially
viable. The 4" generation biofuels are an advanced approach to the 3 generation aiming to utilize genetically
modified algal organisms to enhance biomass production capabilities and improve cultivation efficiency,
(181-183). Several concerns exist currently regarding costs and also environmental hazards that could result
from releasing genetically modified microorganisms to the environment, making this technology not viable as
a mid-term solution.

Thus, at present, marine use biodiesel is mostly produced via the 2" generation approach, with most variants
being fatty acid methyl ester (FAME) based and sourced from used oil. The production process of biodiesel
from used cooking oils is transesterification, (186,187). This process is based on the reaction of the
triglycerides in the waste oils with low-carbon alcohols in the presence of a catalyst to produce esters and
glycerol. A benefit of using this process is that the boiling point of the alcohols used, mostly methanol or

ethanol, is low and the reaction does not require high temperature to proceed. The conversion of the used oils
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to alkyl-esters decreases the molecular weight, viscosity, pour point and flash point values of the cooking oils,
while increasing the volatility value. This allows for the produced biodiesel to be used as is, or in blends with
normal diesel without the need for engine modifications. Biodiesel production comprises of four stages,
pretreatment, two step esterification and refining. The pretreatment stage comprises of gravity settling of the
various solid impurities that are removed with centrifugation along with water and water-soluble compounds.
The first step of esterification involves the use of acids to remove free fatty acids as they can lead to soap
formation if they remain in the next production stages. A typical method for their removal is use of an acid
catalyst such as sulfuric acid in the process of excess methanol in a continuous plug-flow reactor. The second
stage is transesterification which involves the mixing of the oil and alcohol or methanol in the presence of
homogeneous or heterogeneous catalyst. The reaction is alkaline-, acidic-, or enzymatic-catalyzed with fatty
acid methyl esters as the main product and also glycerol. For large scale applications homogeneous alkali
catalysts are used due to cost effectiveness compared to other options. The most common catalyst used for the
reaction of oil and alcohol is potassium hydroxide or in recent years potassium methoxide which allows for
increased biodiesel production. The final stage of the biodiesel production process is refining to achieve
purification according to the standards allowing in-engine use. In this step, water, CHsOH and any remaining
catalyst amounts from the previous processes are removed along with heavy composites and possible traces of
sulphur.

The environmental benefit of biodiesel towards GHG emissions relies mostly on its well-to-wake emissions,
(188). For a biofuel to result to actual carbon emissions reduction a net benefit must be verified. Newer
research has shown that 2" generation biofuels have higher benefit on carbon emissions reduction than 1%
generation ones, with the exception of sugarcane based fuels, (177,189-191). It must be stated, however, that
the degree of expected environmental benefit differs considerably between studies, mainly due to the various
assumptions made and different conditions examined, (187,192). Studies have shown almost 90% lower GHG
emissions for vegetable oil based biodiesel compared to typical low-sulfur diesel, (173,192-194). In the
marine industry the currently available biofuels are blends of biodiesel, mostly sourced by waste oil, and
VLSFO. The most common blends contain 20% (B20) or 30% (B30) FAME with 50% (B50) variants also
under evaluation. Despite the moderate amount of biodiesel used, studies estimate that high GHG emissions
reduction can be achieved for 30% FAME blends, in the range of 25%, (176). This percentage was confirmed
by the analysis provided by biofuel suppliers for the variants studied in this thesis. Thus, for a vessel operator,
use of B30 allows to reduce the carbon intensity index of existing vessels considerably without resorting to
any type of modification to equipment or sailing capabilities. The use of biodiesel in the form of blends with
typical fuels provides multiple benefits. The most immediate is cost, which is significantly reduced compared
to pure 2" generation biodiesel that is considerably more expensive than VLSFO due to the energy and
infrastructure requirements of the transesterification process, (195). Recent studies that take into account
current fuel prices and updated trends, estimate that FAME based fuels will remain more expensive than HFO
and VLSFO but become competitive in the coming years with competitiveness further increasing if penalties

to conventional fuel use become stricter, (20,196-198). Blending with conventional fuel also contributes to
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increasing availability of biofuel, which is important in the marine industry. Data from 2019 shows that
international shipping activities consume about 300 Mt of fuel, almost in total diesel residuals or distillates,
(1). With the production capacity of biodiesel being limited to 47429 ML per year (58) in 2022 according to
the International energy Agency (IEA), (6,41), use of blends is the only viable approach. Another major issue
that forces the use of blended biodiesel is the impact of FAME fuel products on an IC engine performance and
emissions. Biodiesel differs from fossil fuels in physical and chemical properties, (199,200). Density,
viscosity, bulk modulus, energy content, cetane index are some of the primary values that are changed
considerably for biodiesel and can affect the engine and its fuel supply system, (201). Density and viscosity
values can have a negative effect on the operation of fuel pumps and injectors, (202). In addition, bulk
modulus affects performance of the fuel supply circuit and can alter dynamic fuel injection timing by
changing the speed of pressure buildup in the piping between the pumps and injectors, (201). The difference
in cetane index value, which is further increased for FAME compared to other biofuel types, leads to reduced
ignition delay, (203). The ignition point is a major parameter for engine operation as it affects the rate and
total value of pressure increase in-cylinder, and combustion efficiency, hence fuel consumption and emissions.
The lower calorific content of biodiesel results in increased consumption requirements to achieve the same
power output from the engine, (204). Further potential issues regarding use in engines can result by the
elevated oxygen content of biodiesel that alter properties such as bulk modulus and NOx emissions formation.

The main aspects currently under investigation for biofuel use in marine engines are the effect on fuel
consumption, storage and supply system and most importantly on NOyx emissions.

Due to the low data available for marine engines and mainly large low-speed 2-stroke ones, a series of tests
were conducted between 2020 and 2022 to investigate emissions and performance with various biofuel
blends, mainly of 30% FAME content. The main reason for the testing requirement is that the end effect of
biodiesel use on NOy emissions of different engines cannot be predicted as it depends on multiple parameters.
The main mechanism enhancing NOx emissions has been proven, by various researchers, to be increased
oxygen content, (205,206). Oxygen contained in a fuel enhances its concentration in the most crucial position
in the cylinder, the flame region. Combustion is enhanced as high oxygen availability increases the rate of
reactions, (207). This results in higher peak localized temperature that increases exponentially NOx formation
according to the Zeldovich mechanism, (99). In addition, the increased presence of O; itself results in more
Nitrogen reacting with the oxidizing element due to its abundance. Another common finding of studies is that
the increased O concentration in the used fuel enhances NO, formation to a higher degree than an oxygen
rich cylinder charge, (208). This again highlights that NOy formation is heavily influenced by localized in-
cylinder conditions. Other factors affecting NOy formation are LCV and ignition delay, the latter dependent on
cetane index. Review of multiple studies shows that the lower ignition delay can have variable effect on NOx
formation, (209,210). Earlier ignition can result in higher peak cylinder pressure and temperature. In addition,
for cases of ignition prior to TDC, maximum combustion and consequently temperature may occur before
cylinder expansion which can mitigate the mean temperature increase. On the other hand, very low ignition

delay inhibits the fuel — air mixing. This results in lower rate and intensity of premixed combustion and lower
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peak pressure and temperature in the cylinder. A further change in NOx emissions may depend on the LCV of
the biofuel, that is typically lower than conventional diesel and low quality fuel, such as HFO. Blending with
conventional fuel can mitigate the LCV reduction to a degree. A lower LCV value can lead to lower peak
combustion pressure and decreased NOx formation but at the cost of total fuel efficiency. Research
specifically aimed at marine engines is currently at the initial stage with a low volume of published works on
2-stroke engines, (194). Furthermore, very limited information is available for the actual impact of biofuels on
engine performance, cylinder pressure and the combustion rate. Especially for 2-stroke engines due to
difficulties in testing very limited information exists.

For 4-stroke generators more published studies are available, however only in small part of them the current
generation of marine use biofuels is evaluated as most blends tested use biofuel and distilled high quality
diesel/MGO, such as (211). Also, in these cases very limited information exists for the actual effect of biofuels
on engine performance and cylinder pressure. As of mid-2023 studies for 2-stroke marine propulsion engines
are limited to the part of the present thesis’ content published separately, one peer-reviewed study using a B50
type biofuel examining effect only on emissions, (194) and the published results of a marine classification
society in collaboration with vessel operators (53). The latest development, June 2022, on the issue of biofuel
use is the exception granted to vessel operators for use of fuel blends containing up to 30%v/v biofuel, (212).
Despite this, operators still have concerns for the actual effect of biofuel on engine performance which
motivated the investigation conducted under the present thesis. Since the biofuels were classified as RM-
grade, as for conventional fuels, up to 10% NOy emissions over the applicable limit can be allowed for results

of on-board measurements.

5.1 Literature Review of Biofuel Use on Marine Engines

The subject of biodiesel’s effect on engine performance has been extensively studied for fuels of various
sources and in blends of different percentages for engines used in land transport. In the field of marine
engines, information is limited compared to other sectors, especially in the case of large two-stroke propulsion
engines (194) as most peer-reviewed works refer to medium-speed four-stroke units mainly used for auxiliary
power generation. In this section, findings of relative research are presented mainly for marine engines and are
complemented with studies conducted on heavy-duty CI (compression ignition) engines used for land
transport and power generation. The findings focus on the mechanisms of NOx formation, the corresponding
biofuel effect, on techniques used to control NOx emissions, and new generations of biofuel. As stated above
information for the impact on performance, cylinder pressure and combustion is very limited.

One of the few currently available sources regarding two-stroke engines is the work of (194). It reports on an
experimental investigation about the NOx emissions of a large two-stroke marine engine using B50, 50%
FAME (Fatty Acid Methyl Ester) content, a second-generation biofuel, against typical MGO. NOx emissions

were decreased compared to the typical marine diesel. The average fuel consumption was found to be lower
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for B50. This contrasts with expectations based on biofuels tests on other diesel engines that all showed
increase regardless of type, as is summarized below. For four-stroke heavy-duty engines including marine
variants, a significant volume of research work is available. In (211) various percentages of biodiesel sourced
from waste cooking oil were tested, and fuel consumption was found to increase with biofuel percentage
mostly due to its low energy content. The same was observed in multiple other studies (213-215) that cover
various engine types and biofuels of a wide source range. The main factor affecting FC was the lower calorific
value of pure and blended biofuels. In (211,213,215-218), the effect of biodiesel on ignition and combustion
was investigated. In most cases, the difference in the combustion process was clear even for tests with only
10% biodiesel content. The main findings were lower ignition delay, also reported in (203), which is expected
due to higher cetane index, and faster combustion but with a lower peak heat release value, which is to be
expected due to the lower ignition delay and heating value of the biofuel blend. In some outlier cases,
however, the initial burn rate was found to be slower when the biofuel content in the tested blends increased
(217). The main factors affecting combustion according to these researchers were LCV (lower calorific value),
ignition characteristics, and O2 content of each fuel blend.

In all studies, NOx emissions were affected by biofuel even when examining blends of low percentage; both
increase (190,191) and decrease (203,221) were observed. A common conclusion of experimental and
computational investigations (215,217,222) that is also mentioned in the extensive review of (223) is that the
effect of biofuel use on NOx emissions cannot be predetermined due to a number of mechanisms influencing
formation. This is also the conclusion of (205), in which the decisive factor is considered to be how close to
stoichiometric the air—gas mixture is at ignition and in the standing premixed autoignition zone near the flame
lift-off length. The combination of multiple factors affecting the final NOx emissions is also mentioned in the
review conducted by (224,225), where on average, NOx emission increase was confirmed, despite the
variation between study findings. As mentioned in Section 1, the increased presence of O in the flame region
due to its relatively high concentration in biofuels has a greater effect than elevated O, concentration in the
cylinder charge (208,226). This is considered one of the main factors of NOx emissions increase when using
biofuels (219,227). In (211), NOx emissions were found to increase with biofuel percentage despite the lower
peak combustion rate, which is expected to lead to NOx formation reduction. The increase, despite the
unfavorable conditions for higher emissions, was attributed to the fuel elevated O, content. In (224) both pure
biodiesel and blends with normal diesel were tested with very high NOy emission increase for the pure biofuel
and marginal reduction for the blended fuel. Other factors can affect NOy formation such as lower heating
value, cetane number, and physical properties, mainly bulk modulus, and viscosity. Studies using multiple
biofuel blend percentages and comparing them to typical diesel fuel revealed a correlation between O
content, cetane number (CN), and NOy emissions (219,222). Biofuels with a higher CN than typical diesel
presented similar NOx emissions to diesel fuel tests, while for cases with a similar CN number and,
consequently, ignition delay, emissions during biofuel use were increased (222). Further effects can stem from
physical properties that can affect the injection system performance, pump, and injector, as the increased bulk

modulus and viscosity of biofuels can lead to advanced actual injection event when the same static timing is
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used. This can result in increased NOx emissions (201). In the case of engines supplied with preheated fuel,
which is the case for marine engines due to their design for crude oil use, these effects are mostly eliminated
(201). The only concern when applying such measures is the possibility of biofuels’ oxidization, which can
alter the fuels’ physical and chemical properties (227) and lead to different fuel treatment requirements, such
as heating to a higher temperature. In the extensive study of (219), biofuel blends from various sources were
compared. It was found that for fuels sourced by waste oil, LCV values were on par with diesel. This is in
agreement with (197). Additionally, an increased tendency for higher NOy formation due to elevated oxygen
content was reported. These fuels’ CN number was increased compared to typical diesel but lower than the
other biodiesel variants which further contribute to higher NOy emissions compared to the other biodiesel
types tested in the study. Utilizing such findings, combustion analysis, and NOx formation models, researchers
propose optimal strategies for minimizing biofuel effect. In (224), 20% biodiesel blends were found optimal
and EGR (exhaust gas recirculation) use was tested to control tailpipe emissions with good results, as is also
reported in the experimental work of (228). Another emission control method currently studied by researchers
is hydrogenation of biofuels, which is found to result in lower NOx formation (228,229). Recently published
works examine the use of new-generation algae-based biofuel blends in CI engines. Since this is a state-of-
the-art biofuel, these tests are mostly constrained in automotive-sector engines, such as in (230), with
promising results regarding NOx and soot formation. De-spite the promising results, at its current state, the
technology is facing scaling issues regarding production considering both scaling capabilities and regulatory
concerns (183), especially in the case of the fourth-generation biodiesel produced by genetically modified
algae strains (181). In addition, production costs make commercial use of both third- and fourth-generation
biodiesel prohibitive compared to the previous two bio-diesel generations (175) that are sourced from
feedstock biomass. Thus, the use of such fuels in the marine industry is not expected in the foreseeable future.
In the past two years, experimental campaigns were conducted by shipowners in cooperation with institutional
bodies (53) to study biodiesel’s effect on marine engine NOx emissions. The consensus was that a tendency
for increased but not excessive NOx emissions exists, confirming prior expectations (198) based on other
applications. The level of emission increase, however, was heavily dependent on engine type again for this
study. Performance in these tests was usually not evaluated beyond fuel consumption, which was found to
increase with biofuel use. Biofuels with up to 30% FAME content have been recently granted permission for

use in marine vessels (212), making B30 the most common variant commercially available.

5.2 On-Board Measurement Procedure

The evaluation of the biofuels blends newly introduced in the marine industry required a series of on-board
measurements. Multiple engine types were tested, both 2-stroke propulsion and 4-stroke auxiliary ones, the
typical configuration for most commercial cargo vessels. The 2-stroke engines tested were of the newer

generation featuring electronic control for their operation. As verified by the official IMO guidelines for NOx
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emissions evaluation, results of on-board measurements are expected to differ from the ones conducted during
certification for the NOy file registration and use approval, with the difference expected to be higher when
using RM-grade heavy fuel variants. For this reason, the measurement campaigns conducted and included in
this thesis primarily aimed to provide a comparative evaluation of emissions and performance with
conventional fuels and biofuel blends. For all tests the blends used were of roughly 30% v/v FAME content,
produced by recycled waste oils sourced within the EU. The conventional fuels used for comparative analysis
were MGO, HFO and VLSFO. The emissions measurement process was performed according to the
guidelines of the direct measurement and monitoring method of the 2008 NTC, (27), providing results that
met official specifications. The testing process was conducted for three or two separate loads in each case. The
selection of load points and number was approved by each vessel’s classification society and was according to
the E3 cycle for all main engines as they operated on the propeller law and the D2 cycle for the steady speed
auxiliary generators. The weighting factors, provided in chapter 2 Table 2-1 and Table 2-2 for emissions of
each load were modified accordingly to the number of tested loads in each case. The equipment used for
emissions measurements was the Testo 350 Maritime V1 and V2 flue gas analyzer, (231). Both instruments
have acquired type approval by MARPOL for use in marine engines on-board measurements of NO, and other
emissions and have nearly identical specifications, provided in Table 5-1. The sampling point was selected
according to the NTC requirements, at least ten pipe diameters after engine outlet, turbine or exhaust after
treatment device and at least 0.5m or three pipe diameters upstream of the funnel. In addition, gas sampling
was performed prior to any secondary devices such as boilers that could affect measurement accuracy by
lowering exhaust gas temperature. The measurement procedure was conducted for a series of ten-minute
intervals in each case at a 1Hz sampling rate. The final average value was used for all calculations. The
measurement of the other data required was mostly performed using the on-board instrumentation of each
vessel. Since equipment specifications were not identical for all tested vessels a sample is provided in Table
5-1; in general, the values contained are representative for all vessels. In the process of the measurement
procedure arrangement, the respective on-board instruments were calibrated and tested to the degree feasible
for on-board instrumentation. Performance measurements included detailed cylinder pressure and temperature
data for the cylinders, turbocharger and air-cooler operation. The main source of information for cylinder
performance was cylinder pressure trace measurements conducted in parallel to the emission measurement
procedure. The pressure traces were acquired by a piezoelectric pressure sensor outfitted on each cylinder’s
indicator cock. The instrument’s specifications are provided in Table 5-2 along with the other measurement
devices used. For each load tested, a minimum of 30-minute steady sailing was conducted. A schematic of the
engine room installation to conduct the measurement procedure is provided in Figure 5-1. Vessel speed and
course were kept steady; the allowed deviation in engine speed was kept between +5% of the specified load,
otherwise the test run was repeated as is required by the “Direct measuring and monitoring method” of the
NTC. Logging of all aforementioned values was performed in regular intervals during each run with
continuous monitoring of the main engine power output. Fuel consumption from the installed flowmeters

(usually of the coriolis type) was logged for a 30 minute period to estimate the hourly consumption value.
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Power output and fuel consumption were also estimated using the cylinder pressure traces, following analysis
according to a specialized and proven methodology. For auxiliary generators the measurement process was
more versatile as maintaining constant power was simpler by splitting auxiliary power generation between the
three or four installed generators of each vessel and having the tested one maintain steady electrical power
output. The main challenge encountered for the auxiliary generator tests was the fuel supply line in certain
vessels that did not allow fuel consumption measurements per unit. In these cases, the values estimated by the
cylinder pressure traces analysis was used. The NOx emissions limits and the values registered in the official
engine certification documentation are specific values in g/kWh. The flue gas analyzers measure in all cases
concentration on a volume basis for all species in the exhaust gas. Calculation of mass flow for NO and NO;
requires the estimation of total exhaust mass flow, that cannot be measured directly with the required
accuracy. The proposed approach by the regulations is the carbon balance method described in the next
paragraph. The calculations involved require CO, concentration in the exhaust gas, fuel oil consumption and
carbon content of the used fuel. Each value must be measured with high accuracy, as any error is directly
transferred to the NOx emissions calculation. The same applies to the value of engine power when calculating
the specific emissions value. The process of calculations is described in the following section.

A summary of the specifications of the used engines and fuels is provided in Table 5-3 through Table 5-5.

Table 5-1 Flue gas analyser Specifications

Instrument Measured Parameter Range Accuracy

CO, 0-25 %vol +0.3%vol

0, 0-25 %vol +0.3% vol
Testo 350 Maritime NOx <100-1999 ppm +5%

co 0-10,000 ppm +5%

SO, 0-5000 ppm +5%

Ambient pressure, absolute 600-1150 hPa +10 hPa
Humidity Meter Ambient Humidity 0-100 %RH +2%

Table 5-2 Measuring Instrument Specifications
Instrument Measured Parameter Range Accuracy
Torquemeter Torque <05%
Speed 0-250 rpm 0.1 rpm

Power Meter Electrical Power 0.1 kW
Coriolis Mass Flowmeter Fuel Consumption 0-10,000 kg/h 0.30%
Volumetric Flowmeter Fuel Consumption 0-2500 L/min 1.50%
Cylinder Pressure Sensor Cylinder Pressure 0-250 Bar 0.50%
Scavenge Pressure Sensor Scavenging air Pressure 0-10 Bar 0.10%
Scavenge Temperature Sensor Scavenging air Temperature -10-80 °C 0.2°C
Exhaust Temperature Sensor Exhaust Gas Temperature —10-600 °C 05°C
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Figure 5-1 Measurement Setup Schematic View

Table 5-3 Tested 2-stroke engines particulars

Engine No. 1 2 3 4 5
Cylinder No. 6 6 6 6
Rated Speed (rpm) 75 77 85.5 89 89
Rated Power (kW) 15,748 10,215 16,780 9660 9660
Bore (mm) 700 600 700 600 600
Stroke (mm) 3256 2790 2800 2400 2400
Electronic Control Yes Yes Yes Yes Yes
Fuels Tested B30, HFO, MGO B30, VLSFO, MGO B30, VLSFO B30, VLSFO B30
Table 5-4 Tested 4-stroke engines particulars
Engine No. 1 2 3 4 5
Cylinder No. 6 6 6 6 6
Rated Speed (rpm) 900 900 900 900 900
Rated Power (kW) 970 970 1710 610 610
Bore (mm) 220 220 210 185 185
Stroke (mm) 320 320 320 280 280
Fuels Tested B30, HFO, MGO B30, HFO, MGO B30, VLSFO B30 B30
Units Tested (#) 1 1,3 2,3 1 1
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Table 5-5 Tested fuels particulars

Vessel No. 1 2 3 4 5

Fuel Type B30 HFO MGO B30 VLSFO MGO B30 VLSFO B30 VLSFO B30
LCV (kcal/kg) 9575.23 9548.95 10,172.49 9563.3 9864.3 10,122.3  9608.27 9790.24 9981.37 9904.92 9981.37
Density @ 15 °C

(kg/?) 930 989.7 863.1 930.2 970 880.2 929.5 979.6 939.6 956.1 934.9
Viscosity @ 50 °C

(cst) 38.66 357.8 3.591 38.37 154.7 3.812 37.7 37.7 6.7 194.8 447
Sulfur (% m/m) 0.35 3.23 0.078 36 0.45 0.069 0.36 0.47 0.34 0.47 0.48
CCAI 820 851 - 821 841 - 818 870 867 824 823
Cetane No. - - 47 - - 41 - - - - -
Carbon (%m/m) 83.7 84.3 87.6 84.4 86.9 87.4 81.9 86.9 82.1 85.8 80.5
Hydrogen (%m/m) 11.8 10.3 12.1 11.9 11.1 12.6 12.2 111 10.6 12.1 10.8
Nitrogen (%m/m) 0.48 041 <0.10 0.2 0.4 0.11 0.5 0.4 0.2 0.45 0.2
Oxygen (%m/m) 3.67 1.76 0.22 3.22 <0.2 <0.2 4.69 0.2 1.6 <0.2 31
FAME (%V/V) 29.7 <0.10 0.2 28.31 <0.1 <0.1 34.15 <0.10 25 <0.10 28.54
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5.2.1 Exhaust gas mass flow calculations
Following review of the measured and estimated data, the exhaust mass flow rate gmew, ON a wet basis, was

calculated following the NTC official guidelines for marine engines, (26,27):

1.4-(WBET'WBET)
1A+WBET . 1
( e +(WALF 0.08936)—1) 393+

ffd
Umew = Omf " o + (WpLp - 0.08936) — 1 |- (1 +

Ha
1000

)+1 (5.1)

With gms the fuel mass flow rate, H, the absolute humidity measured at the compressor intake, way g, WggT
the H and C mass percentage content of fuel, fzy a fuel specific constant calculated from its elemental
composition and f. the fuel carbon factor.

The fuel specific constant f¢4 is calculated according to equation:
ffd = —0.055593 - WALF + 0.008002 - WDEL + 0.0070046 - WEPS (52)

with wgpg the oxygen content of the fuel.

The fuel carbon factor f. was calculated according to equation:

[« CHCw
fe = (Ccozd — Ccozad) - 0.5441 + 22~ + ~F= (5.3)

based on dry CO, concentration in the exhaust gas cco.q, the ambient air ccozaq and the CO and HC
concentration in the exhaust gas Ccod, CHcw- The last was neglected due to the extremely low concentration.

Following the above the NOx mass flow rate gmnox is calculated as:

dmNox = UNOx " CNOx " Qmew * khd (54)

with uyey the density ratio between NOy and exhaust gas, cyox the measured NOy concentration and k4 the
NOy humidity correction factor, according to the NTC guidelines. The kyq correction factor is calculated

using the following equation:

1
ki =
hd ™ 4 _0.012-(H,—10.71)—0.00275-(T,—298) +0.00285-(Tsc—TscRref)

(5.5)

which applies to engines equipped with an intermediate aircooler. In eq. 5.5 Tsc is the scavenge air
temperature and Tscrer the reference scavenge air temperature that corresponds to seawater temperature of
25°C and is specified by the engine manufacturer in the official engine NO file.

Following the calculation of the mass flow rate and the required correction factors the specific emissions are
calculated as the ratio of NOx mass flow to engine power. For all cases examined, the exhaust mass flow
calculation of eq. 4.1 was also performed using O, mass balance to ensure that both CO, and O, measurement
device sensors were working properly during the measurements. Additionally, a dedicated version engine

model was used to estimate expected exhaust gas flow rate values and was utilized on the spot as a
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verification that external air entrainment in the measurement line during measurement did not occur, as this

would affect the recorded NOx concentration.

5.2.1.1 Cylinder pressure traces analysis methodology

Extensive degree of analysis of measured cylinder pressure traces was conducted for all applications studied
in this thesis. For all topics investigated the pressure traces were used to estimate engine effective brake
power, fuel consumption and the fuel burn rate by conducting combustion analysis. The cylinder pressure
traces, as measured, were used in tandem with the fuel burn rate results to derive engine settings, specifically
exhaust valve opening and closing angles and fuel ignition angle. The calculated ignition angle was used to
estimate the dynamic fuel injection timing with the use of experimentally derived correlations that provide
fuel ignition delay. The analysis was similar to the one described in section 4.1.2.

5.3 Biofuel Effect on Engine Performance and the Combustion Process, 2-

Stroke Propulsion Engines

In this section, the effect of biofuel on engine performance is presented by comparison of the major engine
performance metrics during operation with B30 biodiesel blend and conventional fuels, including the results
of the official engine certification tests. For 2-stroke main propulsion engines a total of five units was tested.
Some characteristic results are separately provided for MGO, HFO and VLSFO use, and a statistical summary
is included, presenting the overall performance differentiation between the fuels used. Emphasis is placed in
fuel consumption following ISO correction to examine the effect of individual fuel properties on combustion,
hence engine efficiency. Performance is further evaluated using measured cylinder pressure traces between the
tests conducted using B30 and conventional distilled and crude oils as well as the reference data. The last and
most important part of performance analysis is evaluation of fuel combustion rate and the characteristics of
combustion in the cylinders. For all the above, the mean cylinder values are used. Prior to the use of average
values, performance uniformity between all cylinders was confirmed for each engine examined. At the end of
section 5.4 the tabulated summary of all the results is provided for the tested 2-stroke engine for performance

and emissions in Table 5-6.

5.3.1 2-Stroke Engine Performance during B30, HFO, VLSFO & MGO Operation

The first parameter evaluated was brake specific fuel consumption before and after 1SO correction. Both
values are important in this aspect as non-corrected BSFC values are used to assess the biofuel’s impact on
operational costs of the engine, while the 1ISO corrected values reveal how the different physical and chemical
properties affect combustion efficiency. In Figure 5-2a and Figure 5-2b BSFC results from tests conducted
with MGO, HFO and B30 from the first engine “Engine 1” tested are provided as measured, and after ISO
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correction. For the second engine “Engine 2” presented, tests were conducted with B30, MGO and VLSFO;
only the ISO corrected results are given in Figure 5-3. Due to vessel schedule constraints and logistical
challenges of storing four different fuels in the vessels’ storage tanks a single test with all the above fuels on
the same vessels was not possible. For both engines consumption values during MGO operation were similar
to the reference data, as MGO is the fuel typically used during a certification procedure. Due to the high
similarity of MGO consumption values for measured and reference operation, the assumption is made that
both engines were at very good condition at the time of the on-board tests. The 1SO corrected BSFC values for
B30, HFO and VLSFO were all above MGO tests and reference values, as is hormally expected due to overall
lower fuel quality and the obvious LCV difference. The ISO corrected BSFC increase during crude oil
operation is about 2.5% compared to MGO. HFO and B30 BSFC values prior to ISO correction are identical.
For 1SO corrected values, the difference between B30 and HFO/VLSFO is marginal, roughly 1% higher for
B30 in some cases.

In Figure 5-4 a statistical summary of all results, 5 engines in total, is included. The medial and mean values
of ISO-corrected BSFC differences were mostly similar for all engines. On average, B30 use was found to
increase 1SO BSFC by 1-2% when comparing against the reference, and a similar increase was found when
comparing to the trials conducted using MGO. The increase and variation between the tested engines were
small, which is attributed to their electronic control. The highest deviations were observed for the
comparisons against reference data, as is seen by the maximum and minimum values in Figure 5-4. This is
most probably the result of the current engine operational parameters’ difference compared to the time of
reference tests. For one case, Engine 5, ISO BSFC values for all tested fuels were below the reference, which
is uncommon. This difference was confirmed to result from the use of a low-quality fuel during certification
tests after review of the refence performance data. The comparison of ISO-corrected BSFC for B30 against
that of crude oil revealed minimal difference and, in some cases, mainly at the higher load tested, a small
improvement during B30 operation. Comparison cannot be made against other studies regarding this finding
as all researchers used only high-quality diesel as the benchmark for “normal” engine operation. The very low
level of variance seen in Figure 5-4 indicates that ISO-corrected BSFC of B30 should be practically identical
to crude oil. Total actual fuel consumption, however, will be slightly higher for B30 due to its LCV, which is
in most cases below that of crude oil (especially when comparing to VLSFO), as seen in Table 5-5 containing

data for the fuels used.
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The other major parameters commonly used for marine engine performance evaluation are peak combustion
pressure Pma, compression pressure Pcomp, pressure increase due to combustion AP, and exhaust gas
temperature values at cylinder outlet. All of the aforementioned are affected by both fuel quality and engine
settings during testing, such as exhaust valve opening and closing angle, fuel injection timing, both static
(command) and dynamic (actual event) and ignition delay. The use of any form of RM-grade fuel most
commonly results in reduction of the peak combustion pressure, due to lower calorific content that curbs heat
release rate and, as a result, pressure increase during the combustion process. The same is expected for the
case of marine biofuel blends as they are 70% VLSFO fuel and biodiesel LCV tends to be even lower, even
though for FAME variants from waste oil LCV is rather close to RM fuel oil. As briefly mentioned in the
introduction the peak pressure due to combustion also depends on the fuel ignition delay, which affects how
close before TDC combustion initiates and on the ignition delay that determines fuel air mixing time prior to
ignition, thus premixed combustion intensity. The same two engines are used as characteristic examples, in
Figure 5-5 - Figure 5-9 the Pcomp, Pmax, AP, ignition angle and ignition delay are provided for MGO, HFO,
VLSFO and B30 for engines “1” and “2”.

Regarding pressure values, for “Engine 1” performance was identical for all tests conducted. Minute
differences that were present for Pcomp and slightly impacted other related parameters were due to the variation
of ambient conditions and inlet air properties during testing, which is normal as the duration of each test was
rather long. Pressure increase did not change to a considerable degree with fuel type, despite the differences in
LCV between the three fuels. For all tested loads, pressure increase due to combustion was lower for MGO.
Reviewing the ignition angle and ignition delay values in Figure 5-8 and Figure 5-9, consistently lower
ignition delay, hence earlier start of combustion, is found for B30, followed by MGO and finally HFO, in line
with their measured CN content/aromatic index values. The combination of ignition angle, ignition delay and
fuel energy content did not result in performance variations beyond typically allowed or expected margins.
The mean exhaust gas temperature values measured at cylinder outlet are provided in Figure 5-10 for
indicative purposes only, as NOx formation occurs at peak values and is highly localized as examined in the
multizone model section after the measurement results analysis and is mostly affected by the increase to air
fuel ratio and less due to temperature increase. Exhaust gas temperature did not present variations between the

fuels, indicating similar exhaust valve opening angle and possibly similar combustion duration.
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For “Engine 2”, the values of Pmax, AP, fuel ignition angle and fuel ignition delay are presented in Figure 5-11
- Figure 5-14. The cylinder exhaust gas temperature was not recorded with proper accuracy due to issues with
the measuring equipment and is not provided in this comparative analysis. Peak pressure values for all fuels
are close to the reference data as is expected from an electronic engine with automated pressure control
enabled. The differences observed are attributed to small differences in compression pressure and operating
conditions which are not compensated from the engine control system even though autotuning was enabled
during the tests. The pressure rise presents small differences and is increased for MGO, while VLSFO and
B30 values are the same with the exception of 50% load. The ignition angle and ignition delay values show
nearly identical start of combustion for VLSFO and B30, and generally earlier ignition for MGO. The
previous are affected by SOI timing and the ignition delay of each fuel. The differences are less pronounced
compared to “Engine 1” examined above, for which HFO ignition angle was considerably delayed compared
to the other two fuels. Due to the addition of biodiesel the B30 ignitability is found slightly enhanced
compared to pure VLSFO. The AP and Pmax differences are the result of the ignition angle variation and the
LCYV differences of the three fuels, with MGO’s being the highest and B30’s the lowest.
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Figure 5-11 Peak Combustion Pressure vs load for B30, VLSFO, Figure 5-12 Pressure Increase due to Combustion vs load for B30,
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Last the statistical summary graphs of all 2-stroke engines tested are provided, in Figure 5-15 and Figure 5-16
for peak pressure and pressure rise respectively. The effect of the biofuel on engine performance presented
significant deviations between the engines regarding both Pmax and AP. A clear tendency for Pmax decrease is
revealed when using B30, as seen from the mean values, but results vary considerably between the tested
engines. The highest reduction of Pmax When using B30 was observed when comparing against reference and
the trials conducted with MGO. Compared to crude oil, Pmax values were the least affected. As far as AP is
concerned, Figure 5-16 shows significantly lower variance and the tendency for reduction during B30
operation remains present for 25% and 50% load. The decrease in AP is low for B30 use, as in most cases both
the average and median values were at or below 2 bar for most comparisons. The main reason for the lower
scatter of AP values compared to Pmax, is that variation in cylinder pressure at fuel ignition point was present
between the tests, especially when comparing against reference data. Since the absolute Pmax values affect
maximum in-cylinder temperature, they can be used when reviewing performance and NOx emissions in
tandem, but only in conjunction with AP. Both Pmax and AP are affected by a fuel’s properties, typically
increasing with higher LCV. The other factors affecting Pmax and AP are injection angle and fuel ignition delay.
The former might be affected by physical properties such as viscosity and the bulk modulus and the latter
differs due to the tested fuels’” CN number, Table 5-5. The rather low decrease of AP for B30 compared to
MGO, which has roughly 6% higher LCV shows that the slight ignition advance makes up for the lower LCV
in regards of pressure increase. The biofuel ignition point effect making up for other deficiencies compared to
conventional fuels was reported in multiple studies and was the conclusion of an extensive review on the
subject (35). Last, B30 and crude oil results were quite similar, especially viewed against the other two
comparisons. The effect of biodiesel on engine performance and emissions results from the combination of
LCV, ignition delay, premixed combustion intensity and total combustion duration. The variation in Pmax, AP
and BSFC is an indication of the degree that these vary between engines and fuels evaluated, and their results

are evident regarding NO formation as shown in section 5.4.
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Based on performance parameters the effect of B30 on engine operation was found to be minimal. It is
possible that longer testing may reveal impact on the fuel supply system operation, especially in cases where
poor handling and storage affect the biofuel quality due to oxidation, or the engine condition is sub-optimal.
Such cases were observed during the early period of VLSFO use that replaced HFO in vessels not equipped
with SOy scrubbers following the change in allowed fuel sulphur content starting in 2020, (202).
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5.3.2 2-Stroke Engine Combustion Characteristics during B30, HFO, VLSFO & MGO Operation,
Experimental Data
In this subsection the effect of biofuel use on the combustion characteristics of 2-stroke marine engines is
investigated using measurement data to estimate fuel combustion rate with the method described in section
4.1.2. The diagrams presented were measured from “Engine 17 and “2” of the previous section. As the overall
form of the diagrams is assessed to estimate combustion quality, this comparison is qualitative in nature and a
statistical summary for all five tested engines is not provided. For the other engines, where cylinder pressure
measurement for multiple fuels was possible, the differences were found similar to the two characteristic
examples provided. In Figure 5-17a to Figure 5-17c the estimated combustion rates using MGO, B30 and
HFO for 25%, 50% and 75% load are compared for “Engine 1”. Results from the engine FAT measurements
were available and are included. The comparative evaluation of the combustion rates is focused on peak value,
initial- and late-stage rate of combustion and combustion duration. In general, peak combustion rate is mostly
affected from the lower calorific value of the fuel, the injection rate and the percentage of premixed
combustion. For cases with small difference in ignition delay and comparable injection timing, thus similar
amounts of premixed fuel, a higher peak burn rate should be observed for MGO, followed by HFO and B30.
This is the pattern found for all loads examined. It is noted, however, that the difference is low except for the
case of 75% load, Figure 5-17c. Combustion rate, up to the peak value, is similar for all fuels examined, with

only minor differences. Further to the initial stage, late-stage combustion rate is similar for all cases, with a
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slight indication of longer combustion duration when operating the engine on MGO at 50% and 75% load.
The overall shape of the combustion rate of the tested fuels is close to that of the reference FAT measurements
revealing relatively similar combustion progress. The only notable difference compared to the FAT results is
attributed to changes in injection timing and consequently ignition angle. The similarity of the present
combustion rate shape compared to FAT results confirms the very good condition and performance of the
engine’s fuel pumps and injectors at the time of testing. The similar combustion rate during the B30 fuel use
compared to the other two fuels, reveals that its use does not affect the performance of the injection system, at
least on a short-term basis. The fuel supply system performance could be a concern due to the varying
physical properties of the fuels tested, as this has been found to have a measurable effect on fuel injection

equipment in studies regarding VLSFO operation.
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Figure 5-17 Net heat release rate for B30, HFO, MGO, Reference; a) 25% Load, b) 50% Load, c) 75% Load; Engine 1

Another important criterion for evaluation of the biofuel effect on the combustion mechanism is combustion

duration. For its expression, the crank angle period required for the combustion of 50% and 95% of the total

102



Theofanis Chountalas

burnt fuel is commonly used. The results for combustion duration are provided in Figures Figure 5-18a and
Figure 5-18b. Combustion duration for 50% fuel burnt increases with engine load. The differences between
the three fuels are very small. The results for 95% burnt fuel amount are similar. The only noticeable
difference is for HFO which presents a trend for slightly lower combustion duration compared to MGO. This
is possibly attributed to its physical properties (higher density and viscosity) resulting to higher fuel injection
rate. The previous are an important finding as they confirm that the use of B30 does not affect combustion
duration. Combustion process and duration findings are in line with the BSFC results and the cylinder exhaust
gas temperature readings which were similar, Figure 5-10. Longer combustion duration, especially when
coupled with high rate at the late stage, under similar operating conditions and same engine tuning, would
result in higher cylinder exhaust gas temperature and reduced efficiency.
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Figure 5-18 Combustio(n)duration vs load for B30, HFO, MGO; a) 50% of fuel burnt, b) 95(%)0f fuel burnt; Engine 1
The respective results from the “Engine 2” trials are given in Figure 5-19a - Figure 5-19c for combustion rate
diagrams at 25%, 50% and 75% and in Figure 5-20a and Figure 5-20b for combustion duration. Combustion
rate presents small variation between the three fuels as was the case for “Engine 1”. The peak HRR occurs for
all loads during MGO operation and initial burn rate shows minimal difference except for 50% load, where
slightly slower initial combustion progression is identified for B30. This resulted to the lower AP shown in
Figure 5-12. Combustion duration was very similar between the fuels with slightly faster initial rate (50% fuel
burnt) for B30. While the differences are very low, the B30 values for 95% fuel burn were closer to the MGO
ones compared to VLSFO. This is attributed to the slightly faster combustion of biodiesel confirmed by Figure
5-20a depicting duration for 50% fuel burnt. The values between the two engines were almost identical,
however the engine operating speed should also be considered, which was higher by 2.5 rpm on average in the
case of “Engine 2”. This translates to a reduction of 8% at 25% load and of 5% at 75% load in terms of actual
burn time for “Engine 2”. In terms of engine performance, however, the comparison is more important
regarding actual CA of combustion start and end. The actual time duration of the combustion is of interest
when considering the effect of heat losses.
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5.4 Biofuel Effect on Exhaust Emissions, 2-Stroke Propulsion Engines

The present section focuses on NOy emissions which is a regulated pollutant for marine engines and its values
are a major concern regarding biofuel use. CO, emissions are also presented to provide an indication for the
effect of the fuels’ carbon content on tank-to-wake emissions. As stated above, NOx emissions in the marine
sector are evaluated using their specific values, the estimation of which requires the exhaust gas mass flow
rate. The estimated exhaust gas mass flow rate as derived from the application of the carbon balance method
(27) is provided in Figure 5-21 for “Engine 1” and Figure 5-22 for “Engine 2”. In the case of “Engine 17,
exhaust mass flow rate is similar for all tested fuels with minor differences, which resulted from the variation
in ambient conditions and Pscay during the tests. For “Engine 2” considerable difference was found between
MGO and the other two fuels. This was due to the Psay and ambient air values which differed considerably
during the time of the MGO trials. For B30 and VLSO no difference is found as conditions were the same. As
mentioned in section 5.2.1, further to the standard carbon balance method, oxygen mass balance calculations

were performed with similar results verifying measurement accuracy.
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Figure 5-21 Exhaust gas mass flow rate vs load for B30, HFO, Figure 5-22 Exhaust gas mass flow rate vs load for B30, VLSFO,
MGO, reference; Engine 1 MGO, reference; Engine 2

5.4.1 Biofuel On-site CO, Emissions, 2-Stroke Engines

CO; emissions of a fuel are the result of its carbon content and the engine’s consumption. For “Engine 1” the
B30 blend carbon content (83.7%) was lower than the one of MGO (87.6%) and HFO (84.3%), which leads to
lower CO, emissions on-site, however, this was partially offset by the difference in LCV value and overall
fuel quality negatively affecting fuel consumption. In Figure 5-23 are presented the specific CO, emissions
expressed in g/kwWh. The CO; specific emission values are lower for MGO, followed by B30 and HFO. In
Figure 5-24 the values for “Engine 2” using VLSFO instead of HFO are presented. Unlike the case of “Engine
1” practically no benefit is found for B30 when compared to VLSFO. In both cases the use of MGO was the

only one to provide clear benefit regarding carbon emissions. An improvement is observed using B30
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compared to HFO, but overall, the effect of the carbon content was minimal for all fuels examined. For this
reason, the GHG reduction benefit of moderate FAME content blends will result mainly from the well-to-tank
cycle. The benefit is expected to be around 25% based on extrapolation from data for marine use 2™
generation biofuels of 100% and 50% FAME content, (193), (194) and the data provided by the suppliers of

the biofuels used in the tests.

640 i 640 I 1
—$—B30 —5—B30
620 - —A—HFO 620 —A—HFO H
MGO MGO
600 600 Q —O—Reference ||
= = A
2 s80 S 580 N
> A 2
@ 560 =~ — 2 560 ~_ |
k) LA S
2 \\A L 2 \
2 540 — A 2 540 ~8— ©
S \ IS
Ll ~a L
ON 520 ON 520
&) o
500 500
480 480
460 460
10 20 30 40 50 60 70 80 90 100 10 20 30 40 50 60 70 80 90 100 110
Engine Load (%) Engine Load (%)
Figure 5-23 Specific CO2 Emissions vs Load for B30, HFO, Figure 5-24 Specific CO2 Emissions vs Load for B30, VLSFO,
MGO; Engine 1 MGO; Engine 2

5.4.2 Biofuel NOx Emissions, 2-Stroke Engines

Specific NOx emissions were calculated using the measured exhaust gas NOy concentration, engine power,
exhaust gas mass flow rate and the ambient and charge air properties after applying the corrections required
by the NTC, (27). Since all 2-stroke engines tested are Tier-11 emission certified, the E3 cycle total weighted
value was calculated using the values from the three load points to verify emission compliance.

The measured NO, emissions concentration at wet conditions is provided in Figure 5-25 for “Engine 17 and
Figure 5-26 for “Engine 2”. For both engines it follows a similar trend for all fuels that is close to the one of
the reference emissions data. The measured NOy concentration peak value is observed at 50% load with a
subsequent decrease at 75% load regardless of fuel type. For “Engine 1” HFO and B30 measured NOy values
are similar for all load points, the average value being slightly higher for B30. MGO NOy values are lower and
except for the 75% load measurement close to reference. For “Engine 2” different results are found with the
highest NO, concentration measured during the MGO tests. The concentration measured during the HFO trials
was similar to the MGO tests, and for B30 considerably lower NOy values were measured that were below
reference for 75% load. The specific NOx emissions are provided in Figure 5-27 and Figure 5-28 for the two
engines, including the values from their emissions certification procedure. In the case of “Engine 17 the
emissions trend across engine load is generally retained, especially for the MGO results, which are very close
to reference, as was expected by the engine performance results. Specific NOx emissions are higher for B30,
followed by HFO and MGO. On average NOy emissions for B30 are increased by 7% compared to MGO and
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3.5% compared to HFO. Considering the similar results from the performance and combustion rate analysis,
the increase of NOy emissions for B30 is attributed to its properties and primarily to the increased O, content
(207) and to a lower degree the molecular structure of its carbon content, which has been found to increase
NOy formation, (199). The consistent increase of specific NOx emissions for B30 compared to the other fuels
verifies the concerns expressed regarding the possible impact of oxygenated fuel use.

These findings were not repeated for the “Engine 2” specific NOx emissions, Figure 5-28. For this engine
specific NOx emissions are the highest during MGO operation and quite similar between the B30 and VLSFO
trials, with the exception of 25% load. It is noted that for MGO specific emissions are above the NOy file
reference values, while for B30 and VLSFO operation specific emissions are below the reference data. The
only difference between VLSFO and B30 is found at 25% load, with significantly higher specific emissions
during B30 operation.

Considering the total weighted emissions values of “Engine 17, Figure 5-29, which is used to test for
compliance against the official limit, the overall impact for B30 is approximately 7.1% increase compared to
MGO and 2.6% against HFO. The increase found for the total weighted NOyx emissions falls within the range,
(0% - 6%) of the results reported in (53) conducted by vessel operators for similar type engines, when
comparing B30 to crude oil emissions. Concerning the tested engine “1”, sufficient margin exists between the
total weighted emissions value calculated during the tests and the applicable regulation limit, Tier-1l. The
borderline criterion for evaluation of B30 NOy emissions are the guidelines of the NTC, which, as mentioned,
allow an additional 10% increase above the applicable limit for on-board measurements (27). This margin
further increases by a flat 5% when testing crude oil grade fuels, (27).

For “Engine 2” the total weighted NOy emissions value during MGO operation was found above the Tier-II
limit, however, still within the 10% margin allowed for on-board measurements, Figure 5-30. The B30 and
VLSFO values were practically identical and similar to the respective results of “Engine 1”. The high
variation between the tested fuels found for the second engine is attributed to performance and ambient
conditions differences. Specifically, Pmax and AP differences were present between the different tests, with
these values well above reference during the MGO tests. In combination with the difference in ambient and air
inlet conditions the NOx mass flow was considerably increased during the MGO tests. The previous findings
make clear the importance of overall engine performance and ambient conditions on the final NOx emissions
to the environment, as in the case of the “Engine 2” the emissions limit was not met when using the
supposedly most favorable fuel but was within limits for the other two fuels that tend to result in higher
emissions. Despite the results of the MGO tests, for “Engine 2” the minimal effect of B30 on NOy emissions

compared to VLSFO was demonstrated.
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Figure 5-25 Measured exhaust gas NOx concentration (ppm wet)
vs Load for B30, HFO, MGO, reference; Engine 1

Figure 5-26 Measured exhaust gas NOx concentration (ppm wet)
vs Load for B30, VLSFO, MGO, reference; Engine 2
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Figure 5-27 Specific NOx (g/kWh) emissions vs Load for B30,
HFO, MGO, reference; Engine 1

Figure 5-28 Specific NOx (g/kWh) emissions vs Load for B30,
VLSFO, MGO, reference; Engine 2
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The last aspect to be investigated is in-cylinder temperature due to its relation with NOx formation. The mean
temperature of the cylinder charge, estimated as described in 4.2.2, is provided in Figure 5-31a - ¢ for “Engine
1. Even though this is significantly lower than the temperature inside the fuel jet where NOy is formed (102),
(103), its value can be used as an index for the tendency for NO, formation. The highest peak temperature
difference is observed for the B30 measurement at 25% load. This coincides with the highest NOx emissions
increase compared to the other fuels and the reference. For the remaining loads temperature values are nearly
identical for all fuels. It was estimated that the temperatures inside the fuel jet will show higher differences,
especially for B30 operation due to its oxygen content which promotes combustion. This was investigated and
is presented in the section of the simulation model results. The previous estimation was not confirmed. While
the burnt zone temperature was significantly higher than the cylinder average, it was found that the factor
promoting NOy formation was primarily related to air fuel ratio increase. The model showed that NOy
emissions increase during B30 use is mostly attributed to its increased O2 content and not necessarily more
intense combustion and local temperature. This agrees with (102), in which biofuel combustion NOx emission

increase was attributed to the O available inside the combustion zones of fuel driving NOx formation.
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Further to the detailed comparison provided above in Figure 5-29 and Figure 5-30, the deviation of the
weighted NO, emissions during B30 operation compared to reference and other fuels tested is provided for all
2-stroke engines tested, Figure 5-32. An important finding was that for all cases the total weighted NOx
emissions were above the reference value regardless of tested fuel. In most cases the total weighted NOx
emissions for B30 were increased compared to reference and to crude oil trials, as is shown by the median
values. This has been the finding of most 2-stroke engines studied by vessel operators in (53). Variation was
observed which was expected, as it is mentioned in studies such as (224) and extended reviews (225). These
works referred to engines of different type than the ones tested, however the mechanism of NOy formation and
factors affecting combustion are common in CI engines. It must be stated, however, that the degree of effect
will differ. For one application, “Engine 2” above, consistent NOx emissions decrease was observed for B30
operation with the MGO NOx emissions being considerably higher. This coincided with the highest measured
decrease in Pmax as identified in Table 5-6 and is similar to the results reported in (194), albeit with a higher
FAME content fuel. Due to the high difference between the results of the two engines tested with MGO,
Figure 5-15 and Figure 5-16, no estimate is made regarding the difference between MGO and B30 emissions
on a wider basis. However, these results clearly show the degree that NOx emissions using any fuel type can
be engine specific. The variation for each load point differed with the highest range of differences observed at
25% load. Review of the results on a load basis, also makes clear that emissions at low load are the most
affected, as was found for most of the engines tested in (53). This again coincides with the high degree of
difference in Pmax Values, Figure 5-15. The mean increase in total weighted emissions for B30 compared to
reference values was 10%. Considering the fact that the IMO provides allowance for 10% emission increase
over the official limit for tests conducted on board vessels (27), this result is promising. Trials comparing B30
and MGO showed almost equal difference upwards and downwards for B30 NOy emissions with the results
being highly engine dependent, as was also found in the previous section. Compared to crude oil, for B30 the
increase of NOy emissions was low, with the increase in total emissions values normal range between 1% —
8%. The average value was 4% and the median slightly lower. Considering that similar performance was
observed for tests using B30 and crude oil, the NOx emissions increase is attributed to the higher O, content of
the biofuel, which has been established to enhance NOx formation in multiple studies such as (207). The O;
concentration was similar for most B30 variants evaluated, except for Engine-3, on which higher O, content
biofuel was used. The increase did not result in higher NO, emissions than for other applications, thus it was
not possible to correlate between fuel O, content and NOy emissions increase. Overall, for NOy emissions,
B30 use was found to result in elevated pollutant formation in most cases, on average 10% compared to
reference and 4% compared to crude oil, thus its effect is considered moderate, especially considering that

these engines usually operate using crude oil.
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Table 5-6 Main Engine B30 Comparison Summary

Engine 1 Engine 2
Spec. Emissions (%) 25% 50% 75% Total 25% 50% 75% Total
Load Load Load Weighted Load Load Load Weighted
Reference -0.47 3.65 3.22 9.89 -6.85 12.85 -5.06 4.20
Gas Oil 6.42 7.87 6.96 7.07 - - - -
Crude Oil 7.90 -0.06 2.67 2.61 -2.30 -0.79 -1.96 -1.90
Pmax (bar)
Reference -4.50 -3.30 -3.10 5.00 1.60 2.50
Gas Oil -2.20 -0.10 -1.60 - - -
Crude Oil -1.30 -1.40 2.20 -0.50 -0.30 -1.10
AP (bar)
Reference -2.70 -2.00 5.10 3.30 -2.50 5.10
Gas Oil 0.80 2.10 2.60 - - -
Crude Oil -0.40 -2.30 2.70 -0.50 -3.00 1.80
Engine 3 Engine 4
Spec. Emissions (%) 25% 50% 75% Total 25% 50% 75% Total
Load Load Load Weighted Load Load Load Weighted
Reference 29.05 4.14 8.10 16.27 24.09 -0.07 10.53 17.09
Crude Oil 7.90 10.25 13.45 11.77 - - - -
Pmax (bar)
Refrence 3.10 -8.80 -2.50 -15.20 -0.80 -2.40
Crude Oil -4.90 -3.30 -1.10 - - -
AP (bar)
Reference 0.70 6.10 7.40 -18.90 -5.30 2.80
Gas Oil 3.10 2.00 2.70 - - -
Engine 5
Spec. Emissions (%) 25% 50% 75% Total
Load Load Load Weighted
Reference -0.30 -16.67 -5.15 -0.14
Gas Oil 10.66 -17.34 -9.47 -9.40
Crude Oil 15.37 -1.25 -0.08 0.97
Pmax (bar)
Reference 6.10 -5.50 -2.00
Gas Oil -8.50 -14.90 -8.30
Crude Oil -3.90 -8.60 -0.20
AP (bar)
Reference 3.00 0.60 2.30
Gas Oil -2.40 -5.10 -2.10
Crude Oil -0.70 -4.20 0.90
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5.5 Biofuel Effect on Engine Performance and the Combustion Process, 4-

Stroke Auxiliaries

In this section, the effect of biofuel on 4-stroke auxiliary generators performance is presented by comparison
of the major engine performance metrics during operation with B30 biodiesel blend and conventional fuels,
including the results of the official engine certification tests. The detailed measurement results for the 4-stroke

units tested are given in Table 5-7 at the end of the section.

5.5.1 Performance for B30, HFO & MGO Operation, 4-Stroke Auxiliary Units

Similar to the 2-stroke engines analysis above, the first parameter examined is the biofuel effect on total
consumption. Due to the smaller size of the auxiliary engines their fuel efficiency does not affect the overall
vessel fuel consumption to a significant degree, as the average consumption of one auxiliary unit will usually
be less than a tenth of the main engine hourly fuel requirements. Thus, for the auxiliary units this comparison
is mostly conducted to estimate the overall effect of the biofuel on the 4-stroke engine performance. The ISO
corrected, hence also LCV normalized, BSFC values are provided in Figure 5-33 for a 4-stroke auxiliary unit
tested on MGO, HFO and B30. The unit belongs to the same vessel as the 2-stroke “Engine 1 examined in
detail in the above section, and was tested at the same time so conditions and fuels used are identical. In this
vessel the fuel line was shared between the installed three auxiliary generators and a single flowmeter was
installed, so accurate fuel consumption measurements were not feasible because more than one unit had to be
in operation at all times. However, an estimate was derived by sharing the total fuel consumption between all
operating units using their power and reference BSFC to load curves and was compared with the results of the
computational estimation. The BSFC values reported on Figure 5-33 are based on a thermodynamic
estimation performed using the measured cylinder pressure traces as described in 4.2.2. Any other approach
would not attain the required accuracy level to identify differences between the fuels, beyond the obvious
variation created by the LCVs. The 1SO corrected BSFC values for B30, are between the HFO and MGO
ones, with low variation between the fuels. In addition, the difference remains practically identical for all
loads.

In Figure 5-34 the statistical review of findings from multiple 4-stroke auxiliary units tested is presented for
ISO corrected BSFC compared against the reference value and any additional trials conducted with MGO and
crude oil. ISO BSFC was found to be higher for most engines, with few marginal outliers having similar
consumption values, hence making the engine of Figure 5-33 an outlier. The increase of ISO corrected BSFC
for B30 operation compared to reference was on average 2.5%. Compared to MGO values, a 3% increase was
found at the present state, which remained almost steady with engine load. As in the case of the 2-stroke
engines, crude oil BSFC values were close to B30, with a slight increase of 1% found for all loads. Thus, for

4-stroke auxiliary generators a clearer effect of B30 on BSFC compared to 2-stroke engines is observed when
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considering all fuels tested. The level of difference remains within acceptable limits regarding fuel economy
concerns, even after factoring in the LCV value.
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Following BSFC the peak combustion/firing pressure Pmax and pressure increase due to combustion values are
comparatively evaluated. Unlike modern 2-stroke main engines the auxiliary units do not feature variable
engine settings for their inlet and exhaust valve timings or fuel injection timing as all are cam driven even for
state of the art models. Thus, no effect will be found regarding Pcomp due to the fuel change effect on overall
operation and this comparison, along with valve timings is omitted. For the 2-stroke engines examined in the
previous section, the use of biofuel did affect to a degree the peak combustion values due to altering pressure
increase during combustion. The same is expected for the 4-stroke engines to a higher degree due to their
considerably higher (roughly x10) operating speed. In Figure 5-35 and Figure 5-36 the Pmax and AP values of
the same auxiliary unit are compared. With the exception of 25% load, the peak combustion and pressure
increase values are increased during B30 operation. Since the ambient conditions were similar between the
tests and engine settings are steady for engines of this type, the alteration found is attributed mostly to the
effect of the biofuel, and to a lower extent the result of slight variation of Py as it was decreased during the
MGO tests. The outlier behavior during the 25% load HFO test was attributed to very high fuel ignition delay
during the specific measurement that is confirmed in the next section with the HRR analysis. In Figure 5-37
and Figure 5-38 the fuel ignition angle and ignition delay values are given. The injection angle timing was
roughly the same for all fuels, with some minor variations due to the physical properties (viscosity and bulk
modulus) affecting the pressure increase speed in the fuel line. It is noted that all ignition delay values are
considerably above those reported in the 2-stroke engine section as they are expressed in degrees CA and
engine rotational speed is significantly higher. For HFO ignition delay, values were considerably above those
of the other two fuels as expected. For MGO and B30 results were similar. As can be seen from the
differences between ignition angle and ignition delay, the B30 physical properties did result to a rather

consistent slightly advanced actual start of injection in the cylinder, especially clear at 50% load. Comparison
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of HFO and B30 regarding the dynamic start of injection shows high variation between loads and is not

conclusive.
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In Figure 5-39 and Figure 5-40 the statistical summaries of all tests conducted on auxiliary units for Pmax and
AP are presented compared to their respective reference. Both values were found to significantly differ from
reference for all fuels examined. The values for B30 were similar to the other fuels, and both considerably
lower and higher compared to reference. The similarity between the different fuel trials’ Pmax and AP values
revealed that the differences compared to reference were the result of engine tuning and not the fuel used. The
previous also shows that for 4-stroke auxiliary units engine tuning can vary considerably compared to
reference state due to the lack of electronic control. The sample of MGO measurements was small, only for
one engine, for which lower Pmax and AP compared to B30 were measured. The difference in Pmax was within 2
— 6 bar, and the difference in AP was below 4 bar. Thus, as in the case of the 2-stroke engines the higher

ignitability of B30 made up for the difference in LCV between the two fuels. Comparison to measurements
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using crude oil, shows increase and decrease for both parameters depending on the engine tested. The median
values show that the general tendency is lower Pmax and AP for B30 operation. Based on the results with MGO
and the findings of other works discussed above, this trend is attributed to the degree of fuel and air mixing
before fuel ignition that can result in more intense premixed early combustion enhancing pressure rise to the
maximum value.

Based on the results presented in Figure 5-39 and Figure 5-40, the performance differences for B30 in the case
of 4-stroke generators were overall higher than 2-stroke engines. For this reason, when considering the

variation compared to reference, wider range of effects on NOy formation should be expected.
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5.5.2 Combustion Characteristics during B30, HFO & MGO Operation, 4-Stroke Auxiliaries

In this subsection the effect of biofuel use on the combustion characteristics of 4-stroke marine engines is
investigated using measurement data to estimate fuel combustion rate as detailed in section 4.2.2. The
diagrams presented correspond to the same auxiliary unit as the one presented separately in the above section.
As a short note for all the below diagrams a secondary combustion event is observed. This is not actual and is
the result of dynamic flow phenomena affecting cylinder pressure measurement. These occur due to the small
diameter and relatively long length of the indicator cocks that the pressure sensor is mounted on in
conjunction with the high engine rotational speed. This has been investigated in detail using a special layout
which allows the mounting of two pressure sensors, one flush mounted and second at the end of the indicator
cock. Reference to this issue has also been made by engine makers. Despite this the derived combustion rate
provides reliable information for the initial combustion rate, its peak and combustion duration.

In Figure 5-41-a to Figure 5-41-c the estimated combustion rates using MGO, B30 and HFO for 25%, 50%
and 75% load are compared. Results from the engine FAT measurements are not included because in the case
of auxiliary units the complete cylinder pressure traces are not measured during the factory tests, and only the
peak pressure value is recorded with a max pressure meter. As detailed above, peak combustion rate is mostly
affected from the LCV of the fuel, the injection rate and the percentage of premixed combustion. For cases
with small difference in ignition delay and comparable injection timing, thus similar amounts of premixed
fuel, a higher peak burn rate should be observed for MGO, followed by HFO and B30 as was the case in the
2-stroke engines. Higher variation is to be expected due to the 4-stroke engines high rotational speed which
affects fuel ignition angle proximity to the TDC. From the HRR traces retarded fuel ignition angle in the case
of HFO is observed. The highest difference is found at 25% load, where the HFO ignition delay was very
high. This allowed more time for the fuel and air to mix, resulting to intense premixed combustion. This led to
significantly higher peak combustion rate value compared to the other two fuels and even the higher loads, as
it also surpassed the peak HRR values estimated for 75% load of any fuel. This resulted to high pressure
increase due to combustion as shown in Figure 5-36 above and highlights the degree that fuel properties can
affect engine operation. Further to the peak HRR values for all loads, the initial fuel burn rate was faster in the
case of HFO as shown by the slope of the HRR curve up to peak value. Difference between B30 and MGO
combustion progress was rather low, with slightly faster combustion progression in the case of B30 and
marginally higher peak burn rate. This contrasts with the 2-stroke engines results that showed almost identical
combustion process for all fuels. Studies on the fuel effect show that 4-stroke auxiliary units are sensitive to
the effect of different fuel properties mainly due to their fuel injection system behaviour. The fuel supply
system performance could be a concern as VSLFO use, as already mentioned, has been found to have a

measurable effect on fuel injection equipment of such units.

117



Investigation of novel emission reduction technologies and use of liquid or gaseous fuels for curbing marine engines environmental impact

3000 i i i 3000 i i i
—B30 —B30
—HFO —HFO
2500 MGO |+ 2500 - MGO |4

0
180 19 200 220 180 0 200 220
Crank Angle (deg) Crank Angle (deg)

(a (b)

3000

N
o
[}
o
N
o
[=}
O

-
o
o
o

Heat Release Rate (J/deg CA
o
o
o

Heat Release Rate (J/deg CA)
=) @
o o
O O

——B30
——HFO
2500 MGO |

J
Wy

0 ‘ ‘
180 190 200 210 220
Crank Angle (deg)

(c)
Figure 5-41 Net heat release rate for B30, HFO, MGO; a) 25% Load, b) 50% Load, c) 75% Load

- \S}
o o
o [=}
o o

Heat Release Rate (J/deg CA)
=)
(=]
o

The results for combustion duration are provided in Figure 5-42a and Figure 5-42b. As for the ignition delay
these values differ considerably than the corresponding results of the 2-stroke engine section due to the
difference in engine speed. Combustion duration for 50% fuel burnt increases with engine load for all fuels.
The differences between MGO and B30 are small. For HFO 50% combustion duration was found markedly
lower, as expected by the HRR diagrams, attributed to the fuel’s higher ignition delay promoting premixed
combustion from the point of ignition. A common finding with the 2-stroke engines is that B30 combustion
progresses faster than that of MGO while injection angle, ignition delay and ignition angle present minimal
differences. The results for 95% burnt fuel amount follow the same trend, however the difference of HFO
combustion speed lessens as diffusion-controlled combustion is the primary mechanism when considering
total combustion duration and the benefits from the initial (premixed) combustion stage are lessened. The
combustion duration findings are important since they confirm that B30 use does not have any significant

effect on the progress of the combustion mechanism that could impact efficiency or promote pollutant
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formation. Combustion process and combustion duration findings are in line with the BSFC results which
were similar.
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Figure 5-42 Combustion duration vs Load for B30, HFO, MGO; a) 50% of fuel burnt, b) 95% of fuel burnt; Auxiliary Generator
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5.6 Biofuel Effect on NOx Emissions, 4-Stroke Engines

Specific NOx emissions were estimated using the measured exhaust gas NOx concentration, engine power,
exhaust gas mass flow rate (from the carbon balance) and the ambient and charge air properties after applying
the corrections required by the NTC, (27). Since the engine is Tier-11 emission certified operating at steady
rpm and used for power generation the D2 cycle total weighted value was calculated using the values from the
three load points to verify emission compliance.

The measured NOx emissions concentration, as measured (dry conditions) is provided in Figure 5-43. It
follows a similar trend for MGO and B30 fuels and slightly different for HFO. For the first two a sharp
increase is observed from 25% to 50% load and lower increase from 50% to 75% load, while for HFO the
NOy concentration in exhaust gas follows a linear trend. For all cases the peak value is observed at 75% load.
HFO NOy concentration values are the lowest for all loads with the highest difference found at 50% load. For
B30 NOy concentration is the highest, especially at 75% load. Contrary to the 2-stroke engines, for 4-stroke
auxiliaries the highest weighting factor values for NOx emissions are not at 75% load, but at 25% and 50%
load. For these load points MGO and B30 NOx measured emissions are very close. An interesting finding is
that NOx concentration in the case of 25% load HFO test is the lowest, while the very high peak HRR and AP
values pointed at considerable increase of NOy formation. However, the later ignition angle is noted. The
specific NOx emissions are provided in Figure 5-44 for all cases. The emissions trend across engine load
differs for all fuels due to variation of the exhaust gas flow and the ambient and engine conditions to a lesser
extent, as specific values are 1SO corrected. The lowest specific NOx emissions are, as expected by the
measured concentration, found in the case of HFO and the highest for B30. The more significant deviation
from the two conventional fuels is observed for 75% load. The measured performance data and HRR analysis
do show a slight tendency for NOy increase due to more intense early combustion process and significantly
higher pressure increase. On average NOy emissions for B30 are increased by 6% compared to MGO and by
13.5% compared to HFO. Considering the results from the performance and combustion rate analysis, the
increase of NOx emissions for B30 is partly attributed to its effect on the combustion process that is faster
compared to MGO. The most important parameter is its properties and specifically the increased O, content
(207) and the molecular structure of its carbon content, which has been found to increase NO, formation,
(199). Since NOy production rate is highly reliant on temperature, the mean temperature of the cylinder charge
estimated is provided in Figure 5-45a — Figure 5-45b. Even though this is significantly lower than the local
temperature inside the resulting fuel jet where NOy is formed, (102), (103) its value can be used as an index
for the tendency for NOx formation. The highest peak mean temperature difference is observed for the HFO
measurement at 25% load, followed by a steep decline as combustion initiated well after the TDC and
consequently during cylinder volume expansion. Despite this peak, the measured NOy concentration was not
adversely affected compared to the other two fuels. For 50% and 75% load, the mean cylinder temperature
was highest for B30 or at the same level as for MGO, and the temperature values of the HFO tests were the

lowest. Considering this the mean cylinder temperature value, analysis did not provide conclusive information
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regarding NOy formation. However, it provides an indication that for B30 O, content is the controlling
parameter resulting to NOx emission increase. Similar to the 2-stroke engines, it is estimated that localized hot
spots at the periphery of the fuel where AFR is close to stoichiometric will be the cause for most of the NOy
formation. For the case of B30 these spots will increase in number due to the added oxygen supply which is
directly available for NOx formation. This comment is supported from the results of the theoretical
investigation using the muti-zone combustion analysis presented later on.

Considering the total weighted emissions value, Figure 5-46, which is used to test for compliance against the
official limit, the overall emissions impact for B30 is approximately 7% increase compared to MGO and 14%
against HFO. The increase found for the total weighted NOx emissions when comparing B30 to crude oil
emissions falls within the range of the results conducted by vessel operators and reported in (53) for similar
type engines. Overall, the effect on emissions was found more pronounced for the auxiliary unit compared to
the 2-stroke engines.

For the tested engine, sufficient margin exists between the total weighted emissions value calculated during
the tests and the applicable regulation limit, Tier-1l. The borderline criterion for evaluation of B30 NOx
emissions are the guidelines of the NTC, which, as mentioned, allow an additional 10% increase above the
applicable limit for on-board measurements (27). This margin further increases by a flat 5% when testing
crude oil grade fuels, (27). Considering the findings of this study and the findings published by vessel
operators (53), B30 and similar blends can be safely used in similar engine designs without increased risk

provided that engine operation is normal.
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Regarding the total number of auxiliary units tested, performance analysis results revealed NOx emissions
both below and above reference, as Pmax and AP, which are major contributors to NOy, formations, varied
significantly against reference. In Figure 5-47 the NOy emissions comparison statistical summary is provided.
Lower specific NOx emissions values were found compared to reference for most of the engines examined. In
contrast, comparison with trials using MGO and crude oil showed higher NOx emissions for B30 operation.
The total weighted emission value was on average 5% lower than reference for B30 tests. The median was
close to 0%, showing that for most generators NOx emissions using B30 were similar to reference. The
variation between median and average was mostly the result of the lower and minimum values of Figure 5-47.
Examining Table 5-7 these coincide with the engines that reported some of the lowest Pmax values depicted in
Figure 5-39. This finding makes clear the importance of engine tuning regarding NOx emissions, which can be
more important than fuel effect as is also established in (205). Tests at present conditions, however, showed
that for B30 total NOx emissions were increased by 6% — 15%, on average 10%, compared to MGO and were
mainly affected by the high NOy formation at 75% load. This increase is above the findings of the 2-stroke
engine tests and is close to values reported in other studies for these engines (175,197). Comparison to the
crude oil tests presented rather even distribution of B30’s effect, with the mean and median values being
practically identical except for 25% load. The average total NOy emissions increase for B30 was 2.4%
compared to crude oil operation, albeit with high variance as values in the range of +10% were recorded. The
upper values of NOx increase were generally higher than those for 2-stroke engines. Overall, a tendency for
increased NOy formation during B30 use was confirmed despite the Pmax and AP values being generally lower.
The enhanced NOx formation is consequently attributed to the higher O, content of the biofuels used.
Considering the results of this and other experimental works’ results, especially (53) that focuses on marine
engines, for auxiliary 4-stroke generators B30 use will only moderately affect NOx emissions, allowing
compliance with emission limits. In addition, it is confirmed that engine tuning can be used to further decrease

impact, possibly allowing use of even higher percentages of biodiesel.
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Figure 5-47 Specific NOx Emissions Comparison, B30 — Reference, Gas Oil, Crude Oil, Auxiliary Generators
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Table 5-7 Auxiliary Generators B30 Comparison Summary

Auxiliary Generator 1

Auxiliary Generator 2

Spec. Emissions (%) 25% Load 50% Load 75% Load Total Weighted 25% Load 50% Load 75% Load Total Weighted
Reference -13.12 1.45 10.59 3.86 -1.06 -6.30 -8.54 -6.34
Gas Oil 2.15 6.55 9.18 7.03 - - - -
Crude Oil 10.62 17.40 12.44 13.97 -9.23 -3.99 -10.80 -8.11
Pmax
Reference -2.50 -8.10 -19.50 -2.60 -11.30 -16.60
Gas Oil 0.90 2.90 4.00 - - -
Crude Oil -5.40 3.80 3.80 -2.10 -7.50 -5.20
AP
Reference 1.90 -3.20 -5.60 -4.40 -12.60 -19.40
Gas Oil 0.40 1.50 2.90
Crude Oil -5.60 5.10 3.30 -3.40 -8.00 -4.60

Auxiliary Generator 3 Auxiliary Generator 4
Spec. Emissions (%) 25% Load 50% Load 75% Load Total Weighted 25% Load 50% Load 75% Load Total Weighted
Reference 32.13 8.37 -1.49 6.82 -4.52 - 5.87 511
Crude Oil 18.60 -6.76 -12.33 -5.69 - - - -
Pmax (bar)
Reference 1.70 -1.10 -1.70 8.70 - 14.30
Crude Oil -1.00 -5.50 -3.30 - - -
AP (bar)
Reference -8.10 -17.00 -20.50 8.70 - 16.30
Crude Oil -2.90 -9.00 -7.50 - - -

Auxiliary Generator 5
Spec. Emissions (%) 25% Load 50% Load 75% Load Total Weighted
Reference - 19.35 -10.41 -1.90
Pmax (bar)
Reference - 18.70 8.60
AP (bar)
Reference - 19.20 -3.30

Auxiliary Generator 6 Auxiliary Generator 7
Spec. Emissions (%) 25% Load 50% Load 75% Load Total Weighted 25% Load 50% Load 75% Load Total Weighted
Reference -24.45 -21.11 -19.50 -19.98 -25.83 -27.57 -26.40 -25.75
Gas Oil -3.52 10.08 13.70 9.08 -3.29 13.36 22.84 12.97
Crude Oil -1.64 6.34 -1.58 1.12 15.56 16.75 4.43 10.58
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5.7 Theoretical Analysis for B30 Effect on 2-Stroke Engine Performance and

Emissions Using a Multizone Combustion Model

As noted in the introduction, the investigation of biofuels use is of major importance for 2-stroke engines. The
reason is that for these engines exists limited information in the literature. In the present section the results
derived from the application of the multizone model described above are presented to provide further context
on the biofuel’s effect on engine performance and mostly on the combustion process and NOy formation. For
this purpose, the multizone model was modified to consider for the effect of fuel properties (density, heating
value and composition) and mainly oxygen content. The engine selected for the computational investigation
was “Engine 1” of the experimental findings section.

Before applying the specific model for the biofuel effect analysis, it is necessary to validate its predictive
ability regarding global engine performance, cylinder pressure and NOyx emissions. In addition, it was
necessary to calibrate the simulation model and then apply it for all cases examined without any modification
of its constants in order to have actual “predictions”. For the calibration and validation, it was decided to use
the available shop test data that include engine performance, cylinder pressure and other data from the official
engine NOx file which also provides data for air and exhaust gas mass flow rate.

Following this, simulation results are generated and presented in detail for engine performance. Information is
provided for the effect of fuel properties on temperature and O, concentration inside the fuel jet and its

evolution with crank angle. Furthermore, information is also provided for the NOy formation history.

5.7.1 Model Validation: Conventional fuel results
As the first part of the numerical investigation with the multizone model the engine performance during
reference operation, was replicated. All loads available in the official FAT tests were considered, 25%, 50%,
75 and 100%. This followed multizone combustion model calibration which involved the following
parameters:

1. Air entrainment correction coefficient which affects the peak pressure values.

2. Estimation of EVC variation to match the measured Pcomp Values.

3. Turbine effective flow to match the measured exhaust manifold pressure.

4. Scavenging model calibration to match exhaust manifold mean exhaust gas temperature and measured

mass flow rate.

o

Estimation of SOI and EVO settings at all loads corresponding.

6. NOy scaling factor.
Following this, model constants were retained the same, and most importantly for constants 1, 4 and 6 the

values were maintained the same regardless of engine load. After completion of the calibration procedure for

which was used a newly developed automated process, the FAT results were reproduced, and the predicted

125



Investigation of novel emission reduction technologies and use of liquid or gaseous fuels for curbing marine engines environmental impact

values were compared with measured data. In the following part, for the sake of space, detailed results are
provided for 25% and 75% load.

The pressure trace results provided in Figure 5-48 and Figure 5-49 below are for MGO reference operation, at
25% and 75% load. As shown, the calculated pressure traces provide a close match to the measured ones. The
same was found for the other load results. For further validation the measured and calculated power were
compared and the same was conducted for the BSFC. The comparison findings are given in Figure 5-50 and
Figure 5-51 with very good agreement for brake power and good overall coincidence of calculated and
measured values for specific fuel consumption. The NOx emissions were calculated for the Shop Test
measurement data and good agreement was found as shown in Figure 5-52 with acceptable deviation at 50%
and 100% load. Most importantly, the trend of the values with load is properly predicted. Due to its
importance in the overall calculations the model estimation of the exhaust gas mass flow rate is compared to
the results of the carbon balance method using measured CO; concentration in the exhaust gases. As shown in
Figure 5-53 minimal level of error is found between measured and calculated values.

The simulation model provides information for the combustion rate of fuel through the net heat release rate.
The estimated net heat release rate is given in Figure 5-54 for all loads examined. As observed, the more
intense initial increase occurs at 25% load, while the peak increases with engine load at a lower rate.
Following comparison of the calculated and measured pressure data the NO, emissions formation history is
examined. In Figure 5-55 is provided the NOx in-cylinder formation. NOx is shown to slightly decrease after
its peak and then freeze revealing that its formation is kinetically controlled. As revealed, NOy formation takes
place in the early stages after ignition. In Figure 5-56 is provided additional information for NOy formation
with the percentage contribution of each zone package (their total number is equal to the fuel injection
duration considering a 1° CA time step) to the total NOx formed. The number of zones depend on the injection
event duration and increases for higher loads and fuel amount. As observed, according to the model
calculations the highest percentage of NOx is formed in the first zones. This is considerably increased for
lower loads, which is normal as fewer zones are considered due to much shorter injection duration. For longer
injection duration, after the first few zones the contribution to total NO formed shows a tendency for

stabilization.

126



Theofanis Chountalas

N
=]
o

[N
N
o

-

®

o
|

-

@

o
|

Tier-l, 25% Load
o] O Calculated
Measured

-
N
=]

=
o
]

80

|

Cylinder Pressure (bar)

60

40

/

20

/

-

S

80

100 120 140

160 180 200
Crank Angle (deg)

220 240 260 280

i
1)
=]

Cylinder Pressure (bar)
S
o

60

40

20

Tier-Il, 75% Load
-0 (e]

1 — Measured

O Calculated

P

74

o
mﬁm

/
/
7

j
L ey
80 100 120 140 160 180 200 220 240 260 280

Crank Angle (deg)

Figure 5-48 Comparison between measured and calculated

pressure traces, Reference Measurement 25% Load

Figure 5-49 Comparison between measured and calculated
pressure traces, Reference Measurement 75% Load

wer
[
=)
=3
S
S

Engine Po

6000

4000

2000

i Shop Test Data
_| &—@—® Measured
| & — & — —& Simulation y
/
L
45 50 55 60 65 70 75

Engine Speed (rpm)

80

200

BSFC (g/kwh)
=
3

130

120

190

Shop Test Data
®—@—@ Measured
& — & — —& Simulation
t\\ -
1 . 3
_ /:»
—— 3=
10 20 30 40 50 60 70 80 920 100 110|

Engine Load (%)

Figure 5-50 Calculated and measured power comparison,

reference measurements

Figure 5-51 Calculated and measured bsfc comparison,
reference measurements

20
Shop Test Data
4 t S ®—@—@ Measured
\\\
~ o & — ¢ — — Calculated
16 <
Te - _ T
4 - 3 \» _
- I i 3
<
s 12 ~e
<
3 1
2 s
4
0 T T T T T T T T T
10 20 30 40 50 60 70 80 90 100 110|
Engine Load (%)

30

N
i

N
®
|

N
o
|

Shop Test Data
®—@—® Measured

| & — % — — Simulation

N
N

N
=]

-
®

Air Flow (kg/s)

=
o

[N
i

-
N

=
o

¢

®

10

20 30 40

50 60 70
Engine Load (%)

80

90 100 110,

Figure 5-52 Calculated and measured NOx specific emissions

comparison, reference measurements

Figure 5-53 Calculated and measured exhaust gas flow rate,
reference measurements

127



Investigation of novel emission reduction technologies and use of liquid or gaseous fuels for curbing marine engines environmental impact

300000 6000
HRR Calculated Shop Test Data:MGO
— 5% Load Calculated NOx Formation /
50% Load — 25% Load
= 1 b o 1 ———— 50% Load
3 7t L 75% Load
=S — 100% Load —————— 100% Load
8 200000 4000
3
5
o4 1 &
[} o
&2 z
o
& 100000 2000
T
Q
T
0 ; \ 0 ‘ : ; ‘ ‘ ‘ ‘
170 180 190 200 210 220 230 170 180 190 200 210 220 230 240
Engine Crank Angle (deg) Engine Crank Angle (deg)

Figure 5-54 Calculated net heat release rate, all loads reference  Figure 5-55 Calculated NO formation history, all loads

measurements reference measurements
40
i In Cylinder NOx Formation
35 &—0—® 25% Load
L A——a—4 50% Load
| \ 75% Load
30 X +——+——+ 100% Load
25

J
o /W

NO (%)

170 180 190 200 210
Engine Crank Angle (deg)

Figure 5-56 Estimated zone group contribution to NO
emissions, all loads reference measurements

128



Theofanis Chountalas

57.2
In the present section are compared model predictions against measurements for the trials conducted using

Computational results for Biofuel Operation

HFO and B30. Results were generated also for MGO but are omitted due to space constraints. In Figure 5-57
and Figure 5-58 is provided the comparison of the measured and calculated cylinder pressure traces for the
on-board HFO testing for 25% and 75% load. It is noted that no additional model calibration or constant
tuning was applied following initial calibration. The calculated results are very close to the actual
measurements. This revels the ability of the model to consider for the effect of B30 on the combustion
mechanism and reveals that the results for the in-cylinder NOy formation and temperature history are reliable

and trustworthy. The same is found for the B30 calculations, Figure 5-59 and Figure 5-60 at the same loads.
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Figure 5-58 Comparison between measured and calculated
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Figure 5-59 Comparison between measured and calculated
pressure traces, On-board B30 Measurement 25% Load

Of significant importance is the model’s ability to predict the effect of B30 on NOx emissions. In the
following are presented results for total specific NOx emissions, as well as for their in-cylinder formation
history for both HFO and B30 in. The specific NOx values for each load calculated for HFO and B30
operation are given in Figure 5-61 with the values of B30 being moderately increased compared to HFO
operation. The highest increase is observed at 25% load, which coincides with the trend observed in the

measurement data. The corresponding NO formation history is provided in Figure 5-62 for both fuels, HFO
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and B30. As observed, for both fuels NOy freezes later with increasing load while the slope of NO, formation
remains fairly the same and the B30 emissions are higher.

The corresponding result for the zone contribution to final NOx formation is provided in Figure 5-63 for all
three loads (25%, 50%, 75%) for HFO and B30. A new group of zones (in the circumferential direction) is
formed for every computational time step. The total number of zones is defined from the injection duration
and is variable. The percentage contribution of each package of fuel to the final NO formed is used to
understand which part of the injected fuel contributed most to NOy formation. Small differences are observed,
with the most interesting being lower contribution values for all zones during B30 calculations. The difference
in the X-Axis (engine crank angle) is attributed to the differences in SOI. This shows that in the case of B30
the contribution of all zones is more even than in the case of HFO and that the contribution of the late formed
zones is higher. From the analysis of the jet history, O, and temperature distribution inside the fuel jet, it
appears that this is the result of the oxygen contained in the biofuels that improves the fuel air ratio in the
burning zone at the stages when the combustion products have reached significant concentration decreasing
O availability. The net HRR calculated by the model is given in Figure 5-64 that shows minimal differences
between the two fuels for all loads, as should be the case considering the combustion analysis results from the
measured cylinder pressure traces. The average fuel jet temperature (mean burnt zones temperature) is
compared between the B30 and HFO tests in Figure 5-65 for 25% load and in Figure 5-66 for 75% load. As
can be observed the mean burn zone temperature is lower for B30 in both cases indicating to lower tendency
for NO, formation. This reveals that the increase of NO, emissions observed for B30 is attributed to the
presence of O inside the combustion zones that is directly available for combustion and reaction with local N
resulting to the increased NOy formation, and not to temperature increase by more intense combustion. As
already established from Figure 5-63 depicting zonal contribution to NOx formation, the effect of the O in the
fuel can be quite prevalent after high combustion product concentration is reached and the entrained O; is
consumed for combustion. In the case of a low oxygen fuel these conditions would lead to a very low air fuel
ratio and drastically inhibit NOx formation. The average percentage of oxygen available in the fuel jet should
also be compared. Because operating conditions, settings and heating value are not the same for the tested
fuels, a separate analysis is conducted using biofuel and an a theoretical HFO fuel variant with the same
properties, except minimal O, content, as the 1.8% content of the use HFO was rather high. This allows to
better demonstrate the difference of biofuel’s O, content. The results for the O, concentration inside the fuel
jet are given in Figure 5-67 and Figure 5-68 for the same loads, 25% and 75%. Following 5° CA after ignition,
the oxygen trapped in the fuel has been consumed and the entrained air O, content remains higher in the case
of B30 but NOy formation is still on-going and enhanced by the higher O, availability. Last, in Figure 5-69 to
Figure 5-74 the distribution of fuel-air equivalence ratio, temperature and NO inside the fuel jet is provided
for B30 and the low oxygen HFO fuel for 50% load simulated operation at the same conditions and 5° CA
after injection. Clear and significant reduction of the fuel-air ratio is found inside the fuel jet for the B30
calculations due to its O, content. As mentioned, O presence should be quite limited in the inner jet areas and

this is indeed observed for the HFO calculations. The increase of O, availability led to higher localized
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temperature values inside the jet in this case as it drives combustion. The difference compared to Figure 5-65
and Figure 5-66 (lower temperature for B30) is due to the use of same conditions in this second set of
calculations and also setting a lower O content for HFO, as the 1.8% actual content of the tested fuel was
rather high. The use of the simulation model allows to examine the actual effect of the O, content on
combustion rate and NO, formation since it is possible to isolate for the previous differences, engine settings
and O content of HFO. From the NOy concentration in Figure 5-73 and Figure 5-74, it is shown that the
increased O, availability and also temperature led to the much higher NO values. As expected, the higher NOy
values are formed in the jet periphery where fuel air equivalence ratio is close to stoichiometry being slightly
fuel lean.

Considering the previous the rather mild increase of NOx emissions with B30 is explained and is attributed to
the combined effect of temperature and O2 availability. Specifically, the trend for NO increase due to
increased fuel O, content is partially counteracted by the temperature decrease that results from fuel reduced

heating value.
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5.8 Summary and Conclusions

The effect of biofuel blends on marine 2-stroke propulsion and 4-stroke auxiliary power generation engines
was reviewed using results of various available studies and an extended experimental campaign conducted
aboard marine vessels using B30. For certain units detailed analysis was performed examining the combustion
process for each tested fuel, B30, MGO and HFO or VLSFO. The literature review revealed that for 2-stroke
low-speed propulsion engines, limited experimental data are available from full-scale applications.
Specifically, (194) from early 2022 states to be the only peer-reviewed study to contain such information at
the time of writing. Following this (53) containing results of tests conducted by various vessel operators was
published that contained data for both 2-stroke and 4-stroke marine engines. The literature review survey
revealed that other available results are mainly from lab tests conducted for heady-duty diesel engines used for
automotive applications. Furthermore, in most evaluations the basis for comparison was distillate diesel fuel
while in the marine sector crude oil variants such as HFO and VLSFO are commonly used. Common findings
of published studies were increased fuel consumption, attributed to the biodiesel blends lower LCV, decreased
fuel ignition delay and less intense premixed combustion because of the earlier ignition. These resulted to
either increased or decreased NOx emissions during biofuel use on a case-by-case basis, with the end effect
being the result of several factors. A common conclusion was that O, content of biofuels enhances NOx
formation and the combination of injection angle, ignition delay and fuel LCV, either contribute to or work
against this increase. The extended experimental review conducted using measurements on-board five
maritime vessels provided important information in the scarcely studied subject of the 2-stroke engines and
additional important data for the performance and emissions of marine 4-stroke generators for biofuel, marine
diesel (gas oil) and typical crude oil operation.

The experimental review showed that B30 use had measurable impact on tested engines performance. ISO
corrected BSFC was increased when using B30 for both the 2-stroke and the 4-stroke engines when
comparing to the trials conducted with MGO and crude oil at the present engine state. For the 2-stroke engines
the average efficiency penalty was slightly over 1% compared to MGO while no increase was found
compared to crude oil. The respective differences for 4-stroke engines were 3% and 1% revealing slightly
higher biofuel effect. For the performance data high variance was found when conducting comparisons of B30
operation against reference, especially in the case of Pmax and AP, as the reference tests were not conducted
under same conditions and probably engine state. For the trials conducted with B30 and crude oil or MGO at
the present state variance was significantly lower. Overall, a tendency for lower Pmax and AP values when
using B30 was found for both the 2-stroke and the 4-stoke engines. The cases of detailed analysis also
presented further insight on the effect of each fuel type on engine performance and the combustion process.
For the two 2-stroke engines and 4-stroke generator examined in detail lower ignition delay for B30 was
confirmed, as expected by the available literature and the CN/CAAI numbers measured. This is important for
minimization of its effect on cylinder pressure and NOy formation. The HRR analysis of the 2-stroke engines’

measurements showed mostly similar initial fuel combustion rate for MGO, HFO, VLSFO and B30 for the 2-
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stroke propulsion engines. The peak burn rate of B30 was found consistently slightly lower due to the
decrease in LCV caused by the addition of biodiesel. Further to the result of the fuel’s lower energy content
this is also attributed to the shorter ignition delay. Combustion duration was found slightly prolonged for
MGO. Values for B30 and VLSFO were almost identical, and the lowest combustion duration was measured
in the case of HFO.

In the case of the 4-stroke auxiliary unit the effect of fuel type on combustion was more pronounced than for
the 2-stroke engines. B30 combustion was similar to the MGO data, while for HFO high ignition delay
resulted to considerably faster early (premixed) combustion especially for 25% load. The highest peak
combustion rate was observed for HFO followed by B30 despite its lower LCV compared to MGO.
Combustion duration was, as observed for the 2-stroke engines, longer for MGO operation and shorter for
HFO operation. The HFO values were the only ones to present considerable difference. As the combustion
process was found very close to that of conventional fuels the main contributor to NOx emissions is the added
0O,. This promotes NOx formation by increasing oxygen availability at localized hot spots inside the
combustion chamber and in some cases also affecting the local temperature.

To further investigate and understand the mechanisms related to B30 effect on performance, combustion and
NOy emissions a multizone model was utilized to study a 2-stroke low-speed main propulsion engine which is
the most important contributor for both CO, and NOx emissions. Further motivation for selecting the 2-stroke
engine was the fact that very limited information exists for the actual B30 effect on these engines. The
measured data during operation on HFO, MGO and B30 was replicated in the model with very good accuracy.
The comparison concentrates on B30 and HFO, but similar results were obtained for MGO. Review of the
results obtained for the distribution of properties, mainly temperature, and species, predominantly O, in the
burnt zone confirmed that the main factor driving NOx formation increase during B30 operation was the
increase of local AFR. The difference compared to low oxygen content fuel was more prevalent in the mid and
late stages of combustion and in spots closer to the inner volume of the burn zone where oxygen concentration
tends to decrease considerably. In addition, the specific CO, emissions for B30 were examined. These were
slightly lower compared to HFO due to its lower carbon content but higher compared to MGO. Based on the
B30 fuel carbon content, up to 4.5% lower specific CO, emissions would be expected compared to MGO.
However, the beneficial effect of the biofuel’s carbon content was offset by its lower calorific value and thus
the increased consumption. Based on this the GHG reduction benefits of the B30 use will be restricted to the
well-to-tank part.

The emission measurements revealed NO, increase for B30 compared to MGO and crude oil for most
engines. This applied to both 2-stroke and 4-stroke engines. For the 2-stroke engines B30 total NOy emissions
compared to crude oil and MGO are increased, mostly in the range of 1% — 8%, with a 4% average value.
Comparison between MGO and crude oil could not be safely made as only two engines were tested using
MGO and provided significantly varied results and are thus treated only as indications. In the case of the 4-
stroke engines the total B30 emissions were considerably higher compared to MGO and only slightly

increased compared to crude oil, the average values being 10% and 2.4% respectively. In addition, for the 4-
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stroke engines tests with B30 and crude oil also resulted to one case with emissions reduction close to 8.1% in
favour of the biofuel. The detailed analysis for the two 2-stroke engines and the auxiliary unit allowed to
estimate the effect of combustion characteristics to the NOx emissions and better assess the effect of the
biodiesel increased oxygen and different carbon structure.

It is noted that the differences found compared to the MGO tests were also partly the result of the crude oil
used in the B30 blending, as high difference was also observed between the MGO and crude oil tests.
Considering published studies (53,194) for 2-stroke propulsion marine engines the reported results all fall
within the range of values produced by the current experimental campaign. This also applies for the high NOx
emissions increase at 25% load for most engines which is also reported in some of the applications studied in
these works. However, due to the high variance between tested engines safe conclusions regarding biofuel
effect and load cannot be made with the published dataset. The 4-stroke generator tests also showed
considerable deviation between units tested even for same type engines, when comparing against reference.
The values were in the range of those reported in the other major study of marine auxiliary generators (53). It
was also verified that the cases presenting the highest change in emissions showed similarly high deviation in
terms of peak pressure and pressure increase. This proved that engine performance is of outmost importance
for emissions.

Overall, regarding biofuel effect, the multiple engines studied along with other investigations published
provide sufficient support to conclude that in cases of similar operation the particularities of biofuel, mainly
the O, content, tend to enhance NO, formation. The level of NOy increase for normally operating marine 2-
stroke engines when using B30 is 2 - 4% compared to commonly used crude oil and the increase is slightly
higher for 4-stroke auxiliary units. Thus, only a small to moderate NOx increase should be expected when
using B30.

The analysis highlighted aspects to be considered for further research especially when factoring in the need
for wider biofuel adoption, and possibly at higher percentages of FAME content. It is noted that such studies
would require a substantial level of preparation and co-operation with ship owners if to be conducted on
board. The process would be easier in the case of auxiliary generators that can also be found on land
installations and are easier to test during normal vessel operation. The need for further research is more
prevalent for 2-stroke engines, for which biofuel studies are limited. Minimal data are also available for older
engine designs that lack electronic control systems so the level of variance in performance and emissions
should be investigated. Another important aspect for future research is the long-term effect of biofuel blends

on engine components and especially the engine injection system.
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Chapter 6 In-Cylinder NOx Emissions Reduction Technologies:

Exhaust Gas Recirculation

6.1 Exhaust Gas Recirculation in Marine Engines

EGR is one of the most widespread solutions for NOx emission reduction in IC engines and is well established
in the automotive industry. Its operating principle targets both temperature and oxygen availability in the
cylinder, (232). A portion of the exhaust gases is collected and circulated back into the scavenge air receiver
following a cooling and cleaning process. The ratio of recirculated gas to total mass flow varies and can
surpass 50% in some applications, (233). The replacement reduces O, concentration in the cylinder charge.
The lower O; availability impedes nitrogen oxidation lowering NOx formation. An additional effect is that the
species contained in the recirculated gases are mostly not combustible and have higher heat capacity then air,
(234). This results to lower combustion temperatures further decreasing NOy formation, via thermal NOx
reduction. Dissociation of recirculated combustion products i.e., CO, and H,O also contributes towards this
direction. Despite the benefit regarding NOx emissions, the use of EGR also introduces some negative effects.
Soot formation may increase (235), as high recirculation ratios tend to increase soot formation, due to the
limited O available for soot oxidation. Another adverse effect is that combustion rate decreases, lowering the
engine operating efficiency and increasing fuel consumption, (236). These effects can become even further
pronounced in cases where EGR use is coupled with retarded fuel injection timing, (237). An example of the

various effects expected by EGR use at various recirculation rates is given in Figure 6-1 below for IC engines
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Figure 6-1 Effect of EGR rate on NOX, Particulates, uHC, BSFC & Noise, (206)

In the marine engines field, there are two types of EGR system implementation that depend on engine cylinder

size, the turbocharger bypass for engines equipped with one turbocharger and the turbocharger cut-out for
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engines of high power output that use two turbochargers at Tier-11 mode, (233). The use of EGR s, as briefly
explained in Chapter 4, a solution that can be applied to both conventional diesel engines and the state-of-the-
art dual-fuels ones. For the dual-fuel engines, the recirculation of exhaust gasses is not only used for the
reduction of NOy emissions, when required, but also to limit the methane slip to the environment, (137). Thus,
EGR implementation is found in both high-pressure gas injection engines that have similar NO, emissions to
conventional diesel ones, but also in low-pressure gas admission engines that are Tier-I1l limit compliant by
design but have higher methane slip values.

In this chapter the effect of EGR use on large marine 2-stroke low-speed engines will be evaluated using
measurement data from a diesel and a dual-fuel one. Following the experimental results analysis, an engine
simulation multizone model is utilized to investigate in detail the mechanism related to EGR effect on engine
performance, combustion mechanism and NOy formation. Furthermore, the simulation is used to examine on a
theoretical basis the potential for BSFC penalty reduction when using EGR via modified engine tuning and

use of increased EGR rates to also retain similar NOx emissions values.

6.1.1 Description of Turbocharger Bypass EGR System

For engines with a bore size of 700 mm or below the system is configured for the use of one turbocharger that
includes a main and bypass string for the exhaust gasses. The complete configuration is given in the schematic
of Figure 6-2. Compared to the usual marine engine layout two strings are used to supply the scavenge air
receiver. These are the main string, that has the capacity to supply all scavenge air through the inlet and
turbocharger system, and the EGR string with the capacity to lead up to a certain mass flow of exhaust gas,
usually 40% of the mass at MCR, through the EGR unit up to a mixing point at the scavenge receiver, (233).
The turbocharger bypass has two modes for this implementation, one used during Tier-11 operation with the
EGR system inactive for low-load tuning purposes, and the other during operation at Tier-111 mode. In Tier-II
mode the exhaust gas bypass (EGB) is fully open at high loads and partially open at lower loads to balance the
turbocharger and optimize performance at low loads. This way the turbocharger can be optimized for the
entire operating range of the engine.

At Tier-111 mode the EGB valve is permanently closed. During this mode the cylinder bypass valve (CBV) is
used to increase scavenge air pressure as a method to improve engine efficiency. This valve provides fresh air
directly to the exhaust manifold assisting turbine operation resulting to increased Pscav. An overview of the

various settings for this engine size implementation is provided in Figure 6-3.
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Figure 6-2 Schematic of 2-stroke marine engine equipped with EGR by-pass, (233)
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Figure 6-3 EGR-BP system valves control, (233)
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6.1.2 Description of Turbocharger Cut-out EGR System

For engine with bore size above 700 mm, the use of two turbochargers is the adopted solution by
manufacturers, with a basic and a cut-out turbine used, (233). During Tier-11 operation, both the main and the
cut-out string are active, with around 60% of the scavenge air passing through the main string. At Tier-1ll
operation the cut-out string is isolated via the turbine cut-out valve (TCV). The CBV is used as in the previous
implementation to increase scavenging pressure, in an effort to compensate for the efficiency impact caused
by the EGR system. A schematic of the implementation is given in Figure 6-4 and of the various control
specifics at Tier-1l and Tier-111 mode in Figure 6-5.
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Figure 6-4 Schematic of 2-stroke marine engine equipped with EGR T/C cut-out, (233)
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25 Closed

Figure 6-5 EGR-TC cut-out system valves control, (233)
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6.1.3 EGR System Layout-Detailed Description

The EGR system is integrated in the engine and in all implementations contains a water mist catcher, the
exhaust gas cooler system, the EGR blower and a water treatment (WTS) system, (233,238). The differences
between the two implementations described above refer to the integration of the EGR system in regards to the
connection to the inlet and exhaust manifold. The turbocharger cut-out is more complex due to the use of two
turbochargers and multiple strings for air and exhaust gas. The rest of the layout is mostly the same for the
two systems. The rate of gas recirculation is controlled in all cases by the EGR blowers by varying their
speed. The reference and control value for the overall system is the percentage of O, measured in the scavenge
receiver. This has been selected by the manufacturers because thermal NOx formation in the engine has been
shown to correlate well with the partial pressure of O in the cylinder charge, (239).

The exhaust gases must be cleaned and cooled before returning to the engine scavenger receiver. The cleaning
process initiates with a water pre-spray and an EGR cooler spray using recirculated freshwater. The previous
process is required to remove sulphur and particles that may damage the engine. The cleaned gases are then
cooled in the EGR cooler before entering the scavenge air receiver. To prevent high accumulation of particles
and sulphuric acid form the recirculated water a water handling system is installed. The latter requires the use
of caustic soda (NaOH). Its major components are the caustic soda tank and supply pump, the receiving tank
and circulating pump, the buffer tank and circulated water supply pump and last the water treatment unit. The
control of all subsystems including the various valves mentioned, blower speed and the WTS is performed by

the emission reduction control system (ERCS) and a separate control system for the WTS.

6.2 Tested Engines — Experimental Investigation Details

In this chapter the effect of the recirculated gases on the overall performance, combustion and emissions of
two marine engines is analysed using measured data acquired during the official FAT tests. It is noted that
similar data were acquired during the official sea trials of various vessels but are not included herein since the
former are of superior accuracy since they correspond to controlled conditions. The engines considered are
equipped with EGR-BP systems due to their bore size of 700mm. The first engine is a modern 2-stoke diesel
only engine and the second one the dual-fuel engine designated as “Engine 1” in Chapter 2 LNG section. The
engines belong to the same generation with respect to their type and are commercially available currently,
with their next generation entering the market at the time of writing.

The particulars of the tested engines are provided in this subsection along with the properties of the fuels used

and the measurement equipment utilized.
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Table 6-1 Particulars of Engine 1

6G60ME-C9.5EGRBP Units Value
Type - Two-Stroke
Electronic Control - Yes
Cylinder No. - 6
Bore mm 600
Stroke mm 2790
Nominal Speed rpm 86.0
Nominal Power kW 13,000
NOx Certification - Tier-111
EGR Type - Turbocharger Bypass
Table 6-2 Particulars of Engine 2
5G70ME-C9.5GlI Units Value
Type - Two-stroke
Electronic Control - Yes
Cylinder No. - 5
Bore mm 700
Stroke mm 3256
Nominal Speed rpm 68.1
Nominal Power kw 11,975
NOx Certification - Tier-111
EGR Type - Turbocharger Bypass
Table 6-3 Measurement Instrument Particulars, Engine 1
Instrument Measured Parameter Range Accuracy

. Torque <0.5%
Hydraulic Brake

Speed 0-250 rpm 0.1 rpm

Diesel Fuel Scale Diesel Fuel Consumption 0-10,000 kg 0.2%
Gaseous Fuel Scale Gas Fuel Consumption 0-10,000 kg 0.3%
MBS 3000 Scavenging Air Pressure 0-10 bar 0.5%
Air Temperature Sensors Scavenging Air Temperature -10-80 °C 0.2°C
Exhaust Gas Temperature Sensors Exhaust Gas Temperature —10-700 °C 05°C
Cooling Water Temperature Sensors Cooling Water Temperature 0-180 °C 0.2°C
Horiba CLA-750A NOx (Dry) 0—2000 ppm +0.5%
Horiba MPA-720 O, (Dry) 0-25% +0.5%
Table 6-4 Measurement Instrument Particulars, Engine 2
Instrument Measured Parameter Range Accuracy
Torquemeter Torque 0-250 rpm <0.5%
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Speed 0.1 rpm
Diesel Fuel Scale Diesel Fuel Consumption 0 - 10000 kg 0.2%
Scavenge Pressure Sensor Scavenging air Pressure 0-10Bar 0.1%
Air Temperature Sensors Scavenging air Temperature -10-80°C 0.2°C
Exhaust Gas Temperature Sensors Exhaust Gas Temperature -10-700°C 0.5°C
Horiba CLA-750A NOy (Dry) 02000 ppm +0.5%
Horiba MPA-720 0. (Dry) 0-25% +0.5%

6.3 Analysis of EGR Impact on Engine Performance

6.3.1 EGR Effect on Overall Engine Performance

In the first part of the EGR effect on engine performance analysis the findings of the experimental procedures
are presented. For both engines tested performance is compared for Tier-1l and Tier-111 operation. It is noted
that for “Engine 2” comparisons are provided for the DF mode operation and also comparison of Tier-I11
diesel and Tier-lll DF mode is made. First the most important global performance values are compared,
specifically, the variations in peak pressure values and fuel oil consumption. In the following part variation of
engine settings and alterations in the combustion mechanism are examined following the switch to Tier-1lI
mode.

For the diesel engine “1” considerable differences are found in compression pressure values, Figure 6-6
between the two modes. This is the result of altered engine tuning and air inlet system operation as detailed in
the following section containing engine tuning per mode of operation. Pcomp is increased for Tier-111 except for
25% load, due to lower Psay values at this load shown below. Peak combustion pressure, Figure 6-7, is
decreased for all loads except 100% at Tier-11l mode with the decrease being higher for 25% and 50% load.
The decrease of maximum pressure values was also reported in various experimental and numeric
investigations such as (240) and (241) for large diesel engines during EGR use. Pcomp and Pmax comparisons for
the DF engine at Tier-11 and Tier-111 gas mode operation are provided in Figure 6-7 and Figure 6-8, and show

a similar trend in changes during the use of EGR with elevated Pcomp and decreased Prmax.
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Figure 6-8 Compression pressure, Tier-11 & Tier-111; Engine 2
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Figure 6-9 Peak Firing Pressure, Tier-11 & Tier-111; Engine 2

Gas Mode

In Figure 6-10 and Figure 6-11 the Pscav and effective compression ratio values are presented for “Engine 1.
Pscav Values are considerably lower at Tier-111. To compensate for the lower inlet pressure, the engine pressure
ratio is increased via EVC timing advance and this results to Pcomp Values similar or even higher than during
Tier-1l mode operation as seen above. The EVC angle advance is observed for all loads, including MCR,
where inlet pressure is the same for both modes. This is in contrast with expectations set by considerable part
of available literature regarding EGR implementation in diesel engines, in which utilization of the Miller
Cycle is suggested to limit the fuel consumption penalty and aid in NOy formation reduction, (237), (242),
(243). However, the advanced EVC angle observed in this application is the opposite approach from the
Miller cycle, (244). Pressure increase due to combustion is lower for Tier-11l mode, with the difference being
mostly steady across load at about 20 bar, Figure 6-12. The lower pressure increase during combustion is
solely the effect of the recirculated gases but is also partly attributed to injection angle retard, Figure 6-13,

which affects pressure rise considerably (237). Combustion characteristics also contribute to lower pressure
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rise and are reviewed in the heat release rate analysis results. It is noted that SOI retard is an in-engine
measure employed by engine manufacturers to reduce NOy emissions (245). Thus, the timing change during
Tier-11l mode operation is possibly aimed towards lowering NOx formation to achieve compliance with
legislation while also reducing the recirculated gas ratio required. Some computational studies for 2-stroke
marine and heavy duty diesel engines have shown that the combination of EGR at a high rate and injection
retard can have a cumulative high effect on soot emissions, (236,246,247). In the first study (236) the effect of
EGR on soot became exponential above a certain percentage, thus it is assumed that SOI retard was used to
aid in NOy formation reduction so that the EGR percentage required was limited and soot formation was kept
within acceptable values. In the case of “Engine 2” the respective values are provided in the same format in
Figure 6-14 - Figure 6-17. As with the compression and maximum pressure values above, the tuning changes
after the switch to Tier-111 mode are quite similar to the observations of “Engine 1”. Pscay is reduced and EVC
is advanced for all loads to increase the effective compression ratio of the cylinders. AP due to combustion is
considerably decreased, with the exception of 90% and 100%, due to the sharp drop of these values also at
Tier-11 mode. SOI timing of the diesel pilot is retarded up to 75% load but advanced at 90% and 100% load.
Despite the SOI timing advance (and earlier gas ignition as shown in the next section) the AP values remained
lower than Tier-11 operation, which is fully attributed to the effect of the recirculated gasses in the combustion
chamber and the difference in the total mass trapped in the cylinder during Tier-111 operation.
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For both engines fuel oil consumption is negatively impacted by the exhaust gas recirculation and settings
changes, especially the high SOI retard. For “Engine 1” increase in BSFC is found across the whole operating
region, with the highest penalty between 50% and 75% load, Figure 6-18. The mean BSFC increase is 3.5%
with 5.1% maximum increase at 50% load. For “Engine 2” the total specific heat rates are compared due to
the dual-fuel operation, Figure 6-19, and similar levels of fuel efficiency penalty are observed, on average
2.6%, with the higher consumption increase at 25% and 50% load. The impact on engine efficiency is a
known major downside of EGR, (248), (249). The considerable fuel consumption increase at usual operating
load regions introduces operational costs to the EGR system that should be considered.

Closing this subsection, the differences between diesel only and DF operation at Tier-l11l (EGR enabled) mode
of “Engine 2” are given. As with the Tier-Il performance of the two modes, DF and diesel, in Chapter 4
minimal differences are observed. Global performance values, and engine settings show minimal variation,
Figure 6-20 - Figure 6-22, with the exception of the SOI advance near and at MCR during DF mode, Figure
6-23. The fuel efficiency advantage of DF over diesel mode at low load is retained and further increased,
Figure 6-24. The previous shows that the use of EGR has roughly the same overall effect on engine operation
and efficiency regardless of single or dual fuel operation. This can be expected to a degree as the same
operating principle (Diesel cycle) is used for both modes due to the high-pressure gas injection.
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6.3.2
In Figure 6-25a-d the measured cylinder pressure traces of “Engine 1 for Tier-1l and Tier-1ll mode are

Cylinder Pressure Traces comparison for Tier-11 and Tier-111 Mode with EGR use

compared for 25% - 100% with the same comparisons for “Engine 2” provided in Figure 6-26a-d for DF
operation. Due to the aforementioned differences in engine settings and air inlet system operation, pressure
traces are altered considerably for both engines when EGR is used. The effects of Psav, EVC timing and SOI
angle are easily identified with steeper compression and retarded fuel ignition. Indications of slower fuel burn
rate are present, especially near maximum load, despite the retard of injection timing compared to Tier-II
operation being the lowest for this load, below 0.5 deg CA retard for “Engine 1” and advance in the case of
“Engine 2”. Despite that, for both engines the peak combustion pressure is matched between Tier-I1 and Tier-
I11 modes at higher loads. Overall, engine operation during Tier-11l mode differs significantly. To quantify the
effect of the combustion mechanism changes, the net fuel burn rate diagrams are compared next, estimated by

heat release rate analysis as described in Chapter 4.
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6.3.3 Effect of EGR on the Combustion Rate: Diesel and Dual Fuel Engine

The effect of recirculated gases on the combustion process is examined using heat release rate analysis of the
measured cylinder pressure traces. In Figure 6-27a - Figure 6-27d is provided the comparison of the
combustion rates at the tested loads for Tier-1l and Tier-11l for “Engine 1”. For all loads fuel ignition is
retarded at Tier-111 mode. This is the result of fuel injection angle and the recirculated gases effect resulting to
ignition delay increase, (250) and (251), due to the decrease of cylinder charge temperature. However, the
increased compression ratio at Tier-111 partly offsets the previous, thus the main contributor to late ignition
angle in this case is injection timing. Initial fuel burn rate is decreased at Tier-111 operation with visibly lower
slope and peak value, which is in-line with other studies (250), (252), (253). By limiting fuel combustion
intensity, the pressure and temperature rise in the cylinder are reduced, resulting in NOyx formation reduction.
Lower peak burn rate limits the maximum mean and localized in-cylinder temperature contributing
significantly to emissions decrease, as NOx formation is exponential to temperature (251). Fuel burn rate at

the late diffusion stage is considerably higher than for Tier-1l operation. While this negatively affects
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efficiency, as confirmed by the BSFC increase, the effect on NO, formation is minimal, as at this stage
pressure and temperature in the cylinder are rapidly decreasing due to expansion. The overall shifting of the
combustion process towards expansion results in faster cooling of the combustion gases limiting NOx
formation, (251). In Figure 6-28a - Figure 6-28d the “Engine 2” estimates for HRR are provided for Tier-1l
and Tier-111 DF operation. The effect of the recirculated gases is practically the same as for the diesel-only
“Engine 1” but more intense. The reduction of gaseous fuel combustion intensity is more pronounced,
especially at 75% and 100%, with staggered combustion rate roughly 5° CA after gas ignition. The peak HRR
and late-stage combustion intensity are negatively affected as found for “Engine 2”. For both engines, the
presence of the recirculated gas and decrease of oxygen availability and cylinder charge temperature inhibits
diffusion combustion, while the premixed early-stage is less affected at least in initial stage. The nearly
equivalent initial intensity of the premixed combustion is most probably the result of the higher ignition delay
values during Tier-111 operation, (250). For both engines all net HRR diagrams show overall lower values for
Tier-111 operation. Considering that the total supplied energy is higher by up to 5% during this mode,
equivalent to the BSFC increase, heat losses are significantly higher due to the EGR use. This is attributed to
the lower pressure values that decrease engine efficiency and in some cases to prolonged combustion duration,
especially in the high-rate peak temperature region with the piston position still close to the TDC.

Combustion duration for 50% and 95% of total fuel burnt is provided in Figure 6-29 and Figure 6-30 for
engines “1” and “2”. Due to the difference in early combustion intensity, 50% fuel burn duration is higher at
Tier-111 mode for both engines in most loads. For the DF engine “2”, 50% fuel burn duration is not affected by
the EGR and is equivalent to Tier-1l operation. For both engines the difference further increases for 95%
combustion duration because of the prolonged late stage combustion. The increase in combustion duration
does not present significant change with load, with an average value of 3.5° CA for “Engine 1” and 7.6° CA
for the dual-fuel “Engine 2” as DF late-stage combustion was affected to a higher degree. The prolonged
combustion duration both considering 50% and 95% of total fuel mass burnt (or supplied energy content for
the DF engine) makes clear the efficiency penalty from the combination of EGR and engine settings used in

Tier-111 mode, which significantly affects thermal efficiency and consequently fuel consumption, (254).
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Figure 6-27 Net Heat release rate from fuel combustion, Tier-11 & Tier-111; a) 25%, b) 50%, c) 75%, d) 100% Load; Engine 1
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6.3.4 EGR Effect on NOx Formation

NOx emissions were measured for Tier-1l and Tier-11l mode for the two engines, and for engine ‘“2” at both
diesel and DF operation. The NO, emission concentration in the exhaust gases is provided in Figure 6-31 for
“Engine 17, with the corresponding reduction during Tier-111 operation in Figure 6-32. In Tier-Il mode the
highest NOy emissions were recorded at 50% load, while in Tier-111 at 25% load. Emissions reduction is high
for all loads with the peak value at 75% load. “Engine 2” NOyx emissions data during the DF tests are given in
Figure 6-33 and Figure 6-34 showing similar values of NOx emissions to “Engine 17 but better NOy reduction
capabilities of the EGR in this case. It is noted that for “Engine 1” no data were available for the EGR ratio
and for this reason it was estimated by the multi-zone combustion model described above. A direct estimation

utilizing in-engine or scavenge air receiver mass balance was not feasible when the CBV was open (all loads
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except 25%). For “Engine 2” the EGR rate was available since exhaust gas and air concentration data were
provided at the engine inlet and exhaust. The estimated values were also available in the FAT tests and the
values calculated were verified. The EGR rate per load point for the two engines is given in Figure 6-35 and
Figure 6-36 for engine “1” and “2” respectively. The values are mostly between 40% - 50% with higher ratio
of recirculated gases for “Engine 2” for all loads. This is in line with the measured NOy emissions reduction at
Tier-111 mode and also the seemingly higher effect of EGR on the “Engine 2” combustion process. For both
engines EGR ratio is reduced below 40% at MCR as this is the maximum capacity of exhaust mass flow that
the recirculation system’s cooling and cleaning components can accommodate. While there is direct
correlation of the EGR percentage with NOy emissions reduction for both engines, emissions decrease is not
directly proportional to EGR rate. It is expected that NOx reduction should be almost linear to the EGR rate,

(233), which is actually valid for both engines up to 75% load with deviation at MCR.

The emission reduction in the present applications is also attributed to engine tuning and performance which
differ considerably between the Tier-1l and Tier-111 mode and affect NOx formation, further to the EGR use.
Retarded injection timing and lower cylinder pressure increase reduce NOy emissions, (254). These are altered
for Tier-111 mode as established above. Thus, the actual effect of EGR on NOy formation is slightly lower. This
is observed in the case of 100% load, where EGR percentage is lower, but NOx formation reduction is not
significantly impacted, especially in the case of “Engine 1”. It is estimated that the main contributing factor to
the previous is the very low pressure rise at this load, influenced by fuel ignition well after TDC. However,
examining “Engine 2” the same results are observed, while engine tuning is set to SOI (and actual ignition)
advance, but low AP is also achieved and HRR is considerably affected (Figure 6-27d, Figure 6-28d). Thus, it
is estimated that despite the lower ratio of EGR the total mass value of exhaust gases in the cylinder at MCR
affects combustion significantly creating multiple localized high A/F ratio reductions. Another contributing
factor could be an increased O, percentage in the recirculated gases at MCR, however the difference was
minimal for all loads, except 25%, where significantly higher concentration was measured.

Summarizing, for both the diesel and the dual-fuel engine, high NOy emission reduction is achieved at the
requirement of high EGR rate. This last requirement is a concern as EGR systems are known to be faced with
issues regarding fouling in the recirculated gases system mainly the cooler, (255-257). The high mass flow
through this system could exaggerate this effect in this engine type, however as stated operational experience
is still rather limited. In addition, substantial alteration of engine settings was required with the switch to Tier-
111 mode, mostly required by the change of air mass inlet requirements and turbocharger altered operation due
to the EGB being closed and reduced Pscay. The change in settings also affected NOy emissions to a degree, but
the major contributor to the emissions reduction was the presence of the recirculated exhaust gases lowering
the A/F ratio and the mean in-cylinder temperature. Further investigation is conducted in the following section

with the utilization of a multi-zone model for detailed analysis of the operation of “Engine 17 at Tier-11l mode.
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6.4 Computational Investigation for EGR Effect on 2-stroke Engines Equipped
with EGR

6.4.1 Multizone Model Modifications for EGR Emulation
As detailed in the above sections, the EGR implementation on marine 2-stroke engines introduces certain
modifications that have to be taken into account by the multizone combustion model for proper analysis and
results. The modifications conducted include the following:

e Use of EGR during the open cycle analysis.

e EGR cooler.

e Incorporation of cylinder bypass valve (CBV) in the engine.

e Incorporation of exhaust gas bypass (EGB) valve at the turbine.

e Development of computation procedure to estimate EGR and CBV valve mass flow rates.

The selected approach to their incorporation in the model is detailed below.

6.4.1.1 Modelling of EGB and CBV Valve

The modeling of the EGB and CBV valves is based on the estimation of the mass flow rate (exhaust gas and
air) assuming isentropic compressible flow. The opening of both valves refers to the angle and from this and

the orifice diameter the geometric flow is calculated. The effective flow is estimated form the following

relations:
Acgy = Amax(1 — cos(¢)) (6.1)
Acgv,efr = AcpvCd (6.2)

Where “¢” is the valve position. The same approach is considered for the EGB valve.

For practical applications the discharge coefficient is considered to be constant with load and is integrated into
the geometrical flow area. The estimation of both the EGB and CBV opening and mass flow rates is achieved
using a newly developed iterative procedure. This allows to estimate the EGR rate when the CBV valve is
open. With reference to below Figure 6-37 it is noted that for Tier-l111 operation with EGR use the EGB valve

remains closed for all loads.
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an iterative procedure is used to estimate the Acsv and Aecs opening area for each case while Ae is the
effective turbine flow area. The flow through each restriction is simulated using the typical equation for
isentropic compressible flow. The effective turbine flow area is determined for Tier-11 operation when both
Acev and Aecg valves are closed. The criteria for this is to match the measured mean exhaust manifold
pressure, Pexn. The EGB valve area is estimated using the shop test data for the cases when it is opened using
as criteria the exhaust manifold pressure and the temperature at the turbine outlet.

Having determined the EGB characteristics when the CBV valve is open the flow area is estimated to match
the calculated pressure at the exhaust manifold with the measured one as follows:

Pexh,cal = Pexh,meas

For all the above an automated iterative procedure has been developed and implemented into the modified
model. The gas exchange system and turbocharger simulation are further used to provide information for the
rate of EGR and mainly the amount of air bypassed directly to the exhaust receiver due to the CBV opening.
For the latter the pressure balance in the exhaust manifold is used along with exhaust gas temperature balance

between the cylinder exhaust and turbine inlet.

6.4.1.2 EGR Rate Estimation

The requirement for EGR operation modeling introduced several additions to the above model. The basis for
estimating the EGR percentage at each load was the measured O, concentration after the mixing tank of
scavenge air and recirculated gas and O, concentration measured after the exhaust gas receiver. Part of the
process followed was based on the EGR system description and approaches followed in (239,250,258). Using
these values mass balance of oxygen can be performed to directly calculate the recirculated gas percentage by
eq. (6.3) when the CBV is closed.

XOZ,atm - XOZ,scav (6.3)
X02,scav - X02,exh

MEGR = My jn
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For operating regions with the CBV open the previous equation is not valid since oxygen measurements at
engine exhaust were performed downstream of the turbine. Eq. (6.3) is replaced by eq. (6.4) containing the
bypassed air mass which is not known and varies due to different CBV opening at each load.

m _ ri’1a,in (XOZ,atm - XOZ,scav) + rhCBV(XOZ,scav - XOZ,atm) (6-4)
EGR —

XOz,scav - XOZ,exh

The mass flow through the CBV is modelled as a compressible turbulent restriction. The formulation of the

model in a generic form, considering that flow is subsonic is written as:

2 Yi+1 (6.5)
M = AcsvePin \/i (H‘Ti ) )

VRiTin _|Yvi—1

for the above Acew. is the effective area of the CBV, IT is the pressure ratio and y and R the heat capacity ratio
and gas constant of air respectively. The CBV effective area is variable by its opening, which differs with

load. The effective area is calculated as:

Aceve = Amax (1 — cos (nCBV g)) (6.6)

with Amax the maximum area of the restriction and ncgy a tuning parameter which is a function of the orifice
area. For the EGB valve a similar approach is adopted.
An iterative procedure was employed using the multizone model to determine the bypassed air mass and
recalculate the actual EGR rate. The initial EGR percentage value for each load was calculated by the
measured oxygen concentrations assuming that the CBV is closed; this will coincide with the minimum EGR
rate. The criteria for the estimation of megr and ryy is the following:

o Xpzat the engine inlet

o  Penthe exhaust manifold mean pressure

e  Ten When EGB is open
The previous is possible during Tier-I11 operation since the EGB valve is closed.
Last the EGR percentage is estimated from eq. (6.7), as in (259).

— MEGR (6.7)
EGR = = - -
MEggR + MTcin — McB
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6.4.2 Validation and Analysis of Tier-11 Engine Calculated Performance and Emissions

In this section the results of the multizone model will be presented and analysed. As conducted in the biofuels
section, first a short validation segment is provided since this is a different engine design. The engine
simulated is the diesel “Engine 1” of the experimental results part. Using the Tier-11 FAT data the simulation
was calibrated, and following this was applied for the prediction of both Tier-11 and Tier-111 performance and
emissions without additional tuning of the related constants. In order to validate the model predictive ability in
the following part the comparison between measured and calculated performance and emission data is
provided. In Figure 6-38 and Figure 6-39 the results of the comparison between computational and
measurement data are provided for 25% and 75% load. Almost exact agreement is achieved for the cylinder
pressure traces. The power output and BSFC calculations are also compared to the measured data in Figure
6-40 and Figure 6-41 respectively. Overall, good agreement between the computational and experimental data
is seen, especially for higher load. The exhaust gas flow rate estimated by the model is compared to the values
calculated using carbon balance from the exhaust gas composition measured during the tests in Figure 6-42
with minimal error between the two values. Last, in Figure 6-43 the calculated value of exhaust manifold
mean exhaust gas temperature is compared to the measured one for all loads with very good agreement. It is
noted that since the specific engine has a constant pressure turbocharger system the variation of the exhaust
manifold temperature is significantly reduced and fairly constant.

For evaluation of NOx formation prediction capability, the specific NOx emissions data, as calculated by the
model, and by the measurement data are given in Figure 6-44. Actually, the model predicts NO and the
conversion to NOy is included in the overall scaling factor derived from the calibration procedure. The
emissions estimation using the model is close to the measured values, with the highest deviation at 25% load.
For the other loads agreement is very good with low error. The higher difference at 25% is partially attributed
to the overall lower mass flow rate values that increase the error level when fractions/composition is
calculated as a percentage. Most important is the fact that the simulation predicts adequately NOx variation
with engine load. In order to have an insight of the NOx formation its formation history is provided in Figure
6-45 where again it is revealed (as in chapter 6) that NOx formation is kinetically controlled. The percentage
contribution of each zone group is given in Figure 6-46. The results show that for low loads the highest
contribution to NO emissions is from the fuel injected at the first stages. This is expected as combustion
initiates at the tip of the fuel jet and proceeds inwards. In addition, the highest percentage of NOy formation
should occur, as established in multiple works such as (102), in areas that are relatively fuel lean close to
stoichiometric and where local temperature is also high. It is noted that the zone percentage contribution is
quite different than the one of the engine studied in chapter 6 with the multizone model. The difference is
attributed to the overall tuning of the two engines and their respective fuel injection systems. The zones
studied by this model that are better suited to satisfy this criterion are again the ones injected earlier that have

achieved higher penetration and are also most probably more affected by in-cylinder swirl.
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Figure 6-39 Comparison of calculated and measured cylinder
pressure traces, 75% load, Tier-I1
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6.4.3 Computational Results Analysis for EGR Enabled Tier-111 Engine Performance and Emissions

Following the Tier-1l analysis of the engine performance with the use of the multi-zone mode, the Tier-1lI
operation was replicated using the multi-zone combustion model but without application of additional tuning
or any constants modification. For this case the operation of both EGR and CBV valves was enabled as
described above. The first part of results presented is, as above, comparison of the measured and calculated
cylinder pressure traces. This comparison is of high interest since, as established by the measured data, the
pressure traces should present considerable differences due to both tuning changes and the recirculated gases
presence in the cylinder during Tier-111 operation of the engine. In Figure 6-47 to Figure 6-50 the calculated
pressure traces comparison with the measured values is provided for all tested loads, 25% - 100%. The
agreement remains good but is of slightly lower accuracy compared to the Tier-Il results above and is
adequate for the present analysis. Some uncertainty exists mainly in the fuel ignition angle but the difference
is relatively small. This also results to small differences in the early expansion stage affected by the different
start of combustion. Despite the differences the match is adequate and promising especially considering the
two factors affecting the cylinder charge mass and composition, namely CBV and EGR. In Figure 6-51 and

Figure 6-52 the comparison of calculated and measured engine power output and BSFC is provided with also
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relatively good agreement between actual and calculated values. As in the case of the other comparisons,
accuracy is slightly lower than the one confirmed for Tier-11 operation, which is normal.
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In order to better understand and analyse the effect of EGR on engine performance and emissions it was
decided to utilize the results of the purely theoretical analysis using the multizone model. The comparison
conducted below contains only calculated data and is more informative since the differences between

measured and calculated data are overcome. Furthermore, this approach allows to distinguish from the direct
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comparison of measured data and determine the actual effect of EGR on engine performance and emissions.
The comparison focuses mainly on the combustion rate mechanism, NOy formation, in-cylinder temperature
history, air-fuel equivalence ratio and conditions in the exhaust gas manifold from which the recirculated
exhaust gas is extracted.

Following the initial comparisons, the effect of the recirculated gases on the burnt zone temperature is
investigated using the simulation results. The mean temperature of the burnt zone averaged from the time step
used to 1° CA is compared between Tier-1l and Tier-11l operation. This comparison allows to assess the
contribution of EGR to the in-cylinder temperature change and potentially to NOx reduction. The comparisons
are given in Figure 6-53 to Figure 6-56 for all tested loads. The anticipated temperature reduction is clearly
confirmed by the model results at all loads examined. Reviewing the difference for each load, the temperature
reduction is higher for 25% and 100% load and lower for 75% and 100%. In addition, it is found that
temperature is decreased for the first stages of combustion and then gradually increases becoming in higher
than Tier-1l levels. The last is attributed to engine tuning leading to late combustion and the slower
combustion rate of fuel caused by EGR. The late combustion is verified from the experimental findings and is
the result of the main combustion event being moved later in the engine cycle and also of the longer
combustion duration during Tier-111 operation. Regarding NOx formation this stage has lower effect as the
temperatures are rather low and the air fuel ratio is further decreased due to the products of the fuel
combustion further to the recirculated gases already present in the cylinder. Since the Zeldovich mechanism
shows exponential increase of NO formation with temperature the peak value decrease achieved by the EGR
will be of substantial contribution to the pollutant’s reduction.

In Figure 6-57 the measured and estimated oxygen percentage in the scavenge receiver is compared. The
model estimation is very close to the measured concentration, with lower but still good agreement at 25%
load. Overall, minimal levels of error are found with relative difference of predicted O, concentration being
below 1% which is close to the actual measurement’s accuracy. The measured and estimated specific NOx
emissions are given in Figure 6-58. The model estimation of the EGR effect resulted in very good prediction
of the NOy formation in the cylinder. This allows the use of further findings regarding in-cylinder conditions
to be used for investigation of the EGR effects. In Figure 6-59 the model calculated specific NOx emissions
are given for both Tier-11 and Tier-111 mode. The corresponding reduction in emissions due to the use of EGR
is provided in Figure 6-60 with inclusion of the measurement results for comparison. A slight tendency to
overestimate NOy reduction is observed at low load, which is partially due to the underestimation of O
concentration by the model as seen above in Figure 6-57. The EGR percentage used in the simulation is
shown in Figure 6-61. In order to assess the replication of the CBV effect the exhaust manifold pressure
comparison of measured and calculated values is given in Figure 6-62. The agreement is very good for all
loads that confirms to the degree possible that the effect of the CBV was correctly replicated. Last, in Figure
6-63, the effect of the EGR on the air-fuel equivalence ratio for all loads examined is presented. Two values
are provided for each operating mode, Tier-1l and Tier-Ill, one corresponding to the open cycle which

represents the overall air-fuel equivalence ratio (scavenge air included) and a second corresponding to the
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close cycle which is the actual air-fuel equivalence for combustion. The latter is obviously lower. The effect of
the recirculated gases is clear as both values are affected with the later values lower for both non-EGR and
EGR operation. The very high A reduction because of EGR is observed at 25% due to decrease in exhaust
mass flow, that as established is half of the Tier-1l during Tier-111 mode. In addition, the 100% load A values
along with the temperature comparison, Figure 6-56, confirm the expectation form the measurement data
analysis stage that the decrease in NO formation is also affected by the engine tuning at this load point, as
EGR percentage is decreased and the difference between Tier-1l and Tier-111 temperature and A values is the
lowest at this point. The decreased A values in conjunction with the reduced temperature result in the decrease
of NOx formation predicted by the model and actually measured. Overall, the previous findings are a
promising result for the model’s ability to replicate the multiple changes occurring during Tier-11l mode
operation and their effect on emissions. Furthermore, a deeper insight is provided that allows the

understanding of the NOy reduction mechanism resulting from the use of EGR.
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Figure 6-63 Calculated mean air-fuel equivalence ratio overall

and during combustion, Tier-11 & Tier-111

To further investigate the effect of EGR use on emissions the zone contribution on total emissions is
examined. In Figure 6-64 the contribution of the fuel packets of each formed zone during Tier-I11 operation is
given and in Figure 6-65 the comparison of zone contribution between the calculated values for Tier-1l and
Tier-111 mode. From Figure 6-64 and Figure 6-65 less even distribution of NOy formation is found between the
zones, with markedly higher contribution for the fuel packets introduced first in the cylinder and rather steep
drop for fuel packets in the zones formed at the end of the injection event. This is normal as the zones formed
first will achieve first higher penetration in the combustion chamber and as a result entrainment of the
cylinder charge will be higher in them. For the other zones that are formed late during the injection process
the combination of the fresh combustion products and the recirculated gases will lead to low A values and
inhibit NOy formation. Considering the results of the chapter 6 biofuel analysis, the previous acts in a reverse
method than the oxygen enriched fuel effect that allowed higher NOx formation in the zones that should have
very low contribution due to lack of oxygen. In Figure 6-66 the NOy formation history for Tier-111 operation is
presented. The rate is notably slower for 25% load and highest for 50% and 75% load. This behaviour does
not correlate with the change in EGR percentage with load, but rather close match can be found when
comparing to the estimated net HRR diagrams of Figure 6-67 peak burn rate regions. It is also noted that the
CO, percentage is quite higher at 25% load (and O, concentration markedly lower), and this also contributes
to the overall effect, despite the lower EGR percentage. The comparison of the HRR for Tier-11 and Tier-I1l
operation is given for 25% and 75% load in Figure 6-68 and Figure 6-69 respectively. Last, in Figure 6-70 to
Figure 6-75 the distribution of fuel-air equivalence ratio, temperature and NO inside the jet is provided for
EGR use and “conventional” operation at 75% load 5° CA after injection. The effect of EGR is quite clear,
with high reduction of oxygen availability in the fuel jet, especially in the jet inner region, as expected.
Significant reduction is also found in the jet periphery. This was also detected by the zone contribution to NOx
formation examined in Figure 6-64 and Figure 6-65. The corresponding temperature distribution reveals lower

values compared to non-EGR operation, with the highest reduction, as expected located in the inner jet area.
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Thus, NOx formation is significantly reduced by the combined effect of the lower temperature and O, content.

Values are higher in the jet’s periphery.

Figure 6-64 Calculated contribution of zones to total NO
formation, Tier-111, all loads
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Figure 6-67 Calculated net heat release rate, Tier-111 all loads
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6.4.4 Computational Investigation to Minimize the BSFC Penalty from the Use of EGR
In this section a parametric analysis is conducted for Tier-111 operation to examine the potential for BSFC
penalty reduction via engine tuning changes. The investigation is conducted using the multi-zone combustion
model using the following criteria:

e Same NOy emission values which result to the same NOx reduction. This requires increase of the EGR

rate which is to be maintained below 55%.

e Minimization of the BSFC penalty.

e Maintenance of peak combustion pressure at acceptable levels.
For the analysis and based on similar studies conducted for 2-stroke engines the engine setting parameter
investigated is SOI timing as it has considerable effect on combustion and fuel efficiency. Furthermore, it is
the easiest parameter to adjust in modern marine engines.
In Figure 6-76 the achieved BSFC reduction is presented and compared to the values of Tier-lI1l reference
setting operation and the Tier-11 values. It is noted that all values depicted are the result of the calculations. As
observed the BSFC was significantly reduced for all loads. For 25% the BSFC penalty was reduced by more
than 50%. The required change in SOI timing is given in Figure 6-77. An up to 4° CA SOI advance was
required for the required levels of BSFC reduction. Further increase at 25% load would lead to Pmax values
that are too high but would result to no additional BSFC benefit, while increasing at the same time NOy
emissions. The required SOI retard decreases with the increase of engine load and is limited by the
corresponding increase of peak cylinder pressure Pmax. The available range for timing changes was also found
to decrease with load, due to the effect on Pmax and also due to diminishing results in terms of fuel efficiency
gains as increase in the gas recirculation rate was also required to contain NOx formation that had the opposite
effect on combustion efficiency. The required increase of EGR ratio to maintain NOx emissions at the same
level, as calculated by the model is shown in Figure 6-78. On average the SOI advanced tuning will require
5% EGR ratio increase on average, that for some loads translates to above 50% recirculation ratio, which is
very high. The effect of SOI advance on Pmax values mentioned earlier is presented in Figure 6-79. The
pressure increase compared to reference, both Tier-11 and Tier-111 values is considerable especially at low load.
The specific investigation reveals that there exists a potential for BSFC improvement. However, careful
consideration due to the estimated high EGR rates is required due to the limitations of the total mass of

recirculated gasses that can be treated in the gas cleaning system.
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Figure 6-78 EGR rate estimated for Tier-111 BSFC optimization Figure 6-79 Calculated effect of SOI advance on Pmax,
via SOl advance comparison to reference tuning Tier-lll & Tier-11 values;
calculation results

Following review of the global values below are provided the calculated values for cylinder pressure and heat
release rate in comparison the ones prior to SOI adjustment. The results are presented for two characteristic
cases, 25% and 100% load. The calculated Tier-111 operation cylinder pressure traces are compared using the
reference and advanced fuel injection angles in Figure 6-80 and Figure 6-81; the calculated HRR diagrams
comparison is provided in Figure 6-82 and Figure 6-83. The effect of the SOI advance on cylinder pressure is
clear in terms of AP at 25% load, while the effect is much lower at 100% load. The HRR diagrams show small
differences and appear only to be shifted earlier relative to TDC. As revealed from the simulation this is the
result of the increased EGR rate which affects the combustion mechanism. Peak burn rate is estimated at
roughly the same value and the overall combustion process follows similar rate at all stages. The effect of the
SOl advance and increase EGR percentage on the burn zone temperature is of interest as it affects NOx
formation. The changes found were very low, as only an offset of the temperatures history in the cylinder
cycle was found due to the earlier fuel ignition. The rate of temperature increase, peak values and duration of
peak value region were mostly unaffected as the increased EGR ratio was able to limit the close to TDC
combustion effects on temperature (and pressure) rise, Figure 6-84 and Figure 6-85. This is in accordance

with the similar NOy values for both cases, of advanced and retorted timing. The injection timing change and
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increased EGR ratio affected both fuel-air equivalence values, combustion and overall, only slightly. The

effect was twofold as the EGR percentage increased, but the total fuel mass injected in the cylinder was

decreased. The combined change was minimal as the overall equivalence ratio values pre- and after the

revised tuning are almost the same, Figure 6-86, which is required when aiming to similar NOx formation

levels.

200 — 200 —

Tier-Ill, 25% Load Tier-Il, 100% Load o
180 — Normal SOI 180 — Normal SOI 7 \\
=== Advancedsol (| | | | | || | AqA-=—-—=- Advanced SOI

160 160 /
g 140 3 140 / \
< ~ <
5 120 = 5 120 / \
0 0
7] ;o\ ]
O 100 N 0 100
2 N\ 2 / \
k) 80 /\/ X} 80
£ £
> 60 > 60
O i / \ ¢

40 \ 40

20 20

—
0 — | —— 0 ]
80 100 120 140 160 180 200 220 240 260 280 80 100 120 140 160 180 200 220 240 260 280
Crank Angle (deg) Crank Angle (deg)
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Figure 6-81 Estimated effect of Tier-111 SOI advance on cylinder
pressure traces; 100% Load
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6.5 EGR Analysis Summary

In this chapter the effect of EGR use for NOx formation reduction was investigated for two large 2-stroke
engines, one operating with diesel and one operating with LNG at high-pressure injection.

The effects on performance and tuning requirements were investigated by comparison of operation with and
without EGR. The main findings were decreased peak pressure values, advanced EVC and SOI timing retard.
The use of EGR in combination with the retarded injection timing resulted in reduced AP due to combustion,
which aided in reducing NOx formation. The combustion analysis showed reduced rate of fuel burn in the
cylinder at all stages and prolonged combustion duration. The “slower” combustion and SOI retard had a
negative impact on thermal efficiency and BSFC was increased, especially at low and medium load, with up
to 5% higher BSFC compared to operation without EGR. This will significantly increase OPEX when EGR is
in use. The results were similar for the diesel only and dual-fuel engine.

The use of EGR proved potent at reducing NOx formation, but it was found that high EGR percentage is
required for this level of NOx reduction, in most cases over 40%. Linear relation of EGR rate and NOx
reduction was found for most loads.

The theoretical analysis revealed in greater detail the effect of EGR use on O availability. The air-fuel
equivalence ratio, A, was reduced overall and in the fuel jet region especially its inner parts. The contribution
of the fuel mass injected at the last stages of injection was considerably decreased due to the combined effect
of recirculated gases and new combustion products. Temperature reduction was verified mostly for the peak
values that have the highest impact on NOy formation.

A parametric study was conducted to review the potential of using SOI advance to reduce the BSFC penalty of
EGR use. It was found that BSFC can be considerably improved but in order to retain low NOy emissions
higher EGR rate must be used, which might not be feasible in actual conditions due to the recirculated gases
handling system limitations. In addition, despite the higher EGR percentage Pmax values were increase above

Tier-11 levels.
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Chapter 7 Exhaust Gas After-Treatment Measures for NOx Emissions

Reduction: Selective Catalytic Reduction

In this chapter, SCR, the second major technology used to achieve Tier-I11 emissions limits of marine engines
is examined and evaluated.

The SCR system utilizes a NOyx reduction catalyst to remove the pollutant from the engine exhaust gases
without intervening directly on engine operation. Currently the SCR system is the most common
technological solution used in the marine industry to achieve Tier-I1l emission limits, (238). The SCR system
is based on using mainly ammonia (NHs) as a reductant, typically stored in a 40% urea solution, or less
commonly used directly, and a catalyst reactor. The catalyst internal design and materials used may differ
between vendors, with most marine applications containing primarily vanadium based chemical components
due to its increased resistance to sulfur poisoning, (33). For safety reasons, because of the enclosed
environment of a marine vessel engine room the reducing agent is in most applications added to the system in
the 40% aqueous urea solution form mentioned, (260) commonly known as AUS-40. Inside the vaporiser part

of the SCR installation, AUS-40 decomposes into ammonia and carbon dioxide following the reactions below.

(NH2)2CO0¢aq) = (NH3),CO(s) + xH; 0 (7.1)
(NH;)2C0¢s) —~ NHz(g) + NHCO() (7.2)
NHCO@g) + Hz0( — NHz(g) + COz(q) (7.3)

The nitrous oxides in the exhaust gas are reduced to N in the catalytic converter where chemical reactions

take place on its elements. The common reaction path is provided in the below equations:

4NO + 4NH; + 0, — 4N, + 6H,0 (7.4)
2NO + 2NO, + 4NH; — 4N, + 6H,0 (7.5)

The above reactions occur on the surface of the reactors’ elements comprised of heavy metals, such as
vanadium. The internal layout of the catalyst consists of various blocks with a large number of channels to
increase the surface area on which the catalytic process takes place, (261). The above reactions require a
certain temperature window to proceed with the required path and with high rate in the catalyst environment.
The typically desired reaction temperature is a minimum of 300°C, (233). The reaction rate, and consequently
SCR system efficiency generally improves with temperature, (234). However, in cases of extreme exhaust gas
temperature values the ammonia added may burn leading to lower overall system efficiency and possible
degradation of the catalytic elements, (262). In addition, temperature lower than 450°C should be maintained
to avoid the possibility of SOz formation as it can react with ammonia to create ammonium sulfate, which is
corrosive and create depositions on the catalytic elements’ surface reducing the efficiency of the catalyst,

(262). For temperatures that are too low, the sulphur oxides react with ammonia to create ammonium
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bisulfate, a form of salt that similarly creates depositions and causes catalyst efficiency degradation by
reducing its effective surface, (263).

The reliance of the SCR systems on urea use is the main negative of its implementation in marine engines
which require, as demonstrated below with the use of measured data, considerable amounts of reductant for
operation. The price of urea is provided in Figure 7-1 in comparison to crude oil provided by the source
suggested by the ICTT in their analysis of the SCR system in a marine environment, (264). Excluding the
maximum and minimum values of both commodities it is established that for the last five years prices were
roughly equivalent between urea and HFO. The pricing of the AUS 40 has similar high variations in price as is
lately the case for the AdBlue equivalent solution for automotive SCR applications, (265). Some studies of
SCR OPEX viability for large marine engines estimate roughly equivalent AUS 40 to the solid urea prices,

while in others the solution’s price is estimated based on the 40% mass content of urea (238) and (266—269).
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Figure 7-1 Historical trend of urea vs crude oil price, 2018 — 2023, (270)

7.1 SCR System Implementation in Marine Engines

There are two forms of SCR system installation in marine engines depending on the catalyst placement;
before or after the turbocharger, (233). Arrangements after the turbine are designated low-pressure (LP-SCR)
systems, while implementations before the turbine are designated high-pressure (HP-SCR) systems. For both
implementations the denitrification efficiency is high and can reach up to 90%. The main difference between
them is the minimum exhaust gas temperature and maximum fuel sulphur content that can be supported,
(261). The HP-SCR systems can operate with fuels of higher sulphur content such as HFO, even though such
applications are relatively uncommon due to catalyst fouling concerns. The HP systems are recommended for
large 2-stroke engines that commonly have low exhaust gas temperatures due to their scavenging process and
low fuel-air ratio, (263). The working pressure of HP-SCR systems is commonly 1.0 ~ 4.5 times the

atmospheric pressure and the operating temperature around 50 ~ 175°C above the temperature after the
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turbine, (261,263). Despite the previous, for low loads the exhaust gas temperature can be lower than ideal.
For this reason, the engines outfitted with HP-SCR systems are usually equipped with a cylinder bypass valve
(CBV), (233). The CBV allows to control the amount of air entering the cylinder while keeping scavenging
pressure steady. By opening of the CBYV, part of the inlet air is bypassed to the exhaust manifold lowering air
mass in the cylinder and resulting in temperature increase of the exhaust gases. At the same time turbine
operation is assisted due to the increased exhaust manifold pressure. The main drawback of HP systems is that
by their placement they have an impact on engine operation by the induced additional exhaust back-pressure,
and turbine efficiency is also decreased, as the presence of the catalyst disturbs gas flow, (260,271). The
previous negatively affect the engine fuel efficiency. The fuel penalty is mostly negligible for higher load, as
found in other studies, (233,260), even though pressure drop in the catalyst increases with exhaust gas flow,
hence also load. Other issues are an overall more complex layout that requires changes in the typical engine
inlet and outlet systems, (233,260) and high space requirements for installation in the engine room. Sizeable
thermal inertia of the reactor can affect transient conditions performance, especially when enabling the system
from Tier-11 mode, (272).

The LP-SCR implementation is more suitable to 4-stroke auxiliary generators as their exhaust gas temperature
is considerably higher than that of 2-stroke engines, (263). The system’s operating pressure is the same or
slightly above the atmospheric pressure. The impact on fuel efficiency is minimal due to the previous. For 4-
stroke auxiliary generators the LP-SCR system can operate on both low and high sulphur content fuel, (263).
This implementation is also used in 2-stroke main engines due to the lack of an efficiency penalty, however
certain requirements must be met. The system requires the use of very low sulphur fuel, typically 0.1% and
below, and changes to engine tuning, especially at low load, to raise exhaust gas temperature, (233). Apart
from the tuning itself, common techniques used are cylinder air bypass and exhaust gas bypass to raise gas
temperature at reactor inlet, (233,260). Other methods that can be used are heating of the exhaust gas using a
secondary electric device or fuel injection in the exhaust pipe for re-ignition, with the latter being the
preferred method by engine manufacturers if such an approach is followed, (260). The use of the heating
systems can have a negative impact on fuel consumption that is more pronounced at low load when heating
requirements are higher. The same applies for the use of exhaust gas by-pass via an EGB. The penalty will be
further pronounced in cases that the exhaust gas temperature is close to the required minimum threshold for
safe catalyst operation, (233).

The estimated specific fuel consumption penalty values for the HP implementation are between 0.5 — 2.0
g/kWh and for the LP systems between 1.0 — 2.0 g/kWh compared to a low load EGB tuning engine, (233).
The urea solution consumption is expected to range around the 17.9 g/kWh value, (233). This, however, will
depend on the catalyst geometrical design and size, as well as the exhaust gas temperature values, which affect
the efficiency of the NOx reduction reactions. The previous shows that the BSFC benefit of the LP-SCR
system compared to the HP one is mainly expected for 4-stroke engines that do not require additional

measures to increase exhaust gas temperature. This does not mean that LP-SCR systems do not provide
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benefits in the case of 2-stroke engines, as the overall installation is much simpler compared to the HP

implementation.

7.1.1 SCR System Layout

The components and layout of the SCR system are mostly common for both HP and LP implementations. The
main parts of the system are the reactor, urea tank, vaporiser assembly of the mixer and the urea supply
system, soot blowing system and the SCR valves. The LP system additionally requires a burner and blower
system, (260). An example schematic for each implementation is provided in Figure 7-2 and Figure 7-3. The
urea solution flows into a vaporiser unit, is heated by the flowing exhaust gas and quickly decomposes into
ammonia. The ammonia mixes with the exhaust gasses, aided by compressed air or fresh water injection and
enters the reactor where the denitrification reactions take place, (262,273). The mixer is usually a static
assembly with a geometry specifically designed to affect gas flow and enhance mixing speed and uniformity
of urea concentration in the mix entering the SCR reactor, (262). The soot blowing system is required to avoid
clogging of the reactor elements from depositions by particles in the exhaust gas, ash and soot and is activated
routinely via an automatic process, (233).

The specifications of the SCR system can be modelled using known correlations as is performed in (269) and
are the function of exhaust gas quantity and space velocity. The number and density of the catalytic material
layers inside the catalyst is estimated using the exhaust gas flow, its velocity, catalyst calculated size and the
desired NOx reduction efficiency. Then, the required urea consumption can be calculated using the expected
NO concentration in the exhaust gas entering the catalyst. For more accurate predictions an allowed
percentage of ammonia slip can be set along with the expected catalyst effectiveness, (274). The total size of
the SCR catalyst will affect the capital investment cost. Due to its size being proportional to exhaust gas flow
rate this will scale with engine power output. The same will occur with the special requirements in the engine
room to accommodate the reactor system, especially for HP systems due to the higher exhaust gas space
velocity compared to the LP system that is placed after the turbine. This is one of the major drawbacks of an

SCR system installation as it can require extensive modifications to the main engine room layout, (233).
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Figure 7-3 Schematic of 2-stroke marine engine Low Pressure SCR system, MAN Energy Solutions, (233)
7.2 Evaluation of Low Pressure SCR System on Engine Performance &
Emissions

In the present section the impact of utilizing a low-pressure SCR system to achieve Tier-11l NOx emissions
certification on a 2-stroke large marine engine is examined. In addition to the SCR system the tuning choices

of the manufacturer for the Tier-1l and Tier-11l modes are examined. The data used for the analysis were
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acquired both during the engine NOy certification process and during the official Sea Trials after the engine’s

installation on the vessel.

7.2.1 Engine Performance & Combustion process Comparison Tier-11 — Tier-111, LP SCR System
Since the SCR is an exhaust gas after treatment device, the expected effect on engine operation is minimal.
Penalties will result by the added pressure drop in the catalyst and any other accompanying device inhibiting
gas flow, and work loss in the turbine due to EGB opening. Further impact may occur from efforts of the
engine manufacturer to increase exhaust gas temperature at cylinder outlet by alternating the effective
compression ratio via EVC timing or using early EVO angles. Another possible approach is increasing SOI
retard well after the TDC. This will provide the added benefit of lowering NOy concentration in the exhaust
gasses that will decrease the catalyst reduction efficiency requirements and further potentially result in higher
exhaust gas temperature during the expansion cycle. In the examined engine, its particulars provided in Table
7-1 below, the exhaust gas temperature control is achieved using an EGB valve that allows the exhaust gas to
bypass the turbine and to mix again with the exhaust gas to increase mean temperature at the catalyst inlet.
The fuel used in these engine’s tests was typical MGO grade with minimal sulfur content. This is the type of
marine fuel recommended for use in the LP-SCR system of a large 2-stroke low-speed engine.

Table 7-1 SCR-LP engine particulars

7G80ME-C9.5 Units Value

Type - Two-stroke

Electronic Control - Yes

Cylinder No. - 7

Bore mm 800

Stroke mm 3720

Nominal Speed rpm 72.0

Nominal Power kw 26,890

NOj Certification - Tier-111

SCR Type - Low-Pressure with TC EGB

7.2.2 LP-SCR Engine Performance Analysis

In Figure 7-4 the peak combustion pressure is compared between Tier-1l and Tier-111 operation, and the
pressure increase due to combustion is provided in Figure 7-5. The Pmax values are nearly identical for all
loads with minor differences. The AP result of the combustion process shows minimal differences with only
the 75% load lower value being of note. As the 75% load point is the most crucial for achieving a low total
weighted NOy emissions value due to its high W, the AP decrease (which commonly lowers NOx formation)
may be conducted by the engine manufacturer to further decrease NOx emissions even before the SCR
catalyst. Review of the engine settings affecting Pmax and AP, specifically fuel injection and ignition angle,
Figure 7-6, and pressure ratio (Pcomp/Pscav), Figure 7-7, show considerable differences in engine tuning between

the Tier-1l and Tier-111 modes. A very slight ignition, hence also injection angle, advance is found for Tier-111
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operation. The difference is between 0.2° — 0.5° C.A. which is low but not negligible due to the engine low
rotational speed. A minor benefit in BSFC can be expected by the small SOI advance, however the parameter
controlling injection timing is the Pmax value that has the same setting for Tier-1l and Tier-1ll mode in the
engine control system and SOI is automatically modified accordingly. High difference is found regarding
effective compression ratio, hence EVC angle timing. A considerable advance of the EVC angle during Tier-
I11 operation was required, due to lower Pscay Value to retain Peomp Values at Tier-11 levels. For Tier-111 mode the
operation region of the turbocharger was altered to reduce the exhaust gas mass flow rate, Figure 7-8. The
lower in-cylinder mass and similar high pressure values lead to increased temperature allowing efficient and
most importantly safe catalyst operation. In combination with the effect of the exhaust gas bypassing the
turbine and being directed to the low-pressure side via the EGB the previous effect is further enhanced. The
temperature after the turbine for the two modes is given in Figure 7-9. A considerable exhaust gas temperature
increase is achieved, especially at low load. The lower temperature values at MCR are due to only partial
EGB opening at this load, while for all lower loads the valve was fully open according to the engine control
system indications. It is noted that the exhaust gas temperature at cylinder outlet was also increased during
Tier-111 mode, Figure 7-10. This is the result of the lower mass trapped in the cylinder at similar pressure
values. At MCR the exhaust gas temperature at the cylinder outlet was roughly the same for both modes as
equivalent in-cylinder mass was trapped. The increase of the in-cylinder gas temperature allows to achieve the
after-turbine required temperature with lower percentage of the exhaust gas circumventing the turbine and
limiting work loss. The NOy emissions will be slightly affected, however as found in the previous chapters the
highest levels of NOy formation are localized. In addition, the potential of catalytic reduction systems to
eliminate NOy emissions is very high and only limited by the AUS-40 injection system metering capacity and
the catalyst ability to accommodate higher dosing rates without excessive ammonia slip, (234). Measurement
of the NOy emissions before the catalyst was not performed during the tests to experimentally assess the
impact of the previous. The exhaust gas mass of Tier-11l operation approaches the Tier-1l values with load
increase, as the exhaust gas temperature is also increased and safety margin above the minimum temperature

for the catalyst operation is achieved so no tuning actions that impact efficiency are required.
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Figure 7-6 Fuel ignition angle aTDC, Tier-11 vs Tier-1ll; LP-
SCR System

Figure 7-7 Effective compression ratio (Pcomp/Pscav) Tier-11 vs
Tier-111; LP-SCR System
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Figure 7-8 Exhaust gas mass flow rate, Tier-11 vs Tier-111; LP-
SCR System

Figure 7-9 Exhaust Gas temperature after turbine, Tier-111 mode;
LP-SCR System
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Tier-111 mode; LP-SCR System

The above alterations are expected to affect the overall engine efficiency and emissions. The effect on engine
efficiency can be assessed by the change in specific fuel consumption after normalization to the same LCV. In
Figure 7-11 the comparison between BSFC values during Tier-Il and Tier-111 operation are provided.
Efficiency penalty is found during Tier-111 operation, that increases with load. This is in contrast with the
expectations set by the manufacturer regarding fuel penalty that should be higher at low load as the EGB is
fully open up to 75% and partially closed for 100% load. However, with higher exhaust mass flow, Figure 7-8,
the impact of the catalyst pressure drop also increases, Figure 7-12, which also results to engine net work loss.
At 100% load the pressure drop in the SCR catalyst approached 300mmW, the upper limit for such
applications according to official documentation. Last, with the exception of 100% load the BSFC penalty is
within the expected range, 1.0 — 2.0 g/kWh, (233). Since it is highly unlikely that a vessel will operate near
maximum sailing speed, inside ECA areas, that would require operation close to MCR, for Tier-11l mode

tuning was prioritized for optimal low and medium load operation.
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Figure 7-11 Specific Fuel Consumption, Tier-11 vs Tier-111; LP-
SCR System

Figure 7-12 SCR Catalyst added back-pressure at Tier-11l mode;
LP-SCR System

To investigate the impact on the combustion mechanism the comparison of HRR for Tier-1l and Tier-Ill
operation is provided. The comparison is given for 25% load and 75% load in Figure 7-13 and Figure 7-14.
Heat release rate diagrams present minimal variation with almost identical fuel burn rate, combustion duration
and peak combustion values. This verifies that the LP-SCR system has a very low effect on engine

performance while requiring some tuning alterations for safe and efficient operation. This analysis verified its

expected main benefit compared to the EGR NOy reduction methodology.
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7.2.3 LP-SCR System NOx Emissions Evaluation

Due to the quite strict Tier-111 NOx emission limits compared to Tier-1l, an SCR system should achieve high
emissions reduction efficiency. The performance and emission measurements were acquired during the
official certification process of the engine for NOx emissions, as this was the parent engine of the group
specifically tested for NOx compliance. The NOy concentration in the exhaust gases measured during Tier-11
and Tier-111 mode is provided on a wet basis in Figure 7-15. The correction to wet basis (measured values are
dry) was selected to better display the actual concentration of NOx in the gas flow through the catalyst reactor.
The specific NOy emissions are given in Figure 7-16 calculated using the NTC methodology. Using the values
of the Tier-11 and Tier-11l mode the reduction efficiency of the catalyst is given in Figure 7-17, calculated as
the difference of Tier-11 to Tier-11l values. The level of NOy reduction ranges between 68% to 80%, with the
highest values at the 75% load point, as is required to satisfy the total weighted value threshold more easily.
For 25% and 50% load the specific NOy emission values are slightly above the Tier-111 limit, however for 75%
and 100% values are lower with the total emissions value of the engine ending up well below the Tier-1lI
limit. The previous is affected by the exhaust gas temperature, exhaust gas flow rate and urea solution that can
be safely metered at 25% and 50% load. This highlights the challenges of using a LP-SCR system on a large
2-stroke marine engine.

As already noted, an important aspect of the SCR implementation on engines of large size, hence also gas
flow, is the required urea solution consumption, as its price historically can range between equal that of crude
oil or roughly half, as detailed in section 7.1. In addition its production is rather energy intensive, so its use
increases the carbon footprint of the vessel further to OPEX. In Figure 7-18 and Figure 7-19 the total and
specific urea consumption is given, as measured during testing. The total urea consumption increases with
load up to 75% load, where the peak consumption is required to achieve a better NOy reduction efficiency.
Notably, urea consumption is lower at MCR compared to 75% load, which results in lower catalyst efficiency.

The specific urea consumption ranges between 10-24 g/kWh depending on engine load.
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7.3 High Pressure SCR Engine Performance & Emissions

In this section is evaluated the impact of a HP-SCR system on 2-stroke engine performance and emissions
using measured data. As mentioned, the HP-SCR system is located between the engine exhaust manifold and
the turbine and is overall a more complex implementation than the LP-SCR. Its presence will increase the
engine back pressure and impact fuel efficiency. In addition, theoretical studies have shown that the presence
of the SCR catalyst affects the flow of the exhaust gases making the overall flow unsmooth while also
consuming part of the gas energy lowering turbine effectiveness, (261). These effects will lead to a small
turbine exhaust back pressure decrease which would appear beneficial but due to the flow increased
turbulence levels, result in a fuel efficiency penalty. Despite the considerably higher temperature of the

exhaust gas entering the catalyst compared to the LP-SCR system the safety and good reaction efficiency
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thresholds will likely not be met at low engine load, (263). To increase exhaust gas temperature, engines with
HP-SCR systems are equipped with a cylinder by-pass valve (CBV), to lower the air volume trapped in the
cylinder, while also retaining Pscav levels as required. This is akin to the effect observed for the LP-SCR above
when the EGB was open but operates on a different principle as the air compressed in the turbocharger
circumvents the engine cylinders and directly ends at the turbine inlet. This increases exhaust manifold
pressure and improves turbine operation. Depending on the temperature increase requirements for catalyst
operation, the CBV opening will increase and an impact on BSFC will be introduced. Further efficiency
impact may occur by efforts of the engine manufacturer to increase exhaust gas temperature at the cylinder
outlet by alternating the exhaust valve opening and closing angle timings or SOI angle.

For the HP-SCR system study, multiple engines were tested during both FAT tests and official on-board trials.
The particulars of the engines examined equipped with an HP-SCR system, are given in Table 7-2. Three
engines were examined in total, the first two equipped with catalysts that required the use of very low sulfur
fuel and were tested during the FATs and official sea trials with MGO operation.

The third engine tested was equipped with a different type of catalyst capable for operation with high sulfur
HFO, of up to 3.2% content. Tests with HFO use were conducted during the official sea trials, while during its
FATs MGO was used as usual. For the first system detailed analysis on its effect on engine performance is
provided below. For the other two systems only the results of catalyst NOx reduction efficiency and urea
consumption are provided due to space constraints, at section 7.3.2. Their impact on the engine performance

was mostly the same as the one of the “HP-SCR 1” engine detailed below.

Table 7-2 HP-SCR Engines particulars

HP_SCR System 1 2 3

Engine Model 6G70ME-C9.5 6G60ME-C9.5 TWFX82B
Type Two-stroke Two-stroke Two-stroke
Electronic Control Yes Yes Yes
Cylinder No. 6 6 7

Bore (mm) 700 600 820

Stroke (mm) 3256 2790 3375
Nominal Speed (rpm) 75.0 77.0 66.1
Nominal Power (kW) 18,300 15,745 24,500
NOx Certification Tier-111 Tier-111 Tier-111
SCR Type High-Pressure low sulfur High-Pressure low sulfur High-Pressure high sulfur

7.3.1 Impact of HP-SCR System on Engine Performance

In Figure 7-20 the peak combustion pressure is compared between Tier-11 and Tier-111 operation, with the
pressure increase due to combustion provided in Figure 7-21. The Pmax values are increased during Tier-111
operation for all loads; the observed difference is low, on average 3.5 bar and decreases with load. The AP
values are practically identical as the difference in Pmax iS the result of the Pcomp differences between the two

modes. The fuel ignition angles derived by the HRR analysis reveal very similar tuning for the two modes
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with the only variation close to 0.5° CA at 25% load, Figure 7-22. Similarly, the EVC angles appear identical
with minor difference between the Pcomp/Pscav ratio for Tier-111 operation compared to Tier-11, Figure 7-23. The
exhaust gas flow rate also is about the same for both modes, Figure 7-24, showing similar operation of the
turbocharger. While this engine is also equipped with an EGB valve like the LP-SCR one, its use is for tuning
purposes for low and high load operation. According to the engine control system indications the EGB at both
Tier-11 and Tier-111 mode was open only at 100% load. A lower in-cylinder mass and similar high pressure
values will considerably increase temperature allowing efficient and safe catalyst operation and this is
achieved by opening of the CBV valve. It is noted that the CBV valve effect on exhaust mass flow cannot be
identified by the values of Figure 7-24 due to the measurement position used for CO, and carbon balance
calculations. In the present case not enough data were available to proceed to a safe estimation either using
measurement results or an engine simulator model. The total exhaust gas mass of Tier-I1l operation is lower
than the Tier-1l values only at 100% load. The catalyst inlet temperature values at Tier-Il (an installed sensor
displays potential inlet temperature also at Tier-Il mode) and Tier-111 modes is given in Figure 7-25. For 25%
load exhaust gas temperature is considerably increased due to the CBV partial opening. The CBYV is slightly
open at 50% load and closed for 75% and 100% load as temperature is within the desired range for catalytic
reduction reactions at high rate. Notably, compared to the catalyst inlet temperature data for the LP-SCR
system, the lowest inlet temperature for the HP catalyst is slightly above the maximum measured for the LP

system.
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Figure 7-24 Exhaust gas mass flow rate, Tier-11 vs Tier-111; HP

Figure 7-25 Catalyst exhaust gas inlet temperature, Tier-111 mode;
SCR System

HP SCR System

Considering the above comparisons, the HP-SCR engine operation for Tier-1l and Tier-11l mode was nearly
identical. As a result, the effect on fuel consumption during Tier-I1l mode will result from the increase in
engine back-pressure due to the pressure drop in the catalyst, and for 25% load also due to the effect of the
CBYV, with the latter expected to be rather low. The effect on engine efficiency can be assessed by the change
in specific fuel consumption as was done for the LP-SCR engine. In Figure 7-26 the comparison between
BSFC values during Tier-11 and Tier-111 operation is provided. An efficiency penalty is found during Tier-111
operation that is higher for low load as the effect of the CBV opening is also added. For the LP-SCR system,
Figure 7-11, the reverse was found with higher BSFC penalty at high load due to very high increase in exhaust
gas flow (due to the EGB closing at MCR) and consequently due to the added back-pressure after the turbine
and EGB induced turbine work loss. As the exhaust mass flow increases with load, Figure 7-24, the impact of
the catalyst pressure drop also increases, Figure 7-27, which results to engine work loss. This effect was much

more pronounced in the LP-SCR system partly due to the high difference in mass flow rate with load increase.
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For the HP-SCR engine, the highest efficiency penalty is found at 25% and 50% load when the CBYV is also
open. For all cases the BSFC penalty is very close to the manufacturers expected range i.e., 0.5 — 2.0 g/kWh,
(233,260). The BSFC penalty at low load for the HP-SCR is close to double that of the LP-SCR system, but
considerably lower fuel penalty is found at high load operation. The difference at high load could provide
measurable benefit in total fuel consumption even for differences marginally over 1.5 g/kWh over time,
improving OPEX of the system. However, based on data from multiple operating vessels, the vast majority of
the engine operation will remain in the 25% - 50% load range and rarely approach or exceed 75% in any area
and especially near coastal areas and ECAs. This is in agreement with some sailing scenarios estimated by the
engine designer, (233). Thus, from an operational point of view the LP-SCR system will most probably prove
superior to the HP-SCR in terms of fuel economy, with the total OPEX comparison requiring also review of

the urea consumption requirements of each approach.
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The impact of the HP SCR on combustion is evaluated by the comparison of HRR for Tier-1I and Tier-IlI
operation. As in the case of the LP-SCR engine, the HRR diagrams at 25% and 75% load are compared for
context in Figure 7-28 and Figure 7-29 respectively. The diagrams comparison shows a slight variation in the
case of 25% load due to earlier fuel ignition angle. All other parameters such as fuel burn rate, combustion
duration and peak combustion values are identical between Tier-1l and Tier-111 modes. For 75% load the fuel
combustion process presents no difference while the SCR system is in use. In conclusion, as in the case of the
LP system the HP-SCR has minimal effect on engine operation, with the only measurable impact being an
average 1.5 g/kWh added BSFC at low load and practically no effect for 75% load and above.
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7.3.2 HP SCR System Impact on NOx Emissions for Tier-11 and Tier-111 operation

The effectiveness of the HP-SCR system regarding NOx emissions reduction is expected to be higher than that
of the LP one due to the higher exhaust gas temperature increasing the catalytic reaction chain speed. The NOx
concentration in the exhaust gases measured during Tier-1l and Tier-1ll mode is provided on a wet basis in
Figure 7-30 and the estimated specific NOx emissions are given in Figure 7-31. The reduction efficiency of the
catalyst is given in Figure 7-32. The lowest level of NOx concentration in the exhaust gasses is found for
100% load, while for specific emissions the lowest value is as in most cases at 75% load. The level of NOy
reduction ranges between 75% to 88%, with the highest decrease at the 75% load point as required to satisfy
the total weighted value threshold more easily. The level of NOx reduction is improved compared to the LP-
SCR tests, Figure 7-17 and the EGR equipped engine results. A high initial reduction efficiency will prove
important as the SCR catalyst effectiveness is projected to degrade with use. In Figure 7-33 and Figure 7-34
the total and specific urea consumption is given. Despite the increased temperature the urea consumption does
not present improvements compared to the LP-SCR system. The total consumption of the HP-SCR system is
lower, (Figure 7-18 LP-SCR), but this is attributed to the smaller engine size and exhaust gas mass flow rate,
as specific urea consumption values are slightly higher in the case of the HP-SCR system, Figure 7-19 LP-
SCR) and Figure 7-34. In Figure 7-35 values of specific urea consumption from the other tested engines
equipped with HP-SCR systems are included for added context. In the case of the LP-SCR system more data
could not be collected as the HP installation is much more widely adopted for 2-stroke engines. Based on the
data of Figure 7-35, the urea consumption for all engines presented low deviation for 25% and 100% load. In
the case of 50% and 75% load considerable variation is observed with the higher values found for “HP-SCR
1” which is the system examined in detail. Despite the markedly higher specific urea consumption for the
“HP-SCR 1” system, NOy reduction efficiency did not present notable improvement compared to the data of
the other engines. Due to the difference in the size and type of the three engines analysis of the previous

finding is difficult, but it is probably related to the catalyst design based on a comparison between “HP-SCR
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1” and “HP-SCR 2”. The “HP-SCR 2” implementation was installed on an engine of the same main type, but
smaller size, as “HP-SCR 1” and the catalyst inlet temperature data were nearly identical between the systems.
The same applied to the specific NOx emission values except for 100% load. The difference between the two
systems’ effectiveness and urea requirements is then attributed to the total gas flow and mainly the catalyst
design, that was different and featured an added layer of elements in the case of “HP-SCR 2”. The average
urea requirement of the tested HP systems did not significantly differ from the LP one, with the same observed
for the BSFC penalty to the engine, so no tangible difference regarding OPEX should be expected between the
HP and LP system. A potential difference in recurring cost could prove to be the lifetime of the LP reactor
systems compared to the HP ones, due to the lower temperature values of the entry gas. This could increase
fouling and clogging of the reactor cells at a higher rate and require earlier replacement. The average lifetime
expected by manufacturers and classification societies is three to five years, (233,238,260). A clear benefit of
the HP-SCR systems is the capability of operation on higher sulfur content fuels such as HFO, which are
considerably lower in price compared to the MGO fuel requirement for an LP catalyst. The added cost of a
scrubber system operation should however be factored in this case, (275). As stated, the “HP-SCR 3” system
specifications allow for HFO operation of up to 3.2% sulfur content. The data presented in Figure 7-36 refer
to the tests conducted with MGO during the certification procedure to be consistent with the other two SCR
systems included in the graph. SCR tests with HFO were conducted during the official sea trials and were
among the first for HFO capable systems. Data from Sea Trials operation was acquired for all three HP
catalysts. In Figure 7-37 the catalyst efficiency using HFO is provided, which was found decreased compared
to the MGO tests. The effectiveness of the other HP-SCR systems tested during Sea Trials with MGO is
provided in Figure 7-38. Similar to the HFO capable catalyst tests, a general tendency for lower efficiency
during Sea Trials testing is found especially at 100% engine load for all tested units. For all applications it was
confirmed that the drop in NOy reduction capacity was not the result of lower exhaust gas temperature at the
catalyst inlet or lower urea supply to the system. The difference is attributed primarily to the environmental
and engine operating conditions during the tests and the accuracy of the measurement process which presents
inherent issues in on-board applications as detailed in Chapter 2. Catalyst fowling at this point is not probable

due to minimal operation hours of the systems.

190



Theofanis Chountalas

=Y
(42
o
o
T

Wi
s
)
=]
<)

T

—&—Tier Il
- 4 - Tier Il

100

10 20 30

40 50 60 70 80
Engine Load (%)

110

o R
o
T

N
IS
T

24 : : :

—@—Tier Il
22y -A- Tier lll| |
20 ,

NOx Specific Emissions (g/kWh)
o

Engine Load (%)

10
8
6 i
4 | ‘
y < T " =
2k | S XN A=""1" It
0 . . ‘ |
10 20 30 40 50 60 70 80 90 100 110)

Figure 7-30 Exhaust gas NOx concentration, Tier-11 vs Tier-11l;

Figure 7-31 Specific NOx emissions, Tier-11 vs Tier-Ill; HP

HP SCR System SCR System
95 ! : : - | 320 : :
-A-Ti -A-Tj
[7 Tier Ill 300 | Tier 1] |
§90 2801 A
oty L B | | B = =
> = 4 ~
g . 2260 ,, =
o P = 5o 1
= s % S 240 4 B
i ge 22 \ ‘g_ i N
nad 220 2
S - . 3 X
5] g L s
§ O P S A % 320 S
\ =
T 8ot § 180 ,
) % = ’
: 160 . :
> > @ 140 T
3 A e ‘
275 ! = g
(¢ 120 - =
A
100
70 | ‘ , | ‘ 80 | ‘ ‘
10 20 30 40 50 60 70 80 90 100 110 10 20 30 40 50 60 70 80 90 100 110
Engine Load (%) Engine Load (%)

Figure 7-32 Catalyst NOx reduction efficiency Tier-11 vs Tier-

I11; HP SCR System

32

- A- Tierlll

w
o

N
o]
>
1
1

n
[<2]

oA

N
S

N
N

n
o

-
<)

N
(=]

-
EN

Urea Solution Specific Consumption (g/kWh)

-
N

N
L0
[=}

20 30 40 50 60 70 80

Engine Load (%)

90 100 110

Figure 7-34 Specific urea consumption at Tier-l1l mode; HP

SCR System

Figure 7-33 Total urea consumption at Tier-111 mode; HP SCR

System

191



Investigation of novel emission reduction technologies and use of liquid or gaseous fuels for curbing marine engines environmental impact

w
N

: 95 I i

I
—8—HP SCR 1 —8—HP SCR1
30 —A—HP SCR 2| —A—HP SCR 2
—4—HPSCR3 —4—HPSCR3
28 o— 20
T
26
24 ‘—A N

N
N

®

85 N
&
/’ l:ﬁl
80 \
75 / 4
20 30 40 50 60 70 80 90 100 110 10 20 30 40 50 60 70 80 90 100 110
Engine Load (%) Engine Load (%)

n
o

N
o]

.
N\

/

Catalyst NOx Reduction Efficiency (%)

N
s

Urea Solution Specific Consumption (g/kwh)

N
N

-

-}

(=}
~
o

Figure 7-35 Specific urea consumption at Tier-111 mode for all Figure 7-36 Catalyst NOx reduction efficiency for all tested
tested vessels; HP SCR System vessels; HP SCR System

90 I I I 95 I I T
—4— Tier-1ll: MGO —@—SCR 1: NOx File
- - - Tier-Ill: HFO --®- SCR 1: Sea Trials
—&—SCR 2: NOx File

- 4 - SCR 2: Sea Trials

(<=
o
[

85

T ¢

&
7

80

s ' LA

AT

~
o

-
o

Catalyst NOx Reduction Efficiency (%)
Catalyst NOx Reduction Efficiency (%)
3

.\

65 65
10 20 30 40 50 60 70 80 90 100 110 10 20 30 40 50 60 70 80 90 100 110

Engine Load (%) Engine Load (%)

Figure 7-37 Catalyst effectiveness during Shop Test MGO tests  Figure 7-38 Catalyst effectiveness during Shop Test MGO tests
and Sea Trials HFO Tests; HP SCR System and Sea Trials MGO Tests; HP SCR Systems

7.3.3 LP-and HP-SCR analysis summary

Considering the results for the two types of SCR implementation regarding engine performance, no clear
advantage for either type is found when considering all parameters, engine performance, catalyst efficiency
and OPEX. For both systems rather low impact was found for engine performance. The effect on fuel
efficiency was low and very close to the manufacturer estimates, confirmed using the measured data for both
HP and LP-SCR implementations. In most cases the difference between the two systems was up to or below
1.0 g/kWh. The higher impact of the LP-SCR system occurred at full engine load and is not considered
significant as Tier-111 operation at this load is highly unlikely for any extended time period. In contrast the
HP-SCR system had no impact on fuel consumption at high load but had bigger impact than the LP-SCR
system at low load, which will mostly be used during ECA areas sailing, as they are close to land and cover

congested shipping routes. The difference in specific urea consumption was also low in most cases. Thus, the
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main advantage of the LP system is its reduced complexity, as the typical engine installation in the engine
room is more easily retained and only minimal changes need to be performed to the engine inlet and outlet
systems and piping and slightly better fuel efficiency at low load. For the HP-SCR system, the major
advantage and the main reason for its widespread adoption is overall better operation of the catalyst with
increased efficiency and improved safety margins for its operation due to higher exhaust gas temperature that
can be achieved without any change to engine operation for 50% load and above. For the HP-SCR systems
catalyst inlet temperature even at low load was well above the minimum safe operating temperate of 200°C
guaranteeing better efficiency of NOx reduction and longer lifespan of the inner catalyst cells. The SCR
systems are set to undergo regular inspections regarding both their state (pressure drop) and performance
(NOx reduction efficiency) that can result to catalyst inner parts replacement should the previous factors not
meet specifications. The added reliability of the HP-SCR system overcomes the simplicity advantages of the
LP implementation and the minimal benefit in OPEX.

As for the HP-SCR system with utilization of HFO capability, analysis showed adequate capability for NOy
reduction. It is noted that catalyst effectiveness measured during the HFO tests was lower, but that may be due
to comparing FAT test measurements to on-board ones. The use of HFO, or preferably LSFO/VLSFO to
lessen concerns on the catalyst’s longevity will lower costs to a degree and make up for the urea requirement.
However, the potential cost increase by the use of a scrubber system must be also considered in this case,
(275), especially for areas where the use of open loop systems is forbidden, and close loop scrubber systems
are required, (276,277). The close loop scrubber systems require the use of NaOH and contribute to
operational cost, (278).

7.4 Engine Performance & Economical Considerations for SCR & EGR NOx

Control Solutions

Following the analysis of the SCR and EGR systems, which are the only NOx reduction technologies that can
satisfy Tier-11l NOx emissions compliance for marine engines, with the exception of low-pressure dual-fuel
engines, a comparison is made between the two solutions regarding their effect on engine performance and the
impact on a vessel’s APEX and OPEX.

Regarding complexity and the degree of alterations to the design of an engine inlet and outlet system the SCR
approach, especially the LP installation, is considerably simpler than an EGR unit. This is due to the
requirement of an: EGR cooler, exhaust gas cleaner and a treatment system for the water used in exhaust gas
cleaning as it cannot be immediately disposed to open sea.

In addition, the overall installation of the EGR system requires extensive modifications on the side of the
scavenging air receiver and the turbocharger. Some of the modifications are similar for the two systems with
EGB and CBV valves used in both to control air/gas mass flow in the system to accommodate the recirculated

gasses or increase cylinder charge or turbine outlet gas temperature for the SCR system. Despite the number
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of modifications since the EGR is integrated in the engine, it results in a much more compact overall
installation, while the SCR systems have high engine room space requirements.

The effect on engine operation was low for the SCR system with slight variation in engine performance for
the LP-SCR, while for the HP-SCR a mild effect existed for loads below 50% load. A slight BSFC increase
was measured that ranged between 0.5 — 2.0 g/kWh, which is low. For the EGR equipped engines the presence
of the recirculated gasses and the different tuning required had significant impact on overall performance, the
combustion mechanism and efficiency, with a final high penalty on BSFC. For both the diesel and the DF
engine the recorded BSFC increased during EGR Tier-111 operation ranged, depending on load, from 8.6 to 4.5
g/kWh, with the increase at 25% and 50% load being 6.1 and 8.6 g/kWh respectively, amounting to 3.5% and
5.1% higher fuel consumption that Tier-11 operation. For the dual-fuel engine, the increase in energy content
supplied in total was 3.2% and 4.1% at the same loads. Impact was lower for higher loads but engine
operation at Tier-11l mode at sailing scenarios requiring higher engine power is unlikely for any substantial
amount of time annually. The application of the ClI and requirements for vessel consumption reporting will
soon constitute high load operation hours, even shorter (279) than today’s already low standards, (280,281).
Comparing the BSFC penalty between the EGR and SCR operation shows that for EGR engine consumption
will be increased at a minimum by 4g9/kWh for low load and will range between 7 - 8g/kWh at medium load,
which is a high penalty. While both systems introduce secondary consumptions in the form of NaOH for EGR
bleed-off water cleaning and urea for the SCR operation, the former is rather irrelevant in terms of OPEX
impact for low sulfur fuel operation as the NaOH consumption is minimal. For reference the hourly urea
consumption of 16.4MW engine will range between 1.7 to 4.1 litres from low to maximum load. The NaOH
price is usually close to $550 per ton, so costs will be substantial for higher consumption values. On the other
hand, the cost of urea and its consumption are both rather high. Due to the high volatility of urea prices in the
last years, estimation of operating costs is very difficult, (282).

The expected average 40% urea solution specific consumption will be close to 17.9 g/kWh based on
manufacturer estimates (233). Using the measurement data from all four SCR systems tested, the actual
specific AUS-40 consumption at 25% load is expected on average at 25g/kWh and slightly below 24g/kWh at
50% load. The cost of marine use AUS-40, as mentioned above, can range between 100% or slightly above
40% of the HFO price, but the pricing slowly normalizes towards the latter, following the coronavirus induced
shortage issues. Since the EGR and SCR systems predominantly operate on MGO the aforementioned values
must be corrected to MGO pricing; the price ratio of HFO to MGO is about 65% as a global average, (283).
The result of the previous calculations is that the cost of the specific urea consumption values is equivalent to
about 16.5 g/kwWh in the, now unlikely, worst-case scenario or to 7g/kWh increase in BSFC for normal
pricing, same to HFO. Factoring in the 1.5g/kWh increase in BSFC caused by the engine efficiency reduction,
the urea and fuel consumption OPEX increase can be expected between 18.0g/kWh to 8.5g/kWh for low and
medium load. These values are double or roughly equivalent to the highest added cost expected by the EGR
system, assuming only low and medium load sailing. The other major factor for SCR recurring costs is the

requirement of catalyst elements renewal every three to five years due to its deterioration, (238,260). The
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replacement cost is proportional to the catalyst size and number of catalytic elements and is estimated by
various sources to amount to roughly $150,000 for each one required, (238,260). The last parameter to be
considered is the electrical power requirement for the systems. The EGR unit will require auxiliary electrical
power for the operation of the blowers and the water treatment system, while for the SCR unit, power
requirements are from the urea injection and soot blowing system. These will depend on engine size and load
and will be provided on a case-by-case basis from the engine manufacturer, (233,269). Overall, the estimate of
the two major engine manufacturers is that the electrical requirements of the EGR system will be substantially
higher, (233,260).

Several cost analysis studies have been published for SCR marine use in large 2-stroke engine, without any
distinction between LP and HP installations. The estimated OPEX costs in the studies are high due to the urea
price and its substantial consumption during Tier-111 operation. One of the earlier available studies by (267), in
2013, contains a detailed analysis for a 10 MW engine and estimated that 1500h (62 full days) sailing in ECA
would introduce urea consumption costs of $38,000, with the 2013 urea prices comparable to mid-2023, (284)
after the normalization of the coronavirus extreme price hike. These data were also used by the ICCT in its
feasibility study of SCR implementation in marine vessels in the cost analysis part, (285). A recent study
published in 2021, (286), considers all potential costs including catalyst deterioration, electrical power
requirements, system maintenance with labor costs factored in, and even depreciation of the overall
installation. As with the previous study the major cost factor is urea consumption and price, that was estimated
to amount to about 62% of total operating expenses of the SCR installation per annum, in three different
cases, ranging from engine power of 7MW to 11MW. In addition, this study concluded that while short annual
SCR system use will significantly reduce operating expenses it will create an unfavorable ratio of indirect to
total operating costs due to system depreciation. The studies also include the CAPEX required for the SCR
system installation. This will vary with engine size and specifically the exhaust mass flow and the
concentration of NOy in the exhaust gases, (267,286).

The expenses required for an SCR system installation are also mentioned in official IMO documentation,
(287). The organization estimates that the required CAPEX amount will typically be $40 - $135 per kW of
engine power. The equivalent amount for an EGR system is estimated by the IMO at $55 - $82/kW. In the
previous two studies the CAPEX requirement was set at $50/kW in (267) and $29/kW in (286) where more
recent data were used.

The EGR total installation and operational expenses are not extensively documented for marine engine use but
are estimated to be above SCR for smaller engines and lower for larger engines. In the study of (288)
comparison is made between EGR and SCR for an 11.6MW engine. The initial investment cost will scale
rather linearly with engine power for both systems. For lower power output engines, the EGR cost will be
higher, while SCR will require higher monetary investment for bigger engines, as also mentioned in (238).
After conducting multiple comparisons, the researchers concluded that in a scenario of continuous high fuel
prices the cost between the two systems will be roughly equal, while for lower fuel prices a 5% - 7% margin

will result in favor of the EGR installation. Marine classification societies, such as DNV, have also provided
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comparative estimates regarding CAPEX and OPEX of the two systems. In their study, (289) the CAPEX
costs were estimated to range $1.26m to $3.86m for the SCR and $1.3m to $2.91m for the EGR system on
engines ranging from 13.4MW to 78MW confirming that EGR initial investment cost becomes considerably
more favorable for large and very large engines (and vessels).

The same price range for in previously mentioned analyses was used for urea powder, and the cost of AUS-40
solution was based on this price range. The price range used is low by today’s standards. The vessel used for
annual cost calculation was larger than the other studies, a VLCC with a 25.9MW engine and the time
annually in ECA areas requiring the SCR use was set to 20 days. This amounted to AUS-40 costs between
$65,000 and $25,000 depending on urea price. The amount of urea injected was estimated to 10% of the fuel
consumption. This value is close to the average of the measurement data from the four SCR units tested in the
present investigation, however, it is noted that AUS-40 specific consumption will increase if only low load
sailing is assumed. The cost of EGR for the same conditions was estimated at $25,000 for a 4% fuel penalty,
relatively close to the average actual BSFC increase measured but again lower than only low and medium
operation levels. The study of the classification society (289), resulted to an SCR OPEX that will be similar to
that of EGR or more than double depending on urea and fuel prices, with both fuels used being MGO. In the
present analysis the same estimates were reached with using the current ratios of urea to fuel prices, and
higher specific urea consumption due to assuming mainly low load sailing. Other engine manufacturers
estimate that for normal urea prices (260) the OPEX costs of SCR and EGR will be almost the same when
also including the electric power requirements, however this estimate is probably based on high fuel prices, as
found in (288), though no relevant information is provided. Even in the best-case scenario of urea and fuel
pricing and sailing conditions, the requirement of catalyst element renewal every 3 to 5 years will
considerably increase costs for the SCR system with a further $50,000 to $30,000 expense per year; the
previous practically double the OPEX of SCR use. The use of higher sulfur fuel to reduce overall costs is
possible as demonstrated by the tests conducted on the HP-SCR catalyst using 3.2% S content fuel. Attention,
however, must be made regarding scrubber requirements for NaOH that will add further costs. For some EGR
systems operation on HFO below 3.5% S content is possible for certain designs. This will considerably
increase electrical power requirements and NaOH consumption and sludge production, thus careful
consideration is needed, (278) as also in this case use of a scrubber system will be required.

When considering use of MGO or VLSFO, based on economic terms the EGR system will prove consistently
more favourable. The main reason for the SCR dominance in the market is its earlier commercial entry and the
fact that limited operational experience for EGR installations exists in the marine field. It is expected that as
the EGR equipped engines become more widely available and prove to operate without serious issues their

market adoption for new vessels will readily surpass SCR.
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Chapter 8 Summary, Conclusions and Perspectives

It this thesis four state-of-the-art technological solutions for the control of marine engine emissions were
investigated using newly acquired experimental data. The investigation was supported from a computational
analysis using a multizone combustion model. The subject emissions are CO, and NOy, which are officially
controlled by the International Maritime Organization, along with SO,. The CO. reduction technologies for
the maritime industry examined thoroughly in the present thesis are biofuels and LNG used in dual-fuel high-
pressure engines. The NOy abatement technologies investigated are EGR and SCR, used to achieve the strict
Tier-111 emissions standard.

By conducting an extended number of on-site measurements, either on-board vessels or during FAT tests and
in collaboration with shipowners for data acquisition via telemetry, substantial volume of operational and
emission data from the use of the above technical solutions was gathered.

For each application thorough literature research was conducted prior to the whole procedure. This revealed
low number of published works containing detailed analysis of the effect of these technologies on engine
performance in general and relative to conventional marine engine operation. The subset of studies that
contained measured data from large 2-stroke main propulsion engines was found even lower, with the many of
the data being the product of theoretical investigations on past engine designs. The most characteristic case is
biofuels as they were just introduced in the field, and no relevant detailed information was available for 2-
stroke engines when research on this subject commenced. For the high-pressure 2-stroke LNG engines
information from full-scale applications’ analysis was also limited. Most published works on the subject,
experimental or computational, considered smaller engines of different type than those included in this thesis.
Available data from marine applications mostly referred to low-pressure gas admission engines. Literature
coverage of EGR equipped marine engines was improved compared to the aforementioned technologies, but
focus was primarily on effect on NOx emissions only and was based on older engine designs. In addition, the
impact of EGR on fuel efficiency was mostly estimated by manufacturer claims or simulation results and not
actual measurements. The subject of SCR use in 2-stroke large marine engines was more sufficiently covered,
but the available studies did not provide details for urea consumption requirements, and technical difficulties,
especially at low load. In addition, the information for the impact on engine performance was limited. Thus,
the measurement campaign and analysis conducted for the current thesis fills a substantial gap of data

availability and full-scale implementation analysis.

8.1 Summary: CO2 Reduction Technologies - Use of LNG and Biofuels

The analysis conducted provided significant findings for both studied technologies. Two consecutive
generations of high-pressure gas injection LNG engines were tested for performance and emissions, with the

newer generation engine only recently available in active vessels. The analysis revealed different approach in
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dual fuel mode operation between the two engine generations. For the previous generation engine, the major
performance values were nearly identical between diesel and DF mode. No tuning changes were found
between the two operating modes, with the only difference being the pilot diesel retarded SOI timing
compared to the diesel mode timing. The HRR analysis revealed faster premixed combustion for DF mode
and higher peak rate. For most loads the diffusion-controlled combustion stage progressed at a considerably
slower rate. This was reflected in the combustion duration estimated for 50% and 95% of the total injected
fuel mass to burn. The retarded ignition angle resulted in similar values of pressure increase despite the
stronger premixed combustion. The increased combustion intensity was attributed to the higher LCV of
injected natural gas and the better mixing of gas and air until the pilot fuel ignition. The overall effect in
efficiency was minimal, with nearly the same total heat rate for diesel and DF mode. The new generation
engine presented different tuning, with earlier EVC angle timings for DF mode and advanced pilot fuel
injection. This resulted to substantial changes in overall operation compared to diesel mode, and considerable
increase of cylinder peak pressure values, to 10 bar higher for DF mode at all loads. HRR analysis revealed
staged combustion of the pilot fuel. It is noted that for the older engine the pilot fuel combustion was not
discernible from the gaseous’ fuel, even though more diesel mass was injected in total, and the pilot/gas mass
ratio was higher. Following the diesel pilot combustion for roughly 3° — 4° CA, the main ignition event
occurred for the natural gas. Very high intensity combustion ensued after a short intermediate stage and a high
reduction of fuel burn rate at the diffusion stage, but initial diffusion-controlled combustion speed was
considerably above that of the older engine. This led to higher pressure increase despite retarded start of the
main combustion event, which combined with higher compression pressure, led to further increase of
maximum in-cylinder pressure. In terms of fuel efficiency both engines showed lower total fuel mass
requirements for the same power output in DF mode. The specific total heat rate was roughly the same for the
older engine and considerably lower for the current generation one, with the exception of low load operation.
Overall, thermal efficiency of both engines was very good in DF mode, 1% lower for the older design engine
and 3.5% higher for the revised one compared to diesel only operation. The fuel consumption values
measured showed a 23% potential for carbon emissions reduction, due to the lower fuel mass required, a
result of the high NG LCV, and due to its lower carbon content. The pilot fuel mass required decreased gen-
on-gen with lower mass ratio compared to gas; the decrease was very high for maximum load, with the newer
engine’s diesel to gas ratio being half of the older one’s. This required substantial improvements in the fuel
injector nozzles that also allowed for the different pilot fuel injection and combustion approach revealed by
the HRR analysis. NOx emissions were at Tier-ll levels. Overall, the analysis showed that dual-fuel LNG
high-pressure gas injection engines are a maturing technology that can operate on-par with conventional diesel
engines when required and provide concrete CO. reduction benefits. It was also established that tangible
improvements are possible as operational experience accumulates and higher tuning flexibility becomes
available via improvements in components and control devices. Furthermore, it is revealed that engine settings

are of major importance for DF engine operation.
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The biofuel testing procedure was extensive and involved five 2-stroke large propulsion engines and seven 4-
stroke auxiliary generators. Comparison of engine performance and combustion process in the cylinder for
operation on B30 and conventional fuels, MGO, HFO, VLSO, showed only minimal impact. For the 2-stroke
engines a slight fuel consumption penalty was confirmed, 1% on average compared to MGO, and minimal
increase compared to crude oil. The fuel consumption penalty was increased to 3% compared to MGO and 1%
compared to crude oil for the auxiliary generators. The effect on combustion was low and a combination of its
lower LCV resulting to slightly slower heat release, and its higher CN leading to earlier ignition. No
significant deviation was confirmed after the considerable number of tests conducted. Clear effect was
confirmed for NOx emissions during B30 operation, with tendency for increase. Due to the minimal effect of
the biofuels on the combustion process, the higher emissions were attributed to the increased oxygen content
of the biofuels. The multizone model provided further insight and confirmed the contribution of the added
oxygen on the flame region to NOy formation increase. The main factor driving formation was confirmed to
be localised increase of A in the burn zone, that increased NO formation both in areas of lower and higher air-
fuel ratio. The highest difference was found for zones in the inner parts of the fuel jet where normally oxygen
concentration would be quite poor and despite the high temperatures NOy formation would be limited. It was
also found that the added O, presence tends to increase temperature locally by enhancing the combustion
intensity. The level of impact on NOyx formation differed between the 2-stroke and 4-stroke engines. For the 2-
stroke engines B30 NOy emissions compared to crude oil and MGO are increased by 4% on average. In the
case of the 4-stroke engines the B30 emissions were higher compared to MGO and only slightly increased
compared to crude oil, the average values being 10% and 2.4% respectively. Through the multiple tests it was
also verified that engine tuning is of vital importance along with the individual fuel properties, as all emission
value outliers were accompanied by high differences in performance values.

The tank-to-wake carbon emissions of biofuels were slightly decreased compared to HFO but still below
MGO. The benefit of the lower B30 carbon content was offset by higher total consumption. Considering well-
to-wake emissions the expected benefit for CO, emissions is close to 25%. The conclusion of the testing
procedure in a total of 12 marine engines was that biofuel has no effect on engine and subsystems
performance, at least based on short term operation observations. Fuel consumption impact is manageable,
however, B30 prices remain above HFO and VLSFO. For a normally operating marine engine biofuel use
should not result in NOx emission limits violation, thus biofuels should be into consideration by vessel owners

that require a fast and manageable solution to improving carbon footprint of their vessels.

8.2 Summary: NOx Reduction Technologies-SCR and EGR

Two engines outfitted with an EGR system were tested, a diesel one and the older generation dual-fuel engine
mentioned above. The testing procedure of the latter involved mainly dual-fuel operation. It was confirmed

that for both engines high rate of gas recirculation is required. This is due to the scavenging process and high
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excess air mass, characteristic to large 2-stroke low-speed engines. The EGR rate was estimated with the
assistance of a multizone model, since recorded data were not adequate to describe the operation of the CBV
valve. For both engines the EGR rate ranged between 37% - 47% with the rate at MCR dropping below 40%
as this was the peak capacity of the gas treatment system for cleaning and cooling. The NOy reduction
capabilities of the EGR solution were proven potent and exceeded 80% in some cases. Except for 100% load,
for both engines an almost linear relation to EGR percentage and NOx reduction capacity was found. The
variation at 100% load was attributed to engine tuning that would limit NOx formation regardless of EGR use.
This allowed the use of lower EGR percentage at MCR required by the peak mass flow rate limitations of the
recirculated gas handling system. The effect of EGR on NOy emissions was verified by the computational
analysis that confirmed both significant decrease of air-fuel equivalence ratio and in-cylinder temperature in
the total volume and in the fuel jet area. EGR impact on the engines’ performance was significant, more than
any other solution examined in the thesis. Different exhaust valve tuning was required due to cylinder total
inlet mass decrease when the recirculation system was active; at 25% load air mass flow was reduced at half
of the Tier-1l value. The SOI timings were also mostly retarded, and increased delay of fuel ignition was
found. Pressure increase due to combustion was inhibited and the HRR analysis showed considerably slower
combustion when using EGR with a prolonged diffusion-controlled stage which should be expected when
lowering air-fuel ratio. The previous were also produced by the multizone model simulation which provided
detailed information for the corresponding mechanisms. An overall interesting finding was that for higher
loads a sudden reduction in combustion rate occurred when roughly 50% of the peak HRR value was reached,
and this was more intense for the dual-fuel engine. This was attributed to the low air-fuel ratio slowing down
the mixing rate of fuel and air; the higher intensity of this phenomenon in the dual-fuel engine was attributed
to its slightly higher EGR percentage and the mixing rate of the diesel pilot and gas in the cylinder compared
to that of diesel only operation. The fuel consumption penalty was high due to the poorer combustion quality
and increased thermal losses, almost 4% on average for the diesel engine and close to 3% for the dual fuel
engine. An important observation was that this is further increased in the of 25% - 50% load; this is not
considered by many studies investigating OPEX of the system as an average fuel consumption penalty is used
regardless of load. This constitutes a significant omission since ECA area sailing is mostly at lower speeds and
engine power.

Overall, the EGR system was found to perform well in terms of engine stability and NOy decrease, but with a
high impact on engine fuel efficiency. No significant difference between the diesel only and DF engine was
found beyond earlier injection timing of the pilot compared to the highly retarded diesel main injection of the
single fuel engine. The pilot fuel SOI advance was probably required due to the EGR impact on combustion
delay, combustion “speed” and temperature increase, the latter required for the gas ignition. The
computational investigation conducted using the multizone combustion model revealed that, at least on
theoretical basis, it is possible to minimize the BSFC penalty due to the introduction of EGR, while
maintaining similar NOy reduction, by using advanced SOI and approximately 5% higher (in absolute change)

EGR rates. Concern remains regarding the performance of the exhaust gas handling system due to the high
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recirculation rate and the long-term impact of the EGR use in engine components. Based on experience from
various new technology applications, issues will probably be revealed to some degree after real world
operational hours accumulate for these engines.

Regarding SCR use for NOx control, its impact on engine operation is mostly straightforward and stems from
increasing backpressure after the turbine in low-pressure catalyst installations, or engine exhaust back
pressure in the high-pressure installations. In addition, measures used to increase exhaust gas temperature,
such as the use of CBV and EGB were found to also impact efficiency by a measurable degree. Overall, the
average consumption impact was low, close to 1.5g/kWh at mid load for both systems. For the HP-SCR the
BSFC penalty was slightly higher at low load and negligible above 50% load. In contrast, practically no fuel
consumption change was found at low load for the LP-SCR, but at MCR BSFC was increased by 5g/kWh,
which is practically of no impact as Tier-11l operation at full load is highly unlikely. No further change was
found on engine operation for either application. Despite that, analysis revealed the necessity for specific
tuning requirements for the LP system to achieve a minimum threshold of catalyst inlet temperature for the
exhaust gas. The main approach was bypassing a portion of the exhaust gas from the turbine to the exhaust
and catalyst inlet. In addition, the amount of inlet air was reduced, and compression ratio was increased by
earlier EVC to further increase temperature values. The HP system involved the use of CBV opening only at
low load, where the only tangible BSFC penalty of this implementation was measured. The NOy reduction
capabilities of the SCR systems were confirmed, for both LP and HP implementation. High NO reduction
percentages were calculated approaching 90% in certain cases, with a baseline of roughly 75%. In addition,
the capability of an HP system to operate on HFO was verified. Adequate performance was measured, albeit
with some concerns for the rate of the catalyst elements deterioration due to the sulfur presence. For a catalyst
of these specifications, operation using LSFO/VLSFO should not present any issue regarding its efficiency
reduction. In general, the SCR system was found to have minimal effect on overall engine operation and
consumption, relatively low complexity (especially the LP-SCR), though at the cost of volume requirements,
and very good NOy reduction potential. The major drawback of the system was the urea solution consumption
that could range between 24 to 18g/kWh in the load range of interest (25% to 50% engine load). These values
were the average results from tests on four different engines both during FATs and official sea trials. Urea
price is high, traditionally close to that of HFO, and is known to be highly volatile due to shortages appearing
rather frequently, so despite the dilution AUS-40 is a significance expense. This placed the OPEX costs of the
SCR system above those of EGR equipped engines, even in the best-case scenario when including the added
fuel consumption cost of the SCR’s impact on the engine. Assuming a worst-case urea price scenario and
MGO operation for both EGR and SCR equipped engines the SCR OPEX for fuel and urea could be double
that of EGR. For some combinations of urea and fuel pricing SCR OPEX could be below that of EGR.
However, further to the urea expenses, every three to five years replacement of the catalyst elements is
required that further increases costs by a considerable margin. It must be considered that up to now EGR
maintenance costs are unknown and multiple issues may appear in the future that could introduce regular

replacements for certain components. The SCR systems benefits should not be neglected until further testing
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of EGR systems is conducted in vessels frequently sailing in ECA areas and operating on Tier-111 mode under

various conditions.

8.3 Conclusions: Overall Findings and Thesis Contribution

The current and immediate future capabilities of the marine industry for reducing the two most important
combustion emissions, CO2 and NOy, were examined, aiming at technical solutions at a level of maturity that
allows use during commercial operation of vessels. Concrete assessment was provided for their effect on
engine performance, tuning requirements, combustion and emissions.

The data collected allowed for the analysis to be conducted on a basis of actual data and not rely on
assumptions or estimations from models. This was an extremely demanding campaign and closed the existing
gap regarding available experimental data for technology evaluation and for support of computational studies.
CO: reduction capabilities were confirmed for the relevant technologies, biofuels and LNG use on high-
pressure gas injection dual-fuel engines. Analysis of performance showed that LNG use in maritime is a
mature technology at the moment that allows safe operation on par with the conventional diesel engine, while
having further potential for improvement. Biofuels were found to allow safe engine operation and have only
moderate effect on NOy emissions despite initial concerns In contrast to initial expectations no noticeable
effect was observed on peak combustion pressure and performance in general. The computational study
provided further insight on their effect regarding the NOx formation mechanism, specifically the impact of
higher O content and lower LCV. The last was made possible from the simulation where a fuel with similar
heating value and different O, content was examined and its effect on performance and emissions was
defined. Overall, their proposition as a ready to use drop-in fuel was confirmed.

The NOy emissions reduction technologies review and analysis revealed advantages and disadvantages for
both EGR and SCR systems. The main highlight was the level of impact of recirculated gases on 2-stroke
large engines’ performance and efficiency. A detailed computational analysis was performed for the use of
EGR to examine required gas recirculation rate and potential tuning options to reduce the efficiency penalty
introduced from its use. With the use of modelling, it was made possible to determine the actual EGR
percentages in the engines examined since available data were not adequate for direct estimation. For the SCR
system the challenges of retaining exhaust gas temperature at levels that allow the catalyst reactor operations
and the specific urea consumption at low load operation were another important finding. A detailed evaluation
of HP against LP SCR systems was made for the first time. The same is the case for an HP-SCR system
operating with HFO. For all SCR systems examined a small degradation of the catalyst efficiency was
detected from shop tests to sea trials which creates some concerns regarding catalyst reactors aging. The NOx
reduction potential was confirmed for both solutions, but with the aforementioned concerns for the level of
EGR percentage and amount of urea solution in the SCR catalyst required to achieve these values as these

lead to operational and economical concerns respectively.
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Further to the above, the findings and the research methodology involved amount to a substantial contribution
to the information available for the studied technologies in the marine field, as the number of published works
of this type on the subject are limited.

8.4 Elements of “Innovation”

Considering the previous, the elements of innovation of the specific Thesis can be summarized as:
e Modification of a multi-zone model to:
v" Consider for fuel composition effect on performance and emissions.
v' Simulate 2-stroke engine operation using EGR with consideration for EGB, EGR and
CBV valve.
v" Improve the fuel-air mixing model and avoid constant tuning to account for engine
operating conditions.
e Investigation for the effect of fuel “MGO, HFO and B30” on 2-stroke marine engine performance
and emissions at same conditions for various loads.
o Detailed investigation for biofuel effect on performance and the combustion mechanism of 2-
stroke engines. Definition of the contribution of O, content and LCV.
e Generation of detailed measurement database from various 2-stroke engines at actual operating
conditions using biofuels.
e Detailed comparison of 2-stroke dual-fuel engine performance, combustion and emissions for
“Diesel” and “DF mode” from processing of test bed data.
o Effect of designs and settings in dual-fuel engine performance and emissions.
e Detailed analysis using measured data for EGR effect on 2-stroke engines’ performance,
combustion and NO, emissions. Determination of BSFC penalty.
e Estimation of required EGR rate to achieve Tier-lll emission limits using measured data and a
new iterative approach introduced into the multi-zone model.
o Application of the multi-zone model to investigate the possibility to minimize BSFC penalty due
to EGR use in 2-stroke engines.
o Detailed comparative evaluation of LP and HP-SCR system effect on engine performance.
e Investigation of the limitations for application of LP and HP-SCR for NOx control on 2-stroke
engines.
e Evaluation of a new application of HP-SCR using HFO.
e Comparative evaluation in terms of OPEX for NOy reduction technologies using actual

operational data.

203



Investigation of novel emission reduction technologies and use of liquid or gaseous fuels for curbing marine engines environmental impact

8.5 Considerations for Future Work

The research conducted in the above subjects resulted to considerations for future work and investigations.
Theoretical analysis is considered on the subject of the dual-fuel LNG engines with the development of a
detailed model (two-zone and multi-zone) for combustion with versatility regarding the fuel pilot injection
characteristics. The model will also allow to investigate the use of low-carbon fuels (CHsOH) and carbon
neutral fuels (NH3). To assist model development, a process is currently underway to collect actual operating
data two LNG dual fuel engines at actual operating conditions.

Biofuels tests showed very promising results in terms of engine performance and emissions. However, these
tests were only conducted on short term and further research is recommended. In addition, the use of higher
percentage biodiesel blends may also produce good results, as indicated by a sample analysis conducted, but
not included due to size considerations. As a next step trials with biofuel blends of higher FAME percentage
and tests on older engines for longer periods are planned to assess the viability of B50 for use and examine
potential issues on engine fuel injection system and fuel handling system of the vessels (purifiers, tanks, etc.).
Data from EGR operating engines are also being collected during on-board operation. The long-term
performance and potential issues regarding the system have already been highlighted above. As of now the
systems in vessels accessible for information have very short operating period due to rarely sailing within
ECA zones. Further to the previous studies regarding newer versions of EGR equipped engines is planned to
review potential tuning changes and other improvements as in the case of the LNG engines. A subject not
reviewed in the thesis is soot formation that is normally influenced by the use of EGR. Soot is not currently
controlled for marine engines and was not included in the present measurement campaign. For the same
reason minimal information is available on published peer-reviewed works. As soot formation can also be
linked to EGR cooler longevity this is an interesting subject for future work.

Last, regarding SCR systems an on-going campaign is underway to review catalyst reactor longevity and
behaviour under different fuels, where possible. As most vessels studied have less than four years in operation

as of the time of writing the SCR reactor systems are only now approaching their expected end-of-life status.
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Evyaprotieg

Katapydc, 0o n0era va guyapiomom v emPrémovca tng ddaktoptkng pov datpiPng Kab. Mapia
D®oHvn 1o TNV apéPLoTN VTOGTNPIEN TG o€ avtd To eyyeipnua. H Babud yvdon g, n vrootpién g,
N kaBodynon kot 1 OeTikn ™G oTdon NTay KaBoPIoTIKNAG ONUAGIOG Yo TV EPEVVA KOL TNV OAOKANP®OOT)
m¢. Oa NBeka eniong va eKPPAC® TIG EVYUPIOTIEG OV TTPOG T GAla péAN TG emtpomng tov Kab.
Evdayyeho INaxovpun kot tov Kab. Adunpo Kaikton yio ta €66T0Y0 GYOAMO KOl TOPATNPTCELS TOVE.
2tV ouvéyela, Bo 0l VO EKPPACH TNV AUEPLOTT EVYVOUOGHVI] LLOV GTNV OIKOYEVELD, LLOL KOl KUPI®S
otov matépa pov. H Babud tov yvdon, 1 dtopkig vrootpiEn Kot 1 0€61 10V 6TOV YMPO TG EAANVIKNIG
VOUTIMOG MTOV ol OVCIAGTIK GUUPBOAN oty épevva ov €yve 1M omoiot dgv Bo Ty dvvarh,
TOVAQYIOTOV GE AT TN HoPeN, dapopeTikd. Evyapiotd 1diaitepa tovg ¢pilovg kat T chHVIpoPd Lov
YL TNV VROGTNPEN TOLG KOl TNV VIOUOVI] TOVG OTIS OUGKOAIES OV OVTIUETOMIGO GTO XPOVIL TNG
dteEaymyng avThg TG EPELVOLG.

Télog, Ba NBela v EKPPACH TIG ELYAPIGTIES LOV TTPOG TAL TEXVIKE TUMLOTO TOV VOUTIAMOK®V ETOPELDV
OV TOPEIYOV AVTAV TNV TOADTIUN gukaipio Yo dte€aymyn TEPAUAT®V 6To TAOIN TOVG. Ba 0eda va
EVYOPICTNO® WTEP TO TANPOUOTA TOV CKAPAV KOl TOVG EXOMTEG UNYAVIKOVS TOL TALPELPEOMKAY
OTLG SLAPOPEG SOKIUEG, LE KAAMGOPIoaY 6TO TAOT0 Kot Tav dabéciot yio fonfeta akodpa Kol apketd
petd to téhog g Papdiag toug. H Ponbeid toug otig drodikacisc pétpnong nrav Kobopiotikn yio, v
0AOKANPOOT] TOV TOAVAPIOU®Y SOKIUMOV OV KOTEANEQV GTNV TOpOVGa StoTpifn.
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1. Ewoayoym

1.1 Avtikeipevo kou XKomog

H mpooctacio tov mepidiroviog kol Peitioon g mowdTNTOG TOL ATHOCEOPKOL aépa eivon amd Tig
OTUOVTIKOTEPEG TEYVOAOYIKES TPOKANGELS VIO TO GUEGO UEAAOV KOL OVOUEVETAL VO OONYNOEL GE POydaieg
aAhayég oe GAovg Tovg Topelc avBpdmvNg dpacTnploTnTaS e EAPTNOT OTA OPVKTE KOVGILO KOt TIG UNYXOVES
€0mTEPIKNG Kawons. Extipdror mtmg n vavtihokr dpactnpiotnta gubvvetal yia 1o 15% tov avlpomoyevov
exmopndv NOy maykooping kot 16.5% tng ékBeong tov TAnbucpov g Evponaikig Evoong o avtd tov pvmo
(1,2), eved mapdrinio xotaypdeovior otafepd avéntikés taoelg (2). O éheyxoc tov ekmopumdv NOyx givat
UeYOANC onuociog A0y TV GORup®@Y PVNTIKOV ETMTOGEDY TOV GTNV ovOpdTIvN vYeia Kot To TePPAAiov,
(3). Ot gxkmopunég CO, and vovted okaen amoteAovy 10 3.3% TV GUVOMK®OV EKTOUTMV TOYKOCUING Kot
mpoPAEmeTol onuavTiky ovéNon Tovg oto dueco pEAAOV eKTOC Kol av Anebodv avotnpd pétpa (4,5). O
TEPLOPIoUOG amerevbipmong aepiov Tov Oeppoknmiov oto mepPariiov, ommg o CO, eivor e&alpeTikng
onpociog Kol Gueceg dpAcelg lval avayKaieg TPOKEWEVOL 1 Avodog TG HEoNS TaryKOGHLaG Bepokpaciog va
unv Eemepaoet tov 1.5°C o€ oyéon pe to emineda mpo e Propnyavikng enavactacng (6).

[Iépav tov Tponyoduevov, n voutiky Propnyavia £xet moAd peydin ocvpfoin otig ekmouméc SOz AdY® TNg
YPNONG KAVGIU®OY DYNANG TEPLEKTIKOTNTOG G€ Oeio.

H ypnion unyavov ecmtepikng Kavong ivatl n Pacikr ADoT 0T T GTIYUN Y10 TPOMOT| Kol NAEKTPOTOPAY®mYN
o1 voutikn Bopnyavio Ko TpoPAémetal va mapopeivel yia Tic emdpeveg dekaeties, (7). Ot facikoi Adyot yia
mv e&dptnon g Prounyoaviag amd ovTH TNV TEXVOAOYiIDL €ivol Ol 1010{TEPEG OMALTACES TV UEYOA®V
TOVTOTOPOV TAOI®MV GE GUYKEVTIPMOT] 1GYVOG KAl T SUVATOTNTO GLVEYOVG AELTOVPYIOG Y10l LEYAAES XPOVIKES
TePLOOOLVG, KATL OV KOOIGTA AALEC EMAOYEG OT™G 1) NAEKTpOKivnon e&anpetikd (8,9). O TOTog KivnTipa Pe TNV
TAEOV Jl0EdOUEVT] XPNOT EvOl O HEYAAOC apyOoTPOoPog Oiypovog VTilel Yo mPOwo™, Kol Yo TNV
NAEKTPOTAPAYM®YY| EVTOG TAOI®V YPNCULOTOOVVTAL KOWVADG TETPAYPOVES TAXVGTPOPES YEVVITPLEG VTILEA.

AV T GTIY U 6TO Y®PO TNE VaVTIALaG o1 eAeyyopevol pumot eivar CO2, NO; kot SO». Ta empuépoug pétpa givan
Beomopéva kot eréyyovrar and tov Haykoouo Opyaviopd Navtihiag (IMO). Ta ev 1oy) péTpa yio TIC EKTOUTES
NOx tébnkav og epaproyr| to 2016 pe tn B¢omon wWwitepa youniav opiwv (Tier-11I) oe g1dcd kabopiopéveg
neployés (ECA) eréyyov pdmwv, (10). ['a to SO2 n mo tpdoean petappuducn érafe yopa to 2020 eniong
pe moAD PHeyYOAn pelmon maykoopimg Kot £0tka gvtog ECA, (11). Métpa yio to CO; xabiepmdnkay poig to
2023, ko 0 onuepwvog otoxoc tov IMO eivarl pe o PETPO OTA KO TEPOUTEP® UEAANOVTIKES OAAAYES VL
emtevybel peimon otig ekmounéc aepicnv Beppoxnmiov amd To Ydpo ¢ vovtidiog kotd 40% Emg to 2040, (4).
AOY® TOV TOPOTAVED 0AAOYOV Kot TV eA0doEmV otdywv tov IMO peydiec arlayéc Aapfavouv ymdpa o
Brounyovia. Ot teyvikég Aboelg mov B vioBetnBovVv yia TV enitevén TOV TUPUTAVD GTOY®V OEV £XOVV OKOUN
devKpvioTEL 0o TOVG J1APOPOVS PLOGTIKOVS POPEiS TOV YDPov, (12,13). Ot ThotokTNTEG EMIONG EPELVOVV
TIG EMAOYEG TOVG TTPOG SLOUOPPMGT EVEMKTOV GTOAW®V 1OV Bl £x0VV AOYIKA KOGTN AELTOVPYIOG KO TOPAAANAL
00 uTopoHv ETUPKMDC VO, KOADYOLV TOLG GNUEPIVOVE Kt GUEGOV UEAALOVTOG TTEPPAALOVTIKODS KOVOVIGHOVC,
e auT T SOKTOPIKN S TPIPT) EPELVAOVTUL COYYPOVEG TEXVIKEG ADGELG Yo TN Helmon TV ekmoundv CO; kot
NOx. Ot teyvoroyieg avTég gival VEEG GTO YMPO, LEPIKES OKOUT EV UEPEL GTO GTASIO EAEYXOL Kot a&loAdOYN oG,
OUMG HE TPOYUOTIKY EQOPLOYN OE VOUTIKA OKAQN o€ Kovovikég cuvinkeg Aertovpyiag. H avédivon mov
axoAovBel Bacileton TPOTIOTOG 08 PETPNOELS TOV £YIVOV GE VOUTIKOVS KIVIITIPES €V TAM T} KATA TN S1GpKELN
EPYOOTACIOKAOV OOKIUMY. X& TEPWMTMOEIC TOL KOTECTN avaykaio oedouévo eedncav emiong péowm
miepetpiog. H avélvon tov mepapotikdv dedopévov cuvodedtnke pe emumiéov €1g Pabog avdivon oe
OPIOUEVEC TTEPUTTMGELS UE TN XPNOT EVOC TOA VKOV HovTELOL Koonc. O 61dy0c TE S1d0KTOPIKNG datpiPng
elvar va mapéyel por olokAnpopévn a&loAdynon TV CTUOVIIKOTEPOV TEXVOAOYI®V HEl®OoNG pOT®V OV
glonydnoav mpdcoeoTa ot vauTiAlakn Blopnyavio, €otdaloviag otV €nidPOcT) TOVG GTNV AmOS0CT TOV
Kivntpo. BactlOpevn og d00UEVE, amd LETPNGELS TTOL TPOYILOTOTOMONKAY GE TPy UATIKY KAIpoKo. Aedopuéva
OVTOV TOL TOTOL Eivar TepLoplopéva ot PirpAoypagio Ady® Tov ToAD peydrov peyéBoug (kon Katavaimong
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KOVGIHO) aVT®V TOV UNYOVAV 0V UTodiouV TNV EKTELECT] TEWPAUATOV GE TEPIPAAAOV EPYACTNPIOV, KoL TV
YEVIKOV OUGKOAIDV TPOYPOULUATICLOV SOKIUMV £V TA® 1| TapAAAnAa pe epyooTactakés dokiués. o tig avdykeg
NG TOPOVGCOS EKTETOUEVIC EPELVOC OYEOIGOTNKE W10 OTAOVCTELUEVT] OlOOIKAGIOL Yo TNV OmOKTNON
AELTOVPYIK®V SEGOUEVOV ATOS0CTC KOl EKTOUTMY UE GTOYO YPNYOPES, ATOTEAEGUATIKES Ko KUPimg akpiPeic
LLETPNOELS TTOV EMTPEMOVY TN YPNYOpN EmaAnBevon tng motdTToS TV dedoUévmv Tov amokTnOnKav. Avtd
EMETPEYE TNV avAAvoT peydlov apBpod kvntipmv, 19 cuvolikd. Ta dedopéva TV peTpioemv avoivdnkay
v TNV a&loAdynon g enidpaong tov eEeTaldeveV TEYVOLOYIOV GTI GLVOAIKT Agttovpyia, TV anddoor Kot
TIG EKTOUTEG PUTOV. L€ OPICUEVEG TEPITTOCELS, OTMG Ta Plrokavotua, ovtd dev elyov KalveBel Tponyovpévmg
oV vdpyovcsa PiPrloypapio Kol To TEPIEYOUEVA OLTHG TNG OATPIPNAG TOPEYOVY TNV TPDTN OAOKANPOUEVN
emokommon tov Bépatog. M akdun ovpPorn g oatpPrg etvar O6TL SoKIPAGTNKAY KIVNTHPES E0KA
OYEOLOGHEVOL Yl TN XPNOTN TOV TEXVOLOYIMV OV EPELVHONKOY, EVD 01 TEPICCOTEPEG TPOTYOVEVEG UEAETES
e&étacav aAlayég og vIAPYOVTA GYESLN KIVITHP®V Kot TEYVIKES pOUOLGNG TOVG Le TNV avdAvon va elvor et To
miegiotov Bewpnrikn. Ot KivnThpeg oV SOKIUAGTNKAY KOl GUUTEPIAPONKaY ot dtoTpi NTav vEoL 1] HOALG
glonyOnoav oty ayopd tn otiypn mov Eekivnee 1 epeuvnTikn dadikacio. H ektetapévn dradikacio pétpnong
emétpeye N aloddynon mov devepynnke vo PfocileTor o TpoyUatiKd 0edopéva Kot Oyl 08 EKTIUNGELS TPITAV.
Onwg avoeépbnie, Tpoyuatoromnke Ttepattép® AETTOUEPNG OvOiAVGN HE TN XPNOT TOAVLOVIKOD LOVTEAOD
kavong. To poviého Paciotnke og Tpolindpyov KOJKA Kol TPOTOTOMONKE KOTAAANAQ YOl TIG OVAYKEG TNG
dTp1Png. Zuvohikd, TapacyEOnKe o ovclaoTik cuUPoin oto Bépa, cvumeptAapavouéveoy TOG0 TOTIKOV
0G0 KOl TOGOTIKOV EVPNUAT®V, TO 0TTol0 UTOPOvV EmioNg va ypnoiporombody mg Katevbovrnpia ypouun yio
UEAAOVTIKEG OVOADGELS.

1.2 E&eralépeveg Teyvoroyieg Msimong Pommv

Ot teyvoloyiec mov e€etalovton otn drotpiPr] Yo tov meploptopod ekmopncdv CO; givatl 1 ¢pNon Vo Tikod TOTon
Broxavoipmv kol vyporompévov guotkov aepiov (LNG), to devtepo oe kvntipeg durhol Kowocipov pe
yekooud tov agpiov oe vynAn wieon. o tov éleyyo exmoundv NOx ot e€etaldueveg Avoelg givar
avakvkAoopia kavcoaepiov (EGR) kot n exhektikn korodvtikn oavaymyn (SCR). I'a kdbe teyxvoroyia
UeAETATAL 1] ENTLOPOOT) GTI AELITOVPYIO TOL KIVNTHPO KOl TO UNYOVIoUO Tng Kawons. Eniong yiveton Aentopepng
aVAALGT TOV ATUITOVUEV®V OAAAY®OVY 6T pYBuior tov Kivnmpa. Eueocn divetal 6to unyaviopod g Kovong
OV EKTIUATOL E TNV AVAALOT TOV TEPOUATIKOV dedopévmv. Extevig a&loddynon mpaypatonoleitol eniong
oTNV EMIOPOCT] TOV EKTOUTDOV POTDV.

Mo ™ peiowon tov ekmopmdv AvOpaiko ot Teyvoloyieg mPog HEAETN emAEYONKOV pe KpuThplo va givor M
TPOYUATIKY EPAPUOYN TOVG 6T0 Y®Po. Ta frokavoipo £xouv evOlLPEPOV Yia YPNOTN OC KOVGLUO ETOUO TPOG
y¥pon mov dev amartel tporomomoels. H yprion LNG e&etdletan kvping yio véa mAoio mov Oa evtaybovv otov
naykoopo otoéro. Kat ta 600 kovopa avapévetot va £gouv BeTikn enidpaom oTig TEMKEG EKTOUTES (vOpaKa,
Ta. PEV BLokovoipo Aoy® 0QeEA®Y TTOL TPOEPYOVTAL ad TO GLVOALKO KOKAO (NG Tovg, (14—17) kot to LNG Adyw
NG YOUNANG TOL TEPLEKTIKOTNTOS 6€ GvOpoKa Kot TOTOYPOVO VYNAO EVEPYELNKO TTEPLEYOUEVO.

Awbpopeg dleg teyvoloyieg e€etdlovtan yio ) pelmon tov exkmoundv CO2 and VOUTIKOUG KIWWNTNPES, HE TIC
TEPLOCOTEPES ElTE VO, PpiokovTal aKOUO 6TO 6TASL0 TNG AvATTLENG, ite avTipeTOTI{oVY GNUOVTIKA TPOPAT 0T
mapoyyng kot d1deonc oty ayopd (8,12,18,19). Ot mapayyerieg oKap®OV eEOMMGUEVOV e KIVIITPES TKOVODG
va Agrtovpyovv pe LNG av&avertar kot £xel Taoel 6€ onuavtika eminedo, (20). Me peydho aptOud evepymv
mapoyyeMmv yio mhoia eEomhopéva pe kivntipeg étoovg v LNG, ot popeic tng frounyaviog avapévooy ott
1N PNON TOL KOLGiHoL avTov Ba glvar 1 KVuplo Ao otig peconpdbecieg tpoomdbeieg yio amavOpakonoinon.
H vovtikn Brounyovia Eekivnoe tpdopata dokipuég yprione Prokavcipmy. Ta Kadoio Tov SoKIUAGTKAY NToV
uetén 30% Provriled 2™ yevidg ko Pfopéwg metperaiov youniov Beiov (VLSFO). Ot dokipég devepyndniav
0O KOTOGKEVOOTEG KIVITIPOV KOl TAOLOKTNTEG GE GUVEPYNGio, HE Vnoyvopoves, (21,22). Metd ta apykd
amoTELEo LT OOKIUMY, Ol KOVOVIGHOL avaveddnkav ota péca tov 2022 yio va emitpamel tn Agttovpyio, pe
YPNON UEWYUAT®V KAVGIL®V Tov TTepLEyovv £mg kot 30% Provtiled, (B30).
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O kupieg pebodoroyieg mov epapuolovy 01 KOTOOKELUGTEG VOUTIKOV KIVIITHP®V Y10, TOV TEPLOPICUO TOV
exmopndv NOx ota veodtepa tpotuma Tier-1II, etvon n emdextikny karaivtikny peiowon (SCR), avakvkiopopia
kavoaepiov (EGR) ka1 kivnmipeg xdxlov Otto mov Aertovpyodv pe a€Plo KOOOIO TOL WeKALETAL EVTOC
KUAIVOpOUL pe yaunAn migon, (23). Ot teyvoroyieg eivarl VEEG GTO VOVTIKO YDPO KoL OV £OVV KAADPOEL EKTEVAG
amo ) Pproypaeio. Zn dwtpiPn avt ot egtalopeves Moels ivar ta EGR kot SCR. To SCR amotelel v
AoV O100edouévn ADGT aVTH TN GTIYUN oT0 Y®po, kot To EGR va givar vedtepn mpocsbnkn yio v omoia
VILAPYEL KOO YOUNAT] EMLYEPTCLOKY] EUTELPia, (24).

1.3 Iewpopatiki Sl0dkecio Kot avaiven dedopévov

INo t1g doxpég pe LNG petpnoelg £yvay mopaAAnia pe EpyocTactakég SOKIUES Yio 00 diypovoug HEYAAOVG
Kvntnpeg &yyoong oepiov og vynAn mieon, Wiov TOVTOL Kot SLOOYIKNG YEVIAS, LLE TOV VEOTEPO VA EYEL LOMG
eloaybei 610 gumopro. Ot SoKpEG Eytvay og Agttovpyia LOVO LE TETPELALO KOL GE AEITOLPYIN [E dVO KOVGIUOL,
TETPELALO KOl PLGIKO 0épro. Ot doxipég pe PLoKanoIo TpaylaToTodnkay eV TA® Kol LETPNOELS TapOnKay
amd 5 diypovoug Kot 7 teTpdxpovous Kvntipeg ypnotponotdvtag Prokavoyo B30 (30% Provimleh kor 70%
VLSFO). Metprioeig &ywvav mapdAinio pe copfatikd voutikd kadoiuo. Ot HETPNGELS Yo TV OVIALGT TOV
EGR éywav og 800 diypovoug peydAovg Kivntmpes, Evov TeTpelaion Kot Tov SITAOD KOVGIHOL TPOTYOULUEVNG
YeVIAG Tov oavapépbnke mapomave. Or petprioelg EAafav ydpo Katd Tic epyoctaciokés dokiéc. o tov
Kvntpo TeTperaiov dedopéva eniong eEAn@Onoay katd tn ddpketo dokipwy v mAm. TELOG Yo TN HEAETN TOL
SCR petpnoeig éytvav og 1é€ocepig Kivntipeg, Evav yio cvotnua SCR yauning mieong (LP) pe tov kotakd
UETE TO OTPOPIAO KoLl o€ TPELS Yo cvuatnua VynAng wicong (HP) ue tov kotadvtn tomobetnuévo mpv t0
oTpOPrro. Ot petpnoelg £ytvav Kotd tig epyootactokés dokipés v to LP-SCR kot HP-SCR, evo yio to HP-
SCR ovotuatae exavoinednkay v Thwo.

To Baoikdtepo oToLKElo LETPNONG VIO TV AVAALGN NTAV SUVOUOSEIKTIKG O10ry PAULOTO THECTG T®V KLAIVOP®V.
Avtd ypnopomombnkay yio va ektiunfovv foacikd ototyeio Ae1Tovpyiag TV KvnTp@V Kot va ekTinfotv ot
pvOuicelg toug. Ta duvapodektikd ypnowomombnkay exiong yo avdilvoon pvbuov kaveng (HRR). Me ta
amoteléopata TG oviAvong aEoAoYNONKe 1 eMdPACT TOV TEXVOAOYIDOV GTO UNYOVICUO TNG KOOGS Kot
TOPOAANAL £YIVE EXTIUNON TG KATAVAAWDGONG KOVGILOV GTI TEPIMTOGELS OV amevdeiog pétpnon axpipeiog dev
Nrav  eoikt]. Ot petpnoelg ovotacng Kovcagpiov AReOnkav pe ypnorn &wdwov eEomAGHoD Kot
ypnopomomnkay yio v aloAdynon TV EKTOUROV Kol TNV ETOANOELOT TG GLUUOPPOONG UE TOVG
KOVOVIGLOVG Kot a&loAOYNGT TOV EMIMESO TOV AVAUEVOUEVOL 0QEALOVE 0o TN Ypn o1 KAOe TeyvoAoYiag.
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2. 'Eleyyoc Exmopnov CO:2 oty Novtihia

2.1 Nopofeoia

Emionun epoppoyn HETPOV Y10 TOV TEPLOPIGUO EKTOUTOV AvOpaKa amd VOUTIKEG unyavég Eekivnoe HOMG Tov
Iavovdpio tov 2023, (4). Ta 600 mpdTa pétpa etvar ot deikteg amddoong Aettovpyiog EEXI kau CII. O degikng
EEXI vrmoAoyiletan pia @opd ot {on Tov TAoiov €KTOG KOl OV TPOYUATOTOMB00V OMUOVTIKEG TUPEUPACELS
(4,25-28). Tl k@Be tOHmMO TAOIOL MO EAGYLOTN T OMOJOTIKOTNTOG TPEMEL va. emitevydel. Tnv avtibet
nepinTon HETPA OM®G TEPOPoUOS PEYIOTNG toyvog unyovav (EPL) kot toyvttog mAedong mpénet va
epappoctovy. Adleg nébodot yuo ) Bertimon tov deiktn givar pébodol PBelticTomoinong TpowoNg GKAPDY,
KO LETOTPOTEG GTOV KIVNTIPA OV EMTPETOVY PN O EVOALAKTIKAOV KOVGIU®V.

O d¢eiktng CII Ba vroroyiletor o€ eTola Pacn pe apyn SLALOYNG oTolEimV Aettovpyiog yio kdbe TAoio To 2023
(29-31). H ¢pion tov CII woyvet yo epmopicd mhoia 5000 GT ko dvo, ave&aptnta and tov Tomo tpdéwone. O
oelkng éxel mévte katnyopiec and A émg E. I'a oxdoen mov emttuyydvouv youniés fabpoloyie cuotnuaTiKd,
0o mpémet va, yivouv dtopbwotikéc mapeppdoeic. H Bdon tov vmoroyiopod CII eivar ov exmounég COz ava
LETAPOPIKN TKAVOTNTO (OPTIOV Kol vouTikd pikl. Mekéteg €yovv emainfedoetl 0Tl 1 EQUPHOYN TEPLOPICUDY
ToYVTNTOG 6T TAOI0 PUTOPEL VO, LELDGEL ONUOVTIKA T1G EKTOUTES, (32) kot avth pall pe Tov meplopiopod 1oHog
0o givor n Baokn Adon yo Bertioon tov CII. Evadiaxtikd 1 ypnon Plokowsipmy 1 GAAOY Kavcitoy Youniov
ekmopunav dvBpoxa uropel va tpoceépel onpavtiky Beitioon g agloldynong. Ta mhoia mov Agttovpyovv pe
QVOIKO 0£PLO TOV EYEL YOUNAN TEPLEKTIKOTNTA GE AVOpaKa Hmopohy E0KOA, VoL EMLTOYOVY KAAT 0E10AGYN o).

2.2  Kwnmipeg ourhov kavoipov yia ypijon LNG

O1 6VYYpoVvOoL dixpovol VOTIKOL KIVIITHPES TTOV YPNGILOTO0VV PUGIKO aéptlo Pacilovtal o 000 SLOPOPETIKEG
apyég Aettovpyioc. AveEaptnta 0md ToV TOTO, 0L KIVITIHPEG AELTOVPYOVV GE Bhion SImAoD Kavoipov, cuviimg pe
QLOIKO 0EPLO VO EYYVETAL TPMTO GTOV KOAMVIPO Kot €va GALO g0KOAN avaPAEELO KOVGLHO, VOUTKO VTILEL
(MGO) 1 Bap¥ metpéharo (HFO), va eyyvetar yio v évopén g kavong uéom avtavapieéne tov. H kopua
dtapopd petalld Tmv 000 apymv Acttovpyiog givar n uEBodog £yyvong euotkol aepiov. Ot unyavig £yyvong
aepiov og vyYMAN wieon akolovBovv Tov KOKAO Diesel, evd o1 unyavég pe yyoon aepiov G yaUNnA Tieon vaopig
oTN eAo™ cvumieong opolalovy TEPIGGOTEPO e TOV KuKAO Otto.

O1 kvnipeg €yyvong aeplov LYNANG mieong Asttovpyovv otov kUkAo Diesel pe 10 puokod aépto va gyydetan
KovT@ 670 (v vekpo onueio (TDC) eni to migioTov eAa@p®G vopitepa. amd To TAOTIKO kKavoo vriled, (33).
H exkivnon g kavong enttuyyavetol pe v ovtavaeietn g mlotikng éyyvong vrilel. H éyyvon tdéc0 agpiov
0G0 ka1 VYPoL KaGiov kovtd oto dve vekpod onpeio (TDC), Aiyo mpv v avapAesn, onuaivetl 6Tt emkportel
Kupiog kavorn didyvons. To KOPLo TAEOVEKTNUA TG TPOGEYYIOTG Eival OTL TO €pYalOUEVO HEGO TOV KLATVOPOL
elvar aépag, emopévamg dev VIapyel Kivouvog TpoovAagAeEng, ETITPETOVTAS VYNAOTEPO AOYO GUUTIESNG, Kot
avédvovtag v amddoorn Kot moapdAinia meplopiloviar oe peydio Pabud ot dwwevyég pebaviov omnv
ATUOGPALPO, TO 07010 Eival oNUOVTIKO TPOPANUE OTIC unYaveg Eyyvong aepiov pe yaunin wieon. Emmiéov, n
BeAtiopévn Kawon avéavel Ty omdd0oT Kol PELOVEL TNV KOTavOAmon Kovoipov. To petovéktnua givor M
onuavtikny avénon tov ekmoun®v NOy, emopéveog ontol ol Kvntnpeg 0gv UTOpobV Vo IKOVOTOIGOLY TO
avotnpotepa wpotumo Tier-1IT ymwpic T xpnon EGR 1 cvetiuatog SCR. Télog, 1 kpvoyovikn eyKatdotaon
mov ypnowonoteiton yo v Eyyvon NG og vynin mieon eivar mold mepimloxn kot pmopel vo avénoet
ONUAVTIKA TO KOOTOC, (8).

2.3  MeTpnTiki] oO1aTaE, YOPUKTNPIOTIKA KIVIITI POV KOl KOVGIHL®OV 70V pHEAETONKav
‘Eva amhd oxedudypoppo g petpntikng owdtaéng diveton otnv Ewdvo 2-1 yuo Toug KWnTipec mov
peAethOniav. H oynuotikr avt) didtaén pe v e€aipeom Tov onpeiov HETpnong KoTavormce®V (Yo LETPNOELS

€V TA® YPTOCLLOTOIEITAL POOUETPO) LOYVEL KOL Y10 TIG VIOAOUTEG £QuPLOYES. To BacTKA YopaKTNPIOTIKA TV
Kwnpov divovtol atov [ivakog 2-1.
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1. AvVOHOSEIKTIKG SLorypOpLpLoToL
2. ITigon cdpwong
3. Iigon e€aymyng
4. O¢pp. kowooepiov KuAIVOpoL
5. O¢gpyt. €16. otpoPfilov
6. O¢epy. €. otpofilov
7. Ogpyl. €16. GLUTIESTN

8. O¢py. aépa TP 10 Yoyeio
9. Oep. aépo LETE TO YoYEID
10. Ogpy. £16. vepodh Yoéng
11. Oepp. €€. vepov YOENG
12. TIt®on migong oto yoyeio
13. TTapoyn PA
14. Tlapoyn vtieh

Ewova 2-1 Zynpoatiko didypappo dtdraéng pétpnong

MMivaxoag 2-1 Xopakmpiotikd kwvnmpov 1 kot 2

Kwnmipog 1 Ty Kwntipag 2 Ty

Movtého 5G70ME-C9.5GlI Movtého 6G70ME-C10.5GlI
Tomog Atypovog Tomog Aiypovog

Ap. KvAivépov 5 Ap. KvAivdpov 6

AGpetpog 700 AGpetpog 700

Awdpopn 3256 Awdpopn 3256

Ovopaotikn Tayvmto 68.1 Ovopaotikn Tayvmto 71.0

Ovopaotikr Ioydg 11,975 Ovopaotikn Ioyig 15,081

2.4  Boowd Aertovpykd peyé0n, Aevtovpyia pe éva Kol HV0 KAOLGLHLO,

[Mopovcialovtol Ta o oNUAVTIKE EVPTUATO CYETIKA LE TIC S10POPEG TOL TPOKVTTOLV KATA TN Agttovpyial e
Qoo aépio (PA) oe oyéon pe ™ Aertovpyia povo pe MGO. T'a tov kivneipa <17, TponyoduevNg YEVIAS, ot
OLPOPES NTOV LKPES LETAED TV VO TpOTmV Aettovpyioc. H péyiom migon kavong (Pmax), coumieons (Peomp),
Oepuokpacio kowcoepiov kol avénon migong katd v kavon (AP) mapovcidlovv oyetikn tavtion ueta&d
Aerrovpyiog MGO kot @A. Ot onpovtikotepeg TYES (Pmax kot AP) divovton otnv Ewova 2-2a,B yio tov kivntipa
“1”. ' Tov xvnpa “2” ta oyetkd peyédn divovion oty Ewova 2-30,p. Enpavtikég dStapopég evtomilovtat
O€ QTI TNV TEPITTOOT], LE CNUAVTIKA VYNAOTEPES Prnax, Peomp, kot AP. Ta mapamtéived vmodnidvouy dtapopeTikn

pOBon Tov KIvnTRPO “2”, 1810iTEPA OTNV TAOTIKT £YXLGCT KOVGIHOV.
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Ewova 2-2 (o) Méyiot mieon kavong; (B) Avodog nieong katd v kadon; Aertovpyio pe MGO & ®A Kwvntipog 1.
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Ewoévo 2-3 (o) Méyiot nigon Kaﬁmg(gx;) (B) Avodog migong katd v kadon; Aetrtovpyio pe MGO & DA, Kwnrﬁpﬁfg) 2.

To onuavtikdtepo PETPO cHYKPIONG AmOS0GNS TMV KIVNTHPOV ivol 1) €101KN KOTAVAA®GN KovGipov. Emedn
YPNOUYLOTOLOVVTHL dVO SIPOPETIKA KAVGIA, 1| GUVOAIKT Kabapn amerevbépman Oeppukng evépyetag (THR)
avd povdda 1oyvog punxavig cvykpivetan petald Aettovpyiog MGO kot @A, Ewoédva 2-4a. Eniong omnv Eucova
2-4b divetor m ovaroyio pdlog MGO kor DA yio Aertovpyio dVo Kavoipmv. Atokpiveton mwopodpolo
OTOS0TIKOTNTO TNG UNYOVIG KoTa TV Kawon PA, pe pia eddyiotn péimon g tééng tov 1% katd péco opo.
Inuovtikd givon eniong 6t n avaroyio pdlog miotikng &yyvong tpog @A givor oyetikd younin. H cuvolim
katavdiwmon paloc kavoipmv sivolr youniotepn katd tn Aettovpyion PA. e cuvdvaouUd HE TO YAUNAO
nepleyopevo tov OA og dvBpaxa 1 peimon ekmopnwv CO; vroloyictnke oto 22.6%. Ta mapamdve peyédn
dtvovtat oty Ewdva 2-5 yuo tov kivntipa “2”. Meydin Peitioon oe oxéon ue tov “1” mapotnpeitot Kot 6Toug
Vo TPoTOLE Asttovpyiog, edkd yia Asipovyia DA. To 060016 amartoduevng nalag metpelaion Yo otadepn
Aertovpyia eivor peiwpévo og 6Aa ta eoptioc. H THR elvar younAotepn kotd tn Aeitovpyia 600 kovsipwy
delyvovtag amodotikdtepT Acttovpyia o€ oxéon ue ovt povo pe MGO, n péon Bertimon vroloyictnke o€
3.5%. Avtd odnynoe g Pertioon exmoundv CO; G€ GYECN L€ TOV TPOTYOVLEVNG YEVIAG KIVITIPA KATH OXESOV
7%. Adyo opmg tov PeAtidocemv kot ot Agttovpyio pe MGO ya tov kivnmipa “2”, 1 oxeTikn Sopopd
exmoundv CO; peta&d Asrtovpyiog MGO ko DA mopéueve kovtd oto 23%.
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Ewova 2-4 (o) Educ) mapoyn evépyeag; (B) Adyog palag MGO ®DA; Aertovpyia pe MGO & A, Kwvntipog 1.
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Eucova 2-5 (o) Ewducn mapoyn svépys(zg; (B) Adyog paog MGO @A; Aettovpyio pe MGO & DA, Kivntipog 2. ®

241 Xvuykprikn a&ohdynon pvOpicemv

To petpnuéva SUVOUOSEIKTIKA OSloypappaTe ¥pNoIoTodnKay yioo v ektiunon tov pubuicewnv kdabe
Kvnpo avd eoptio Agttovpyiog. Ot Tipéc mov e€etdotnkay NTav 1o avorypo kot kigiowo g PorPidog
e&ayoyng (EVO, EVC) kat o ypoviopodg £yyvong (SOI) tov vypod kavcipov. o tov kivnmipa “1” gldyioteg
dtapopéc evromioTnKay PETAED TV dVO TPOTMV AELTOVPYING, EVED 0 KIvNTHPAG “2” glye ONUAVTIKO SLUPOPETIKN
pOBon Katd t Aettovpyio PA. Kot otig dvo meputtdoeig 1 EVO dev mapovsiace onuovtiky] petafoir gite
ueta&d tpomov Aettovpyiog, ite petaéd TV dvo kvntnpov. o tov kivntipa “17 dev v pée petaforn yio Tig
Tiég EVC kabac o Mdyog mieong (nieon cuumicong/mieon cdpwonc) mapéueve o idtoc. [a tov kvnmpa “2”
onpoavtikny advénomn tov Adyov mécemv peTpnnke Katd  Agtrtovpyion DA, 1 omoila Kot EXEPEPE GNUAVTIKN
avénon tov Peomp. H 0lhayn avti rav anotélecpa apketd vopitepov EVC. Zoykpion 1ov amotehecpdtov
Yo Tovg dVo Kvnpes Yo Aettovpyio MGO ko @A diveton otnv Ewova 2-6a,B. H avrtictoryn odykpion yio to
xpoviouod Eyyvong divetan oty Ewdva 2-7a,B. H midotikn £yyvon yivetan pe Bpadvmopeia otov kivnripo “17
KoL ONUOVTIKY Tpomopeios otov Kivnmpa “2”. H dopopd avt enépepe TIg HEYAAES dlopopéc oto AP ko
EMNPENCE TG Pmax €VTOC TV KVUAIVOp®V. Emtiong odhayn emAbe ot yovia avdeieéng tov agpiov kKavoipov. H
kaBvoTtepnuéVn avaeAEEn Yo Tov KivnTipa <17 evBovetal oe peydro Pabud yio Tig LEYOUADTEPEC KOTAVOADGELS
o€ oyéon Le tov ‘27
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Ewova 2-6 (o) Kheiowo Barfidag eEaymyng; (B) Adyog méoemv; rettovpyio pe MGO & ®A Kuwntipeg 1, 2.
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Eucova 2-7 Tovia £yyvong vypod kavcipov; Aettovpyio pe MGO & DA; (o) Kivnmpog 1; (B) Kwnmpog 2.

—
o
o

To SUVOHOSEIKTIKA Sy pALATO TTOV LETPHONKAY YPNCLOTOMONKAY Y10 TNV EKTIUNGCT) TOV PLOLOL KAvoNG LE
xpnon tov 1% Bepuodvvapikod vopov. Kat yia tovg 600 Kivntipeg onUavTIKEG S1opopEg Topovatalovial 6T
dwdikacio g Kawong Aoym g xpnong PA, kat g mhotikng yyvong MGO, Ewdva 2-8. Kat yio Tovg dvo
KWWNTAPEG 0 apytkOs puBpog kavong petd v kopua évavon (PA) ftav vymAdtepog oe GxEon Le T AgrTovpyia
uovo pe MGO 6mmg kot 0 HEYIoTOG pLOUOG KADoTG, E10KA Y10, TOV Kivnthpa “2”. To anotélespo ovtd GUUPOVEL
Kot pe dAhec perétes, (34). Ta mponyodpeva eaptdvror and ) yovia avaeieéng g TAOTIKNG £YYVONG KoL TN
nala metperaiov, (35). o tov kvntipa “1”” 1o AP dev ennpedotnie onuavtikd, Aoy koping e Ppadvmopiog
&yyvong Tov TAoTov. H evtovotepn kawon mov akolovbel omodidetar 1o dabéoipo ypdvo mpoavaueiéng GA
aépa Kol TV vyniotepn Beppoyovo tov. Ta xopakInplotikd g Kovong emPefaidvovy mwg to cOHGTNH
&yyvong tov DA sivar tkovo yuo vymAn Topoyn MAlag o€ AVTEG TIG TEGELS, TO OTola £YEL ONUOVTIKO Babuo
TeYVIKNG duokoAiag (33,36). Zta peydia eoptia Bpaddtepog pubuog kavong tov OA gvtomicTnKe oTa TEAMKA
otadwo. Ot dapopég oto HRR o Aettovpyio DA vito younid kot pecaio goptio, 0dnyodv otnv vrdbeon ot
dtadtkacior Kavong amoKAIVEL TEPAUITEP® AO TOV TUTIKO UNYOVICUO VYPOV KOLGIHOV Yo, Kabvotépnon ot
yovia avdeieéng tov mAdTov, Kot vymAn avaroyic MGO/®A. Extipdror 6Tt avtég o1 cuvOnkeg ennpedlovv Tig
depyooieg kavong mpoavaueling évovtt g odyvuone. O kvnmpag “2” Tapovclalel to TPONYOOUEVA GE
evtovatepo Pabud. Ze avtibeon pe tov “17, ya tov kivnmipa “2” ta dwypdappata HRR deiyvouv onuavrikn
dwakvpaven peta&d Asttovpyiog MGO kol @A, pe v mpdwpn avaereén tov TAOTOL va givol gdkora
avayvopion yio OAa ta optia, £101kd 610 75%. Eva chvtopo evdidpeco otddio evroniletan oe OA TaL opTiat
pe tov puud kavong vo awEAVETOL ELAPPOS TPV amd TNV KOpLa avaeAieén tov ®A. H npoavapeperypévn kadon
eEelMooeTon TaydTEP Kot Kot 1 Agttovpyio DA yioo OAa Ta @opTio, Kot T0 UEYOADTEPO UEPOG TOL KOVGILOV
Katyetot evidg tov tpdtov 10° éog 15° petd v avaeieén. H kadon oto tedevtaio 61dd0 givor apketd apyn
o€ ovykplon pe TN Aettovpyic MGO. Avt 1 copmepipopd omodideTaL GE S1OPOPETIKT GTPOUTNYIKN TAOTIKNG
&yyvone. O mAdtog MGO yekdletor ol mpv amd to TDC o€ oyéon pe ta cVyYpova TPATLTO, AELTOVPYING
Kvnpov evog Kavoipov. H avdeieén tov 600 kavoipwv yivetal pe coen ypovikn deopd, A0y g
OTOOLOKNG TAOTIKNG £yxvone. ['a va emitevybel ovtd, T0 UTEK YeKAGHOD VYPOD KOVGIUOL ETAVACYEIAGTNKE
Yo TOV KiwnTipa véag yevidg, (37). Emumiéov, epapprootnke £va S10popetikd Tpoeik yio TNV TAOTIKN £yyVor).
H ddpketa kavong epevvinie yuo Aettovpyioc MGO ko PA. To amotédespo NTov LiKpOTEPT] SIAPKELN KODOTG
Y10l TO 0Py TAdLOL KoL 1100 GUVOALKY O1apKELd Yl ToV KivnTipa “17. H cuvoAikn didpketa mapéuetve idio Ko
Yo Tov “2” pe AMyo peyoddtepn S1dpKeLD KOOGS OTO 0PYIKG OTAdIM, TOV amodideTal 6TV apyn Koo g
TAOTIKNG £yYLONG UEYPL TNV avaeAeEn g koplag palog agpiov. H didpketa kavong gival onuavtikh kabog
emnpealet Tic Oepukég andAeles.



EOBvucd Metoopio TTorvteyveio, Zxod Mnyoavordywv Mnyovikdv

S5 5
a5 %107 ‘ i 3 %10% ‘ ‘
75% Load 75% Load

3 - —DIESEL 3 —DIESEL
_ 7 ---- DUAL FUEL a5 ---- DUAL FUEL
< Z \
Q25 o \
=3 3 2
2 2
M 2 5
x 14
@ o 15
(2] w
815 8
[} 7]
o o4
T 1 k]
@ )
I I

05 0.5
0 - ' ' ' ' — - pk”
175 180 185 180 195 200 205 210 215 220 175
Crank Angle (deg) Crank Angle (deg)

Eucova 2-8 PuOpdg ékivong espuérég(ig oe poptio 75%, Aetrtovpyia pe MGO & ®A; (o) Kwntipoag 1; (B) Kwnr(rfgag 2.

24.2 Exnopnéc NOy o€ Aertovpyio ourlod KOVGIpov

AOY® ¢ Aettovpyiag o€ kokAo Diesel ta eninedo ekmopmmv NOyx dev dAla&ov onpoavtikd kotd t xpnomn OA.
2tnv Ewodva 2-9 divoviat ot Tipég E0IKAOV EKTOUTAOV Y10l TOVS KIVNTHPESG Yo Toug dvo Thmovg Asttovpyiag. [
tov “1” o1 ekmopumég eival HELOUEVES GE DYNAO pOpTio KOt YOUNAOTEPES YioL LYNAO Yo Agttovpyia PA. Ztov “2”
ol ekmopunég katd v kavon DA eivar avénuévec. H dtapopd avth givarl to amotélecuo ¢ Tpomopeiog
TAOTIKNG €yyvomns, TG dlapopdg avaroyiog pnalog vriled kot QA Kol TOV YEVIKO DYNADV TIEGEDV Y0 TOV
Kwvnipo “2”. 1dwitepn emppon exkTdTon TOg ixe 0 Evtovog pubudg kavong yio ™ PA Asttovpyio. Tédog 1
Kavon peboviov emeépel peimon tov oynpaticpod NOx Adym g pukpng Oeppoxpaciog AOYOS.
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Ewodva 2-9 Ewdwég exkmopnég NOy, Aertovpyia pe MGO & @A; o) Kwnrrpog 1, B) Kwvnipog 2.

3. Xpnon Buokaveipov ot Navtihio

H ypron Prokavcipmv pe Pdon to Provtiled mapovoidlel televtaior avENUEVO EVOLPEPOV GTO YDPO TNG
vavtidiag. O atdy0g givat va ypnotporomboiv peiyuato frovriled kot VLSFO yo vo Bedtindel to amotomopo
GvBpaka vEoTAPEVOY OKAPOV Ywpig vo mpayuatomomBodv ektetopéves petatponés, (38,39). Exmi tov
TapOvVToG, To Provtilel yio voutikn ypfon gival 2" yevidc, |e TIg TePIocoTeEPE Tapailayéc va Poacilovtal og
pebvieotépa Mmapdv o&éwv (FAME). Ta Brokadoa 2™ yevidg givor mpoiov un tpoeikng fropaloc, 6mmg
amOPANTA PPAOCIUOV ELT®V 1 LoyelPtko Addt, (40). Avtd K0O16TA TO KOGTOC TOV TPDOTOV VADY YoUNAO, dALL
1 oladiKocio Tapaymyng ivat damovnpn, kabiotd@vtag to Provtilek 2™ yevidg akppdtepo amd To Topadociokd
kavoa. To vavtikd Prokavcio eivar cuvnBwg peiypa 30% Provtiled koaw VLSFO (B30). To mepiforiovticd
O6pelog Tov Provtiled yia Tig exkmouméc avOpaka opiletol Kupimg otov cuvoAlkd kKikho (ong tov (41). Bdon
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peAetav (42) kot otoygimv omd Toug TPOUNOEVTEG TOV KOVGIH®V OV HEAETHONKAY, TO OPEAOG EKTILATOL GTO
25% ywo o B30, kdtt mov Ba Bertidoet onpavtkd to deiktn CII katd ) yprion tov.

O1 Baoikég avnovyieg yio T xpnomn Proviled eival ot S1opopeTIKEG PLOIKES KoL YNLUKEG TOV 1O10TNTEG O GYEOM
ne ovpPotikd kKovoiuo (43,44). Avtéc pmopel va eanpedoovy To GOOTNUA £YYVONG, TO UNYOVIOUO TNG KOVOTG
KO TOVUG TopayOUeEvovg pumovs, kupiog NOy, (45), (46), (47). H xopiotepn emnidopacn 610 GYNUATIGUO TOVG
avapévetol va TpogBet omd v avénuévn meplextikotnta o€ O (48,49).

3.1 Asmropéperes MeTpijcev

HopatiBevrar mapaxdto to ctoryeia TV Kvntypov mov petpndnkav, Iivaxog 3-1, [ivakoag 3-2 kot ot
WB10TNTES TOV SOKINAGHEVOVY Kovaipmy, [Tivaxkag 3-3.

Tivakog 3-1 Xopaktnplotikd dixpovev Kivnpov mov peetionkay

Tomog Kivnmipa 1 2 3 4 5
Ap. Kvrivdpov 6 6 6 6 6
Ov. Taybdnro (rpm) 75 77 85.5 89 89
Ov. Ioyog (kW) 15,748 10,215 16,780 9660 9660
Awdpopny (mm) 700 600 700 600 600
Atdpetpog (mm) 3256 2790 2800 2400 2400
Kabdowa Aokipdv B30, HFO, MGO B30, VLSFO, MGO B30, VLSFO B30, VLSFO B30

[Mivaxog 3-2 XopakmpioTikd TETphypoveov Kvntipmv Tov peretnonkay

Tomog Kivnmipa 1 2 3 4 5
Ap. KvAivépov 6 6 6 6 6
Ov. Toyvro (rpm) 900 900 900 900 900
Ov. Ioxoc (KW) 970 970 1710 610 610
Awdpopny (mm) 220 220 210 185 185
Awdpetpog (mm) 320 320 320 280 280
Kavoyo Aokipdv B30, HFO, MGO B30, HFO, MGO B30, VLSFO B30 B30
Ap. Movédmv 1 1,3 2,3 1 1

TTivaxag 3-3 XopakTnpioTikd KOVGipmv Tov XproYLOTOt 0KV GTIG LETPICELS

Ap. IThoiov 1 2 3 4 5
Tonog Kavaipov B30 HFO MGO B30 VLSFO MGO B30 VLSFO B30 VLSFO B30
LCV (kcal/kg) 9575.23 9548.95 10,172.49 9563.3  9864.3 10,122.3  9608.27 9790.24 9981.37 9904.92 9981.37
Mukvétnra 15C (kg/m®) 930 989.7 863.1 930.2 970 880.2 929.5 979.6 939.6 956.1 934.9
IEddeg 50C (cSt) 3866  357.8 3.591 38.37 154.7 3.812 37.7 37.7 6.7 194.8 44.7
S (%m/m) 0.35 3.23 0.078 36 0.45 0.069 0.36 0.47 0.34 0.47 0.48
CCAl 820 851 - 821 841 - 818 870 867 824 823
Ap. Ketaviov - - 47 - - 41 - - - - -

C (%m/m) 83.7 84.3 87.6 84.4 86.9 87.4 81.9 86.9 82.1 85.8 80.5
H (%m/m) 11.8 10.3 12.1 11.9 111 12.6 12.2 111 10.6 12.1 10.8
N (%m/m) 0.48 0.41 <0.10 0.2 0.4 0.11 0.5 0.4 0.2 0.45 0.2
O (%m/m) 3.67 1.76 0.22 3.22 <0.2 <0.2 4.69 0.2 1.6 <0.2 31
FAME (%V/V) 29.7 <0.10 0.2 28.31 <0.1 <0.1 34.15 <0.10 25 <0.10 28.54

3.2  Ermidpaon Prokovsipmy ot AEITOVPYIC VOVTIKOV KIVI|TI POV

3.2.1  Kopieg Aertovpyikéc TinéG dixpovov Kivtipov

Ytv Ewova 3-1 diveton éva ypdonuo 6TatioTiKig cvvoyng g enidpaong xpnong B30 og mévte dixpovoug
VODTIKOVG KIVITIPES OtV €101KN Katavalmon kavoipov (BSFC). O tyuég eivan dtopbmpéveg katd [ISO mov
mepthappavel ovaywyn oty ido Ogppoydvo (LCV). H ovykpion yivetal o oyéon Ue TIC TIUES avapopdc TV
EPYOOTAGLOKAOV OKIUAOV KoL TG peTpnuéveg Tinég e MGO kot Bapd metpéhaio (HFO kar VLSFO) mov éywvav
ev Mo TopdAinia pe tov B30. Katd péco 6po, n xprion B30 Bpébnke vo, av&avet to ISO BSFC katd 1-2% og
OUYKPION LE TIG TWWES avapopds, kal e Tig dokipég MGO. H dtoxdpavorn peta&d Tov Kivntipey NTov JounAn,
YEYOVOG OV OTOSIOETOL GTOV NAEKTPOVIKO TOLG EAeyyo. Ot vynAotepeg anokAicelg mapatnpnnkay yo Tig
OLYKPIGELS EVaVTL TOV de0UEVOV avapopdc, Ewdva 3-1. Avto sivorl mbavotota 10 amotéAecua G S10popag
TOV TPEYOVOMDV AEITOLPYIKOV TOPOUETP®Y TOV KIVITNPO GE OXECT UE TIC OOKIUES avoeopdc. Ot Tiuég
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Aertovpyiag pe B30 kot apyod metpelaiov amokGADYoY EAAYIGTN SL0POPE Ko, GE OPICUEVEG TEPITTOCELS, L0
pkpr| Beitioon katd ) Aettovpyia pe B30. H cuvoiiki) mpaypatiky Katavahoor Kausipov, wetdco, Ba givon
eAappdG LYMAOTEPN Yo To B30 Adym ¢ yaunAdtepng LCV tov.

311 GUVEKELN TOPEXOVTOL TOL GTATIOTIKA GUVOTTIKG YPAPHIOTA TOV diYpOovVEV KIVITHP®Y TOV SOKIUAGTNKAY,
Y Prax kKot AP, Ewoéva 3-2 xor Ewova 3-3. H enidpaon 1ov Prokovcipov otn Asrtovpyio mapovcioce
OTUOVTIKEG ATOKAGELG LETOED T®V KIVIITNPOV. ZaQNG TACGT Y10, LEIWGTT) TOL Pmax S10kpiveTal KaTd T Xp1noT| TOL
B30, aALd ta amoteléopata mokiAlovv. Xe oOykpion pe 0 Papd meTpéhoto, ot TIHES Pmax EMMpedotnray
Myotepo. Ocov apopd to AP, mapovsialetar pkpdtepn dtakdpoven Kot exiong evromileton pia younAn peimon
katd tn xpnomn B30. O kbplog Adyog yia T yapunAdtepn dacmopd Tov Tiumv AP og 60yKpion PE TO Pmax, Elval
OTL VINPYE dPOPA TNG TLESTG TOL KVAIVOPOL GTo onueio avaeieéng LETAED TV doKIU®Y. TOGO T0 Prax 660
ka1 10 AP emmpedalovrot oo Tig 1010TNTEG TOL KAVGipov, kot cuvifmg avgavovtar pe vyniotepo LCV. O dalot
wapdyovteg mov ennpedlovy ta Pmax kot AP givail n yovia yekaopov kot 1 kabvotépnon avaeieéne. To npdto
umopel va emnpeactel ond PUOIKEG 1010TNTEG OTTMG TO 1EMOEG KOl TO JeVTEPO JAPEPEL AGY® TOL OPtBLOD
ketaviov (CN) tov dokipacpuéveov kovoipmy. H pdiiov younin ueimon g AP yia to B30 oe cOykpion pe to
MGO, to omnoio &xgl mepimov 6% vymiotepo LCV amodideton og vopitepn avdeieén mov avtiotaduiler nv
emidpaon g LCV. Mia evdeiktikn S10popd Tov Tidv Kabvotépnong ovaepieéng petad tov kavoipmy divetal
omv Ewova 3-4. Ta amoteréopota B30 kot apyod metpelaiov NTov 0pKeTd TAPOUOLN, GE OYECT UE TIG GAAEG
dV0 cLYKPIGELS.

Me Baon Tig mapapétpoug amddoone, N enidpoon tov B30 ot Asitovpyio tov Kivnehipa Ppédnke va eivon
ehdypotn. Eivorl mBavo poakpoypovieg 00KIUES VO OTOKOADYOVV ETMTOCELS GTI AELITOVPYIO TOL GUGTHLOTOG
TPOPOS0GING KOVGILOV, EI0IKA GE TEPITTOCELS OOV KAKOC XEIPIGUOC KOl 0modnKevon exnpealovy Ty TodTnTa.
TOV Brokovcipmv Aoym o&eidmang 1 0TV 1 KOTAGTOGT TOV Kivtipa dev givat kaAr. ['a kdbe tepintmon éyve
LEAETT TG emidpaong TG xpnons tov B30 oto punyovicud kovong pe ektipnorn tov HRR ypnoponoidvrog ta
petpnuéva otaypdppata mieong. To amoteAéouato NTOV OUOOUOPQO OTIG TEPICCOTEPEG MEPIMTMGELS KOl M
emidpaon tov Prokovsipov nrov pkpn. O péyotog pubpog kavong, Kot yevikd o puBupog eE€MEne e nrav
o0V 1010, LE TOV TLTIKOV KOVGIU®MV oL emiong peketnkav. Avtd emPefainoe mwg to B30 eiyxe eldyom
€0¢ UNOOUIVY ETIOPAOT] KOL GTNV TOPOYT KAVGIHOV GToV KOAIVOPO, ONANdT 6TO GOGTNUA £YXVoNG. AvTicTOoro
TOAD YOUNAEG NTAV KO Ol 10POPEG 0TI SLAPKELN TNG KAOOTC.

J Comparison Basis: 8 Comparison Basis:
- [ IReference =~ 6 1 [ IReference
= [_lGasoi 8 [_lGasOil
© Crude Oil o 4 Crude Oil
o -
4 Mean Value Q Mean Value
5 Maximum 5 2 © T
i}
= % 0 - —
o Upper a 1 T
= quartile > H
5. H e 2 1 d
E 8 -4 [
2 IR s 2 H £ :
c c -6
<} L - <]
(@] Lower = = H
@ 0 quartle 1 - g -8 J
i b nimm & 2
& I § -10
] < 12
a0 ]
@ @
= -14
0 % o
m m -186
-18
25% Load 50% Load 75% Load 25% Load 50% Load 75% Load

Ewova 3-1 Metaforn edung katavaloong kotd 1ISO, B30 os oyéon pe  Ewodva 3-2 Metaforry pey. mieong wavong, B30 oe oxfon pe
Epyootaciaxni i, MGO, Bapd Ietpéhato; dixpovot kivntipeg Epyootaciaxn tyr, MGO, Bap0 [etpéhaio; dixpovor kivntipeg
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10 Comparison Basis: 1.4 I
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Ewova 3-4 Ymoderypa kobvotépnong avaoereéng, B30, MGO, HFO;
Aiypovog KivnThpog

Ewova 3-3 Metaforn avodov mieong kotd v kavon, B30 og oyéon pe
Epyooctacioxn Ty, MGO, Bapv Ietpélaro; diypovot kivntipeg

3.2.2 Emidopaocn Brokovcipov 6ty amdd061 TETPAYPOVOV YEVVIITPLAOV

Y11 Ewova 3-5 - Ewova 3-7 n enidpaon tng xpnon Plokavcipov oty €81k KoTavailmaon, Léyletn mieon
Kaomg Kot Gvodo mieons katd TV Koo mapovGtaleTal Yio TIG TETPAYPOVES YEVVITPIEG TTOL EEETAGTNKAY.

To ISO BSFC Aertovpyiag pe B30 Bpébnie va gival vynAdtepo yio TOVG TEPIOTOTEPOVS KIVNTIPES, UE AlyEG
TEPIMTAOGELS VO £YOVV Tapopotes Tég katavaiwons. H avénon tov ISO BSFC yu t Aettovpyion B30 og
OUYKPION HE TIG TIUEG avVOQOPAC NTov Katd pEco Opo 2.5%. e ovykpion pe TIc TEG dokumv pe MGO,
damot®bnke avénon 3%. Onwg Kot oty mepintwon tov diypovev kwntipov, ot Tés BSFC tov apyov
neTperaiov Nrav kovtd oto B30, pe po ehappd avénon 1% yia 6ha ta poprtia. I'a Tig TeTpdypoves yevvitpleg
mapotnpeitar vynidtepn enidpacn tov B30 oto BSFC g olhykpion pe toug dixpovoug kivntipes. H emidpoon
070, Pnax kot AP BpéBnke onpoviikn og oxéon pe Tig TéS avapopdc yio OAa ta kavoipa tov gggtdotnkay. Ot
Tég yia to B30 ftav mopdpoteg pe to dAAa kavoua. H opotdotnto petald tov Tindmv yio OAEC TIG SOKIUEG EV
TA® OTOKAADYE OTL 01 SL0UPOPEC GE GVYKPLOT LE TNV OVAPOPH NTAV ATOTELEGIO POOUIOT|G TOV KIVIITAPO KoL O)L
1oV Kawaoipov. To mpornyodevo deiyvel 6Tt yia TG TETPAYPOVES LOVADEG 1) pOOLIOT) KOl KATAGTOOT) TOL KIVITH PO
umopel va mowkidAet onpovtikd. Alamiot@dnie 0tL n vopitepn avaereén tov B30 avtiotdduce ) dtopopd tov
LCV peto&d B30 kot MGO. H ovykpion pe petpnoets opyol metperaiov delyvel avénor orld kot peimon Kot
Y10l TIG 000 TOUPUUETPOVS, AVAAOYO LLE TOV KIVITHPO TOL doKIdoTKeE. Ot S1dpeceg TIHEG SElYVOLV OTL 1) YEVIKN
téon givar yopmAotepn Pmax kot AP yia tn Agttovpyia pe B30. Me Bdon ta amoteléouata wov topovctalovol,
ot dtapopég amddoong Yo To B30 oy mepintmon t@v TETPAYPOVEV YEVVITPIDY NTAV GUVOAMKA LYNAOTEPESG
omd TOVG 2XPOVOVS KIVITIPEG.

B30 Specific Fuel Consumption Difference (%)

8

(o]
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N
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Comparison Basis:
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Crude Oil
Mean Value

25% Load

50% Load

75% Load

B30 Peak Combustion Pressure Difference (bar)

22

I

-22
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Comparison Basis:
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[ lcasail
Crude Oil
Mean Value

Ewovo 3-6 Metaforr} pey. mieong kovong, B30 oe oyéon pe
Epyootaciokn Ty, MGO, Bapv [Tetpéhoto; teTpdypovotl Kivntipeg

Ewova 3-5 Metaforn edikng katoviioons katd 1ISO, B30 ot oxéon
pe Epyootacioxn Ty, MGO, Bopd Ietpéhato; teTpdypovot Kivntnpeg
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Comparison Basis:

20 [ IReference
[gasoi
16 Crude Oil

Mean Value

B30 AP Difference (bar)
[e-] =y o = o
|

25% Load 50% Load 75% Load

Ewdva 3-7 Metaforn avodov miceong kotd v kavon, B30 oe oxéon pe Epyootaciaxn tiur, MGO, Bapd ITetpéhato; teTpiypovotl KivnTthpeg

3.2.3 Emidopaon ypione Prokaveipov 61ig ekmopnéc NOy diypovav KivnTipov

O ewdwcég exmopunég NOy vmoloyioTnkay pe TN HETPNUEVI GLYKEVIP®OOT TOL PUTOL OTA KOLGOEPLD, TNV
extyumuévn pon palog kavcaepiov pe tn uEbodo 1soppomiog nalog avOpaka, Kot T UETPNUEVN 1GYD TOL
Kwvnpo og kdle mepintwon. ZToTIoTIK) cOHVOYN TOV AmoTeEAECHITOV dlvetar otnv Ewdva 3-8 yio Toug
diypovoug kvt peg. ‘Eva onuavtikd gupnua fTov 0Tt Yio OAEC TIG TEPUTTMGELS Ol GUVOAKEG EIOIKES EKTTOUTEG
NOx \tov TAve omd TV T avaeopac, oveEaptnta amd T0 KOOGIUO OV SOKIUACTNKE. XTIG TEPIGCOTEPEC
TEPIMTAOGELS, ot TiéG ekmoundv NOx yio to B30 frav avénuéves. [opatnpnnke dokvpaven tov Pabupod
avénong 1 omoio NTOV AVOUEVOUEVT], AOY®D TOL UNYXOVICUOD ETOpACNC TOV BlovTiled oTIg UNYOVEG ECMTEPTIKNG
kavong (50), (51). Ot peyoldtepeg S10KVUAVOELS EKTOUTMV GUVETEGOV LE TIC VYNAOTEPES OLOKVUAVOELS GTA
dedopéva amddoong tov kvntipov. To aroteléopato kabiotodv cagég OTL Ol EKTOUTEG GE YOUNAO QOPTio
empedlovral meplocdTEPO. AVTd GuuTinTEL pe Tov VYNAOTEPO Babud S10popag TV TIU®DY Pmax 6TO YoumAd
eoptio. H péon avénon tov cvuvolkdv ekmoundv yo to B30 og ohykpion pe tig Tipég avapopag ntov 10%.
AouPavovtog voyn to yeyovog 0t o IMO mapéyet dikaiopa yio avénon Tov ekmoundv katd 10% miveo ard
TO EMIOTLLO OPLO Y10l SOKIUEG TTOV TPAYUATOTOLOVVTOL EME TAOTWV, (52), awTd To amotélecpa givorl evOoppuvTiKo.
Y obyKkpilon pe to apyd meTpéharo, Yo to B30 n avénon tov ekmopundv NOx fitav yaunin, pe péorn tun 4%.
AouPavovtog vroyn TV TapopUold amddocn TV Kivnthpov katd ™ ypnon B30 kot apyod metperaiov, n
a¥ENON TOV EKTOUTAOV 0mOdIdeTOL GTNV VYNAOTEPT TEPLEKTIKOTNTA TOV Prokavcipov og Os.

3.24 Emidpoon Prokavcipov otic ekmopmés NOy TETPAYpOVOV TEVVTPLOV

Ytnv Ewdva 3-9 divetar 1 cdvoym g enidpaong tov B30 otic exkmopunég NOy yia TIG TETPUYPOVES YEVVITPIEC.
BpéOnkov youniotepeg téc kv ekmoumdv NOX og GUYKPION UE TIC TIWMEC OVOQOPAC YO TOVG
nePLocOTEPOVG KvnTipeg mov e€etdotnkav. Avtifeta, n cOykplon pe dokiuég pe ypnon MGO kol apyod
netperaiov €de1&e vynAdtepeg ekmopuméc NOx yioo ™ Agitovpyion pe B30. H cuvolikn) otafiopévn tium
EKTOUTTAOV NTOV KOTO HEGO Opo 5% younAotepn amd v avapopd yio tig dokipuég B30. H didpeon tun ftov
Kovta 610 0%, delyvovTag OTL Y10 TIC TEPLOGOTEPEC YEVVITPLEG, Ot ekmouméc NOyx pe yprion B30 ftav mopdpoieg
He avtéc ¢ avagopds. Ot dokipég ev T, wotoco, £dsiEov ott yia To B30 ot cuvolikég exmopmég NOy
avéndnkav petatd 6% — 15%, katd péso 6po 10%, oe cuykpion pe to vtileh. Avti n advénon eivor Tove omd
To. EVPIUATE TOV SOKIU®Y diypovov kvntnpa. H ovykpion pe tic dokuég apyov metpelaiov £0eiée péom
avénon tov cvvolkemv ekmoundv NOx vy 10 B30 xotd 2,4% oAAG xol peydin Stokdpoven Kobog
Kataypaenkav Tég otny meptoyn £10%. Xvvolikd, emPBefoarmOnke tdon yio avénpévo oynpatiopd NOx katd
™ xpnom tov B30, mopd to yeyovog 0Tt ot TWEG Pmax kol AP Mtov yevikd younidtepes. O evioyvuévog
oynuaticpoc NOx amodidetor cuvenmg otny vynidtepn meptektikotnto o€ O, TV flokavcipmy. Aapfdvovtag
VITOYT TO. OTOTEAEGLOTO, YLOL TIC TETPAYPOVES YEVVITPLEC M| xpNon B30 Oa exnpedoet pétpia tig exmouméc NOy,
EMTPEMOVTOGS T1) CLUUOPPOGCT LE TO, APl EKTOUTADV.
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Eucova 3-8 MetaBorr ewdikmv eknopuncdv NOy, B30 e oyéon pe Ewcdva 3-9 Metaforn ewdikav eknopundv NOy, B30 e oyéon pe
Epyootacioxn tyr;, MGO, Bapv [letpéhaio; dixpovor kivntipeg Epyootaciaxn Ty, MGO, Bapd Iletpéhaio; tetpdypovotl Kivntipeg

3.25 Xpion morovlmvikov poviéiov Yo peléTi Asttovpyiag dixpovov Kivntipa pe frokavoipo
[Mopovcialovratl Ta amoTeEAEGHATO TG VAAVLGNC TOV TOAVLOVIKOD LOVTELOL Y10 TNV EMIOPAGCT] TOL BLOKOVGILOV
o1 dadkacio koong kKot 6to oynpatiopd NOy. H metdtnra tov poviédov emiPePormbnie ovamopdyovrog
TO. OMOTEAECUOTO, TMV EPYOCTACIOKAOY OOKIUMY €VOC €K TOV UEAETNUEVOV OlypoveV KIVNTRPOV UE KOAN
TOTOTNTA. XTN GLVEYEL OKOAOVONGE UEAETN TG Aettovpyiag eV TA® Yo To Tpiol Koo UE emiong KoAn
CLUUPOVIK HETOED LETPNUEVOV KOL VTOAOYIGUEVOV LEYEDDV Y10, Evav dlYpOVO KIvnThPa.

Ytnv Ewova 3-10 diveton o oynpatiopog NOx og kaBe {mvn kot v o Tpio poptia (25%, 50%, 75%) yio HFO
kot B30. [Tapatnpovvial S10popéc, pe TV o evAapEPouco va eivat ot YOUNAOTEPES TILEG GUVEICPOPAS Yid
OAeg Tig (veg kaTd Tovg LIToAOYIGHOVG B30. Avtd delyvel 0TI 0NV TEPITTOGT TOV BLOKALGIU®V 1) GUVEIGEOPA
oAV TV (OVoV gival TTo opoldpopen omd 0,tL otnVv mepintmon tov HFO kot 611 1 cupPoin tov tedevtaiov
oynuoticpévev {ovov givar peyaAdtepn. Avtd eival 1o anotéAesio Tov 0&uyovou mov meptExetal 6to B30 kot
Bedtidver Ty avaioyio aépa kavoipov otn {dvn kavong. O pududg kabong mov vroroyiletal and T0 HOVTELD
otveton otnv Ewova 3-11 ko deiyvel ehdyioteg dtapopég petald v dVo Kowsipmy yio 0Aa ta poptio. H péon
Oepuokpacio {ovne kavong evykpivetar peta&d tov dokipumv B30 kot HFO oty Ewdva 3-12 yia goprtio 75%
H péon Beppoxpacio g {ovng kawong ivoar vynidtepn v to HFO kot otig 600 mepurtmoeic. Avtd dgiyvet
ot avénon tov ekropndv NOy Katd ) gprion Prokavsipmy opeileton TpoTicTmg oty adénom g avaloyiog
aépa Kowoipov. Xty Ewodve 3-13 divetar to oamotéhecuo Oepntikng peEAETNG pe dvo kavoud idtmv
XOPOKTNPIOTIKOV OAAG dapopetikd mocootd 0. Paiveton kobopd mwg to emmAiéov Oz emmpedlel g
TEPLEKTIKOTNTA TNG dE0UNG KOVGIHov pe TN dapopd va yivetow dwakpiri] apovd 10 Oz TOVL KOwoipHov &yel
KatavorwBel opopévo ypodvo HeTd v évovor kot 0 Oz TOV E1GEPYOUEVOD OEPO. OTN OEGUT TAPAUEVEL LUE
OTOTELECUO 1 GLYKEVTPOOT Vo av&dvetal Kot vo, gvvoeitar o oynuaticpdc NOy. Ot dapopd oto Adyo
1G0OLVOUING KOWGIHoL aépa, oV TPOoKUTTEL amd TN dpopd mepieyouévov Or peta&d B30 kot Kowoipov
xapmAng meptektikotnrog O divetar otv Ewova 3-14 ko Ewova 3-15. Onwg gaivetar peydin dogopd
TpokvNTEL E101KE 6TO E0MTEPKO TNG déoung AOY® Tov Oz 6to B30. Avtd gvioyvel onuavTikd Ty Topaymyn
NOx.
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Ewodva 3-12 Ymoloyopévn péon Oeppokpacio {odvng kavong, 75%
Doprtio Aertovpyia pe B30 ko HFO

YAHNAo0 Kot vynAod Tepieyopévov O,

Ewova 3-13 Méon ovykévipmon O, ot déoun Kavcipov yio KGueiHo

0.8

Ewova 3-14 Kartavoun Aoyov icodvvopiog Kovoitov-aépa otn dEoun

5° petd v €yyvon, 50% poptio, B30

Ewova 3-15 Katavoun Adyov 1coduvopiog Kavcipov-aépa otn dEoun

5° petd v €yyvon, 50% eoptio, Low O, HFO

15



EOBvucd Metoopio TTorvteyveio, Zxod Mnyoavordywv Mnyovikdv

4. Xpnon avokvkro@opiog kavcsagpiov Yo teplopiopo ekropmdv NOx o€ diypovovg
VOUTIKOUS KIVII T PES

4.1 Baow apyn Aertovpyiag

H ypnon EGR yivetar mpokeévou va peimbel n cvykévipoon Oz 610 0dhapo Koavong Kot mapdiinia va
pewbet n péom Beppoxpacia Tov (53). Ta 600 avTE eMTLYYEVOVTOL LE TNV AVTIKATACTOCT HEPOVS TOL EPH
oav gpyalOUevo HECOV e OVOKVKAOPOPOUVTO KOVGOEPLY Ta omoia eival OTwyd oe 0EE0®TIKOVS TOPayovTES
Kot TapdAAnda Exovv vymin BeppoympntikotnTa, (54).

42  Awtaén cvetipaTog

INo kvnpeg pe ddpetpo kuiivoov 700 mm 7 pkpotepn, to ovotnue EGR gpapudletan pe évav atpofiro
mov dwbétel fodPida mapdiapyng kovcaepidv. H dtopodpemon divetal otnv Ewova 4-1. Xe cuykpion pe
ovvnoicpévn S1dtaln Kvntnpa ¥PNCLLOTOOVVIOL VO YPALUES TPOG TOV OYETO 0EPO. GAPMOONS. AVvTd givol 1
KOPLOL YPOUUR, TOV EXEL TNV IKOVOTNTA VO TPOPOSOTEL OAO TOV 0EPO GAPWOOTG LEGH TOV CLUGTIOTOC EICUYWDYNG
KOl TOL VEPGLUTESTT, kKot 1) Ypoaupy EGR mov odnyel pa opiopévn mosotnta kavoaepiov, Emg 1o 40% tng
nalog Tov péyletov eoptiov, pécm ¢ povadag EGR péypt to onueio avapeiéng otov oyeto sieoywyng, (55).
H BoApida mapdxopyng tov otpofitov (EGB) ypnowomoteitan pe to ocvommuo EGR avevepyd vyia
BeAtictomoinon amddoong o yapmid eoprtio, kot 6tn Agttovpyics EGR 1 BoABida eivon pévipo kiewotr|. Katd
T S1apKeLn. aVTNG TG Asttovpyiag, N Parfida Tapdiapyng kuAivopov (CBV) ypnoonoteitarl yio v adénon
g mieong Tov aépa capmong g LEBodog Pertioong TG AmOI0oNS TOV KIVITHPA.

To YopaKINPIOTIKA TOV LEAETOVUEVOV KIvTHP@V divovtal otov [Tivakag 4-1 yia tov “17, evd o kivnmpog “2”
elvar o 1610¢ pe tov kivntipa “1”” tov keporaiov 2 (Tlivakag 2-1).

Exhaustreceiver

EGR string

Sov

\ Basic T/C
Pre-spra; w\jﬁ-
pray N/, “
EGR unit CBV
I Cooler spray I_J
I
/=X ’ L8 =
< ~— ) Cooler
EGR cooler | _%/‘ : : ( = /\

]
WMC :
B R : EGR I_JIQNS( BTV
/-
.. St | e

Scavenge air receiver

Ewova 4-1 Zynpotikd didypappa diypovou vavtikod kwvntipa eonhcpévon EGR ko EGB, (55)

IMivaxog 4-1 Agrtovpykd yapoaktnpioticd unyoavng 1

6G60ME-C9.5EGRBP Movédeg Twn
Tomog - Aiypovog
Ap. KvAivdpov - 6
AdpeTpog mm 600
Awdpopn mm 2790
Ovopaotikh Taydmto rpm 86.0
Ovopaotich loydg kw 13,000
Tomog EGR - EGR-GB
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4.3 Emiopaocn EGR ota facika Aertovpyikd peyédn tov kivnmipov

Katé ™ Aertovpyio pe EGR (Tier-III) onuavrtikéc petaforéc mpoékvyav oto Pacikd Aettovpywkd pey£on ko
Yo TOovg dvo KvnTpeg oe oxéon pe yopic EGR (Tier-II). Ot tipég Peomp 00ENOMKAY, VD M Pmax pE1®ONKE,
Ewova 4-2 - Ewova 4-5. H adénomn tov Peomp emA0e Topd T peimon tng wieong cdpwong, He avénon tov
Adyov miécewv mov emtevydnke pe vopitepo EVC, Ewodva 4-6 kor Ewova 4-7 yuoo toug d00 KvnTipeg
avtiotorya. H AP mapovoiace onuavtikn peimon, Euwova 4-8 kot Ewova 4-9, ev pépel Adym PBpadvropeiog
&yyvong Kavcipov ywo v mepintwon tov Kwvnthipa “17, Ewdva 4-10. Bpadvmopeia £yyvong Kavcipov dev
mapatnpnOnke yioa 6ha ta goprtia oty mepintwon tov “2” Ewdva 4-11, kupiog Adyo g TAOTIKNG £yXLoNG
TETPELALIOV TTOL JEV EMTPEMEL PEYAAEG KOBVGTEPNOELS, POV EKKPEUEL kat 1) avApAeEn Tov PLGTKOD agpiov. ['a
m yvevikn peioon tov AP gvBivetar oe peydio Pabud 1o avakvkAo@opOv Kovcaéplo, OTMSG Paivetal o
OULVEYELN TNG AVAADOTG KO Etval YvwoTd amd dAleg peréteg (56). H Bpadvmopeia £yyvong kot avapreéng £xet
apVNTIKO OVTIKTUTO GTNV KATAVAA®OT KOWGiHov. Me mepattépm avaALGT YPNCLOTOUDVTAG TO TOALL®OVIKO
povtélo, dwmotdbnke 6t n Ppadvmopio. ypnoomombnke yio va meplopiotel t0 mocootd EGR evd
nepropilovrat ot ekmouméc NOx, OTmG avoapEpeTal Kot o€ OAAES pneréteg (57-59).
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Ewova 4-10 Tovia éyyvong kavoipov, Tier-11 & Tier-111; Kownthpag 1 Ewova 4-11 Tovia éyyvong kavoipov, Tier-1l & Tier-111; Kwnpog 2
OA

Kat yuo tovg 800 kivntpeg, 1 Kotavaimon kavoipov exnpedletal apvntika omd 10 EGR kot t1g aAlayég otig
pvOpiceis. o tov kivnmpa “1” avénon tov BSFC mopatnpeitor og oAdKANpN TV TEPLOYN AEITOLPYIOG, LE TNV
VynAOTEPN (vodo peta&d 25% kar 50% optiov, Ewodva 4-12. H péon avénon BSFC csivor 3.5% pe péyiom
avénon 5.1% oto eoptio 50%. I'a tov kvnmpa “2” cvykpivetar to THR, Ewoédva 4-13, kou mopatnpodvion
ToPOUOLN. ETITEDD AOENGNC, KOTA PEGO 0pO 2,6%, 1e TNV vynAdTepT adENOT 670 25% Ko 50% Tov poptiov. H
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peimon Beppucng amddoong eivar yvmoto petovéktnua g ypnonsg EGR, (60), (61). H avénon g katavaimong
Kavoipov otig cuvnBelg meployés poptiov avEdvel To Agttovpyikod K6otog Tov cvotinatog EGR. Znpeidveton
OGS 1 OPOPE GTNV AIOJOTIKOTNTO TOL KvnTipa “2” ueta&d Asrtovpyiog MGO kot DA pe ypion EGR ftav
Yo pmAn. Avtd deiyvel 6tim yprion EGR &yt mepimov v id1a enidpacn otnv amddoon Tov Kivnthpa ave&dptmra
amo T Agttovpyia vog 1) dSuthol Kavcipov.
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Ewova 4-12 Edikf kotavidmon kovoipov, Tier-1l & Tier-111; Ewova 4-13 Edwkn napoyn evépyetag, Tier-1l & Tier-111; Kwnpog 2
Kuwnmipog 1 DA

4.3.1 Emniopaocn EGR oto pnyovicpé g kavong

H enidpaon tov EGR o dwndikasio kavong e€etdletal ypnoinonotdviag tny aviivon puipod kavong. v
Ewova 4-140,p mapéyetoar n ovykpion HRR oe poptio 75% yo Aettovpyio pe ko yopic EGR yuo tovg 600
kwnmpec. H avdolesn tov kavoipov emPpadvverar otn Aettovpyia pe EGR. Avtd eivan o amotédeopa g
Bpadvmopeiog £yyuong Kol TOV AVOKVKA®UEVOV KOwsaepimV Tov avsdvouy v kabduotépnon avaeietng, (62),
(63), AMdym g peiong tng Beppoxpaciog otov KOAIpo. O avénuévog Adyog cuumieong oe Asttovpyia pe EGR
avTIoToOpilEL gV PEPEL TOV TPOTYOVUEVO, ETOUEVMG O KUPLOG TOPAYyovVTOS Yo TNV kabuotepnpuévn avapiedn
glvat o ypovicudc yekacpot. O apykdc puludg kavong petmvetol otn Asttovpyia pe EGR, dnwg kor n péytom
TN, Avto eivan cOpPvo pe AAleg peréteg (62), (64), (65). Iepropilovtag v ToydTNTO KOOONC, 1) TIECT KOl
n avénon g Beppokpocioc otov KOAVOPO pewdvovtal, He amotédecsua ) peiwon Tov oynuotiopod NOx. O
pLOUOG KavoMg oTa TEAEVTOiD, 6TAdW Elval VYNAOTEPOG omd OTL KOt TN cvpuPatikny Aettovpyia. Eved avtd
emnpeddet apvnricd v amddoon, 1 enidpacn otov oynuaticpd NOx givar gldyiom kobdg oe ovtd T0 6TAd0
N wieon kot N Oeppoxpacio oTov KOAWVIPO petdvovtal Ady® g ektovaonc. Ta mapoamave eviomiloviotl oe
peyolvtepo Pabud otov kivnripa “2”. Kat vy tovg 600 kivnehpeg, n xpnon EGR odnyel oe peiowon g
dwbeoipdtrag obuyovov kot tng Oepuokpociog emiPpaddvoviog v Kavorn ddyvons, eved To o6TAdlo
TPOOVOAUEUYUEVIC Koo exnpealetarl Atyotepo. Kat yio tovg dvo kvnmpeg, 6Aa ta dwypauuate HRR
é0e1av ovvolkd younAotepeg Tég yio tn Aettovpyio pe EGR. Aapfdvovtag vmoéym O6tL 11 cvuvolikn
TapeYOUEVN EVEpPYELD Elvar LYNAOTEPT £mG Kat 5% katd T ddpkela Aettovpyiog pe EGR, Adym avénong tov
BSFC, ektiudrolr mog o1 anmAeieg Oeppotntog eivar onuovtikd vynidtepeg Adym g xpnong EGR. Avtd
aodideTol KUPImG oTNV TAPATETAUEVT SLdpkela Kavong (66), 11K oty TEPLoyn TG LEYIOTNS Beprokpaciog
ue ™ 0éom tov guPorov akdpa kovtd oto TDC.
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®

H peiwon tov ekrounmv NOy ota kavcaépia mapéyetor otnv Eikova 4-15 ko v Ewkdva 4-16 yo tov Kivnripa

“1” ko “2” avrtiotoya. H peiwon etvar vynin yio 0ha ta poptia pe ™ péytot T oto 75%. ['a tov kivntipa

“2” mopatnpeital Aiyo vynAoTepn peimon ekmopndv. Ta amoitodIeEVE TOGOGTA OVOKVKAOPOPING KOLGUEPTIOV
dtvovtar otic Ewova 4-17 kor Ewcdva 4-18. O typég xopaivovton peta&d 38% - 47% pe vyniotepn avaroyio
EGR yw tov xtvntipa “2”. Avtod givol cOUemvOo Kot P T HETpovuevn peimon tov eknopndv NOyx. Koty
Tovg dVo Kvnnpeg 0 Adyog EGR petdvetonr kdtm and 40% oto péyioto goprtio, kabhg avtn eivorl n péyom

¥OPNTIKOTNTA TTOL propel vor dtayelptotel To cvotnuo. Me v efaipeon Tov PEYIGTOL POPTioL TapatnpeiTaL
ypapkn peimon tov NOx pe v avénon tov Adyov avakvklopopiog. Xto 100% tov @optiov 1 dtapopd
TPOKVTTEL Ad 1| YEVIKT AglTovpyia Tov Kvnipa (Tég mieonc, ypovioudg Eyyvong, kAm.). Eriong, extipdron

Ot apd ™ youniotepn avoroyia EGR 610 péyioto goprtio, n cuvoiikn vynin tun pélog tov kavoaepiov

GTOV KOAWVOPO emNPeGlel GNUAVTIKA TNV KOG SNUIOVPYDVTOS TOTIKES LELDMGELS VYNAOD AOYOL 1GOSVLVOIG.
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4.4  Xpion tov moAvimvikoy poviEAov Kavong Yo dtepevvnon Tig eniopacns Tov EGR

441 Ozopntikny avdiven g exidopaong tov EGR o610 oynpatiops NOy

To povtélo ypnowomombnke yo extipnon g emnidpacns tov EGR ot Aettovpyio Tov Kivnthpa kot 10
oynuoaticpnd NOyx pe amoteAéopoto kaAng okpifeloc. H motdémta avomapayoyng TovV oToTEAECUATOV
emPePoaidvel TG TEPOV NG EMTIOPACTG TOV OVAKVKAOPOPOVVTOV KOVGOUEPIM®V TO LOVTEAD TPOEPAEYE [LE KOAN
axpifela kot v enidpaoct tov avoiypotog g CBV.

H vrohoyiopévn péon Bepuokpacio g kapévng (dvng ouykpivetar peta&d Asttovpyiog pe kot yopic EGR . Ot
ovykpioeig divovton otnv Ewkova 4-19 ko Ewkova 4-20 yio poptio 25% kot 75%. Atamotddnke 6t peudveton
Kupiog N péytot Beprokpacio Kot 01 VIOAOITES TIHES HUIOopel Vo avENBOVY Gg OPICUEVES TEPITTAOGELS TOPA TN
Aertovpyio. EGR. Avtd eival to amotéheco TG HETOKIVIONG TG KADOTG 0pYOTEP, GTOV KOKAO TOV KIVITHPQ
KOt TNG HEYOAVTEPTS d1dpKeLag kavong katd tn Aettovpyio pe EGR. Avtd 10 otddio Exetl pukpotepn enidpaon
ot0 oynuotiopd NOx kabdc ol Oeppokpacieg gival younAég kol 1 avaroyio kavoipov aépo ovédvetot
TEPATEP® AOY® TOV TPOIOVTMV TN Kawong. Agdopévov 01t o oynpaticpog NOyx €xet exfetikn avénon pe
Oepuokpacia, 1 peimon g HEYIOTNG TIUNAG TTOL EMTVYYAVETAL B0 GLUPEAEL OLOIAGTIKA GTN PEI®OT TOV POTOV.
Ymv Ewdva 4-21 mapovoidletor m emidpacn tov EGR otov Adyo 1codvvapiog aépa-kavsipov (L) o6mmc
voAoYileTor amd TO HOVIEAO YL TOV GUVOAMKO HECO OpO KOKAOL Kol Katd TV Kavom, étav cupPaivel o
oynuaticpoc NOx. H emidpaon sival cagng kabmg kot ot 600 tiuég ennpedloviat. Ot petopéveg TéG A o€
GLVOLOCHO LE TN HEW®UEVT Depokpacio £x0uV O¢ amoTéAecua TN ueimon tov oynuatiocpnod NOy. Zuvolkd,
T TPOTYOUHEVA EVPNUATO Elval €va TOAAG VTOCYKOUEVO OMOTEAEGHO YO TNV KOVOTNTO TOV LOVIEAOL Vo
VOTOPAYEL TIC TOAATAES aAlOyEG TOov cupPaivouy katd T Aettovpyia e EGR kot v enidpacn tovg oTig
exnmounés. Emiong, egetdletan n cupPorn kdbe (dvng otic cuvolikéc exmopunés. Xtnv Eucova 4-22 divetor n
GUVEICQOPA TV TOKETMV KALGiuwV KaOe dtopopempévng Lovng katd ) Asttovpyia pe kot yopic EGR. Katd
™ Aertovpyio pe EGR Arydtepn opotopopen katavour tov oynuoticpod NOx evromiletor peta&d tov (ovov,
pe agloonueimtn peyoAdtepn GLUUPBOAN Yo To TOKETO KOVGILOV OV E1GGYOVIOL TPMTO GTOV KLAIVOPO Kot
OTOTOUN TTAOGCTN Y10 TO TOKETO, KOVGIHov oTig (dhvec mov oynuatifovior 6to t€hog. Avtd gival PLGIOAOYIKO
kaBdg o1 {dveg mov oynuatilovior Tpdta Bo emtdiyovy VyNAOTEPN Sieicduon 610 BdAapo Kavomng Kot M
E10YMPTNOT] TOV UELYHOTOG 0€pa Kavoaepiov atov KuAvOpo Oa givar peyordtepn. o tig vrorouteg {dveg mov
Bpiockovtol viog Tov KOPLov dykov e {OvNe Kavens, 0 GLVOLACUOC TOV PPECKMY TPOIOVIMY KAVGNG KoL TOV
aVOKVKAOQOPOUVTOV aepiov Oa odnynoetl oe yauniéc Tipég A kol Oa gumodicel to oynuatiopd NO. Mia
EVOEIKTIKT OTTEIKOVIOT] TNG KATAVOUNG TOV AGYOV 1605Vvapiog Kavaipov aépa yia Aettovpyia pe kot yopic EGR
5° petd v €yyvon divetar otnv Eucova 4-23 ko Ewova 4-24.
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Ewoéva 4-19 Yrohoyiopévn péon Beppokpacio {dvng kavong, Tier-1l &  Ewova 4-20 Yroloyiopévn péon Beppokpacia {hvng kavong, Tier-11 &
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Ewova 4-21 Yroloyiopévog Adyog 1coduvopies, cuvolucd kot ot (odvn  Ewodvo 4-22 Xhykpion vmoloywopévng ovpPorng avd (odvn oto
kavong, Tier-11 & Tier-111 oynpotiopd NO, Tier-11 & Tier-11T
12 1.2
— 1 1
0.8 0.8
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Ewodva 4-23  Koravoun Adyov icodvvapiog kovsitov aépa ot déoun  Ewodva 4-24 Katovoun Adyov wwodvvapiog kavsipov aépa ot déoun 5°
5° petd v €yyvon, 75% eoptio pe EGR petd v éyyvon, 75% eoptio yopic EGR

442 MopopeTpikni avdiven pe ypfon Tov ToAviOVIKOD HovTEL0L KOVoNG

Télog TpaypatonomOnKe o TOpAUETPIKT AVAADGT] Yo va EETOOTEL 1 dSuvaToTnTa pelmong tng avénong Tov
BSFC xatd ™ ypnion EGR pécw arlayodv oto ypovicpd €yyvong. Ztnv Ewova 4-25 moapovoidletar
emtevybeica peiwon BSFC. H aAlayn otov ypoviopd divetal otnv Ewdva 4-26 kot 1 awoitodpevn avénon tov
Aoyov EGR, yw dwatipnon yopmiov ekmopnmv NOy, otnv Ewova 4-27. Katd péco 6po, Ba amortndet 5%
avénon tov Aoyov EGR. H emidpaon g mpomopeiag 6Tig TEC Pmax mapovsidletoar otnv Ewova 4-28. H
avEnon TG TEoNG 08 GVYKPLON HE TIG TIES avVOPOPag ival apKeTd vymin, Kupimg og yapnio eoprtio. ['evikd
VIAPYEL ELAYIOTO TTEPLODPLO Y10, AENGT TG TTieoN ¢ Ka TepattéPm avENGT Tov Tocoatov EGR dev eivan duvar.
H eridpaon g avénuévng mpomopeiog kot tov tococtov EGR ot Ogppokpacio g {dvng kovong eréyydnke
Kot ot aAAayég ov PBpédniay frav moAd yauniéc, kabmg 1o avénuévo mocootd EGR mepiopioe tic emmtdosig
™m¢ airayng mpomopeiag, Ewova 4-29. Ov aAloayég ypoviopuod dgv emnpéacayv oNnuUovIikd to Adyo aépa
KOVGiHov 1060 6ToV PEGO OPO TOL KLAIVOPOL Kot eVTOG TG Kapévng {mvng.

22



EOBvucd Metoopio TTorvteyveio, Zxod Mnyoavordywv Mnyovikdv

Shop Tests-Calculated
&————= Tier-lll:Normal SOI

6— © — ¢ Tier-lll:Advanced SOI
*—o—@ Tierll

n
o
S
P I B Bt

185 e

BSFC (g/kWh)
-
3
Jl

10 20 30 40 50 60 70 80 90 100 110

Engine Load (%)
Ewova 4-25 BSFC after SOl advance comparison to reference SOI
timing Tier-111 & Tier-11 values; model calculation results

1 Shop Test Data
4———— Normal SOI

| o= © — o Advanced sOI

-—

Fuel Injection Angle aTDC (deg CA)

10 20 30 40 50 60 70 80 90 100 110|
Engine Load (%)

Ewova 4-26 SOI advance estimated for Tier-111 BSFC optimization
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Ewovo 4-27 EGR rate estimated for Tier-111 BSFC optimization via SOI
advance

Ewova 4-28 Calculated effect of SOl advance on Py, comparison to
reference tuning Tier-111 & Tier-11 values; calculation results
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Ewova 4-29 Estimated effect of Tier-111 SOI advance on burnt zone
average temperature; 25% Load

Ewova 4-30 Estimated effect of Tier-111 SOI advance on overall and
burnt zone air-fuel equivalence ratio
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5.  Emuiektikn KatoAvTiKi avaymyn Yo EAeyyo ekropndv NOx o€ diypovous vauTikovg
KWV TIPES

5.1  YXlomoinomn Tov GUGTINOTOS GE VOVTIKES UNYAVES

To ocvotuo SCR ypnoyomolel appmvio omobnkevpévn o€ dtdlvpo ovpiag vepod kol Tn ypNomn EO1KOD
KataAOtn Yo v amoddunon tov emPrapodv NO ce Np kot vepd. Ymépyovv d00 TOTOL £YKOTAGTAGNG
ocvotuatog SCR og vautikobg Kivntipeg aviloya pe tn 8€omn Tov KataAdTr, TPV 1 LETA TOV VIEPGLUTIESTY),
(55), ko yapoaxtnpilovrar vyning nieong (HP) kot youning wieong (LP) avtictoyya. H xopo dtapopd petat&d
Tovg givan 1 eAdyytotn Beppokpacio Kavcagpimv Kot 1 Léylotn teplekTikdtT o o€ Bglo Kavoipov mov uropei va
ypnowonomBei, (67). Ta ovorquata HP-SCR umopobv vo Aeltovpynoovv Qe KOOGLUO VYNAOTEPNG
TEPLEKTIKOTNTOG O Oglo, aALG TETOEG EQUPLOYES EIVOL GYETIKA OlGLVIOIOTEG AOY® OVIGUYIDOV GYETIKA LE TNV
dwpketa {mng tov KoataAvtn. o yoapnAég Bepuoxpocies m mapovsio Beiov ota kavcaépid dnuovpyel
EMKOAONOELS GTA KATAAVTIKA GTOLYEID LELDVOVTOG TNV 0TdS00T] TNE KOTOAVTIKNG avtidpaonc. Ta cvotiuate HP
CUVIGTAOVTOL Y10, LEYAAOVG diypovoug KvnTnpeg mov €xovv yauniéc Beppokpacieq kavoaepiov Ay g
dradtkaciog Tng ohpmong Kat TG YUUNANS avaioyiag Kavoipov-aépa, (68). Kot og avt v mepintmon oumg
oTO YOUNAG eopTia 1) OEpLOKPACic TOV KAVCUEPIOY UTOPEl va ival YoUnAOTEPT 00 TNV 10aVIKT. Ol KIVNITHPEG
pe ovotnuato HP-SCR eival cuvnbmg eComhopévorl pe BaAiPida mapdkapyng aépa amd tov KoAvdpo (CBV),
(55). Me to avoryua g CBV, pépog tov 0pa 160500 TOPAKAUTTETAL GTNV TOAAATAY e£AYOYNG, LEIDVOVTOG
™ palo aépo otov KOAMvVOpo pe amotéhecpa v avénon g Oeppokpaciog. To kbplo pelovékTnua tov
ocvotnuatov HP etvar 611 pe v tomobétnon toug avédvetal 1o épyo eEmONoNG Kot PEIDOVETAL 1] ardS0CT) TOV
otpofirov, avédvovtog tnv katoviilmon Kavoipov (69,70). H epappoyn LP-SCR eivon 7o katdAAnAn yia Tig
TETPAYPOVESG YeEVWITPLEG KoBmG 1 Beprokpacio tov kavcoepiov tovg etvar vymin, (68). H emidpacn otnv
KOTOVAA®OT KOVGIHoV gival eAdylotn 6€ ovtd T0 GOLGTNIO. AVTH 1 EPAPULOYN XPNOLUOTOLEITOL GTAVIL G
dlypovoug kivnmpes. To cvoTHa amottel T ¥PNON KOLGIHOV TOAD YOUNANG TEPIEKTIKOTNTAG o€ Oglo, Kot
aAdayég ot pubuion Tov KivnTipa Yo va avEndel n Beppoxpacio tov kavcaepiov, (55). Mia kown teyvikn
€lval N TOPAKoYT KOvcaePimY TPV To GTPOPIA0 Yo TV avénon g Oepuokpaciog 6Ty €i6000 TOV KATAADT,
(55,69) péow EGB.

Reducing agent —e- Dosing
Al system

Venting
el
Smndb'y‘ heating
tem
eI Reactor
throttie
valve

Compensator

Ewova 5-1 Zynuatiko dwdypappa dixpovov kivnthipa pe ovotnua SCR yopning nicong, MAN Energy Solutions, (55)
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Ewova 5-2 Tynuatiko didypappae dixpovov kivnthpa pe ovotnua SCR vyning wicong, MAN Energy Solutions, (55)

O e&etalopevol KivnTipeg £xouV T TapakdTo Asttovpyikd otoyyeia, [Tivakag 5-1.

Mivaxoag 5-1 Xopakmpiotikd kwvnmpov pe SCR

Kwnmipag SCR-LP Ty Kwntipog SCR-HP Ty

Movtélo 7G80ME-C9.5 Movtého 6G70ME-C9.5

Tomog Afypovog Tomog Aiypovog

Ap. KvAivépov 7 Ap. KvAivdpov 6

Awdpetpog (mm) 800 Atdpetpog (mm) 700

Awdpopny (mm) 3720 Awdpopry (mm) 3256

Ov. Taybdnra (rpm) 72.0 Ov. Taybdnra (rpm) 75.0

Ov. Ioyog (kW) 26,890 Ov. Ioybg (KW) 15,745

Tomog SCR Xapning mieong ue EGB Tomog SCR Yynmrng mieong pe CBV

5.2 Emidpoon tov cvetijpatog LP-SCR ot Aertovpyia ko amddoon Tov Kivntipa

Amd 1t ovykpion Aertovpyio pe kan xopic SCR, Tier-1I kou Tier-III avtictouya, evtomileton peydin dapopd
060V 0popd To Adyo TEcemv, e avénom cuumicong Adym vapitepov EVC, Ewdva, 5-3. Avtd €yive kupimg yia
vo ovTIoTafoTel 1 EmMIOPAOT TNG UEWOUEVNG THEOTG CAPOONG Kol YOUUNAOTEPNS CLUVOMKNG HAlog oToV
kwnpo, Ewdva 5-4. H youniotepn udlo otovg KLAvOpovs Kot ol TOPOUOLES TIES TEoNS 0dNyoUV GE
avénuévn Bepuoxpacio, Ewova 5-5, yia aceain Asttovpyia tov katoivtn. H enidpaocn tov kowcagpiov mov
nopakduntel tov oTpdfrro pécm tov EGB, odnyel oe mpdohetn avénomn. H adénon e Beppoxpaciog tov
Kkavoaepiov 10N omd eviog KVAIVOPOL emTpEmel TV emitevén ¢ amattovuevng Oeppokpaciog Pe YOUNAOTEPO
TOGOCTO KOVGOEPI®Y VO TOPAKAUTTEL TOV oTpOPlo Kot meplopiletoan M andiew épyov. Emituyydveton
onuavtikny avénon g Bepuokpociog tov kovcoepiov petd o oTPOPiho, €0IKA og younAd @optio. Ot
TOPOTAV® OAAAYEC EMNPEALOVY T GUVOAIKY atOO0GT) TOV KIVIITHPO Kot 1) EXLOpaoT EKTIUATOL 0td TNV aALOY™
otV €01k Kotaviilmon kavcipov. Evtoniletar avénon BSFC katd t Aettovpyio tov SCR, 1 onoia av&aveton
pe to poptio. Avtd opeiletar oto dvoryua e EGB kot v ntdon mieong evidg tov KataAntn Tov avEdvet pe
to optio ko pon paoc. H avénon tov BSFC eivan yevucd peta&p, 1,0 — 2,0 g/kWh kot oyeddv pndevikn oe
XOUNAO poptio.
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Ewova 5-4 Pofy pélog kavoaepiov, Tier-11 & Tier-111; LP-SCR System
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Ewodva 5-5 @gppokpasio kavcoepiov petd to otpopro; LP-SCR Ewova 5-6 Edikn kotoviimwon kavoipov, Tier-11 & Tier-111; LP- SCR

5.2.1 Emidpaon tov cvotiporog LP-SCR otig ekmopumég NOx

H anddoon tov xatardtn ot pelwon twv NOy diveton oty Ewdva 5-7. To eninedo peiwong tov NOx
Kopaiveral petaly 68% kot 80%. H pewwpévn anddoon ota yaunia poptia tovilet Tig mpokAnoels xpnong evog
ovotiuatog LP-SCR g dixpovo kivnmipa Aoym yauniov Oepuokpaciav. ot ypion SCR, 1 amaitoduevn
Katavaiwon dtadlvpotog ovplog xet peydin onpacia, kabobg n T g propet va minoidoetl avtr tov HFO.
H edum kotovirloon ovpiag kopaiveton petald 24 — 10 g/kWh avdioya pe 10 @optio tov Kvntipa, Ommg
eaiveton otnv Ewdvo 5-8 kot eivar 1dwaitepo vymin og Yoaunio kot Léco eoptio.

Ewodva 5-7 Anddoon katodvtn ot peioon NOy; LP-SCR
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Ewova 5-8 Ewdum kotavaimon dwaddpatog ovpiog; LP-SCR
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5.3 Eaidpaon tov cvotipatog HP-SCR 61 Aettovpyio kKo aw63061 TOL KIvi|TIpd

O1 Baoikég Aettovpytkés TIHEG Kot ot puBuicelg Aettovpyiag dev mapovciacay mPakTikd kopio petafoin y
Aertovpyia pe kor yopig SCR. To povo onpeio dopopdc EVIOTIGTNKE GTO YOUNAO QOPTIO UE TO AVOLYLO TNG
CBV. Mg ypnon g CBV youniotepn palo moyldedeTol 6TovV KOAVOPO GE TOPOUOLEG TIUMES TIEONG WE
arotéleoua v avénorn Bepupokpaciog tov Kovcoepiov. Ot tipuég Bepuokpaciog €6000V KATOALT Yo
Aertovpyia pe kot yopic SCR, divovtar otnv Ewodva 5-9. Ta goptio 25% n Bepuoxpacio tov kovcsoepiov
av&dvetat onuavtikd Adym peptkol avotypatog g CBV. Emiong, paiveton Tmg ot TIéG 160000 GTOV KATAADTN
v 0 HP-SCR &ivon onpavtiké peyordtepeg and 6t yio to LP-SCR. H avénon g edkng Kotavaimong
dtveton otnv Ewdva 5-10 ko ivan younAn, 1.5% katd péco 6po, oAAG givar HeyoldTEPT AO OTL GTO GOGTN A
LP-SCR &éoutiog peyaldtepng mtdong mieong otov kataAdt. 10 eoptio 25% nepartépo avénon evromileton
AOy® avoiypatog tng CBV.
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Ewova 5-9 Ogppokpacio kavcaepiov petd 1o otpdfiro, Tier-1l & Tier-  Ewdvo 5-10 Edkf kataviioon kovsipov, Tier-11 vs Tier-111; HP-SCR
111, HP SCR

5.4  Emidpoon tov cvetipatog HP-SCR otic ekmopumég NOx

H amddoom tov kotaivt divetar oty Ewova 5-11. To eninedo peimong tov NOx kopaiveton petal&d 75% kot
88%. H pelowong tov exmoundv NOx eivor Beltiopévn oe oyxéon pe tig dokpés LP-SCR, aArd ko ta
amoteAéopata tov kvnmpov pe EGR. H v kotavdimon ovplag divetanr otnv Ewodva 5-12. Tapd v
avénuévn Bepuokpacio, 1N KaTaviAmon StoAdpatog ovpiog dev mapovctdlel PEATIOCEI GE GUYKPIOT UE TO
ovotnua LP-SCR. H péon araitnon ovpiog towv cvotnpdatmv HP dev Siépepe onpovtikd amd to LP. Mo mbovn
dapopd 6To AEITOLPYIKO KOGTOG Oa umopovace va TpoéAbet amod 1 didpketo, {mng tov kataidtn LP 6g avykpion
ue tovg HP, Aoy tov younAdtepov tiudv Oeppokpaciog tov kavoaepiov. H péon odpkeln {ofg mov
OVOPEVETOL YEVIKA glval Tpia é¢ mévte xpovia, (23,55,69). 'Eva mheovéktnua tov cvotnudtov HP-SCR eivan
N duvatdtnto Asttovpyiog e KoOoUa VYNAOTEPNG TEPLEKTIKOTNTOC o€ Oelo, Ta omoia €ival onuavIiKa
YopMAGTEPO o€ TN, € QLT TNV Tepintmon, Ba mpénetl va Anedel vdyn to TPocheTo KOGTOG AgtTovpyiog
€vOC GLOTNUOTOG TAVVTPISOC Kavcoepimv (scrubber). Xtn tdpKelo. SOKIUMY EV TA® EYIVOV TEPULTEP®D UETPNGELS
oe unyavéc ue HP-SCR, og pio mepimtmon pe ypfion HFO. v Ewdvo 5-13 mopéyetar 1 amdd0ocn TOL
katalotn pe xpnon HFO, n omola Ppénie peiopévn og ovykpion pe ta teot MGO. H anotelespotikdTna
TV AoV cvomudtov HP-SCR mov doxipdomray gv miw (MGO) divetar otnv Ewdva 5-14. Ta dleg 1
SOKIUEG Ol ATOO0GT] TOV KOTOAVTI TAV UEIOUEVT] OE OYEON LIE TIG LETPNOELS OE £pY0oTacilokd TepiBdilov. [
1o ocvatnua e HFO n peioon frav aiedntd peyokvtepn.
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Ewova 5-14 Anddoon koatardtn otn peiowon NOy Tier-1l, odykpion

£PYOOTOCIOIKMV TILOV kot dokipev ev mhim; HP-SCR

Yoykpurikn avdivon cvetnudtov EGR & SCR v diypovo kivntipa

I'vetan oVykpion peta&d tov svotnudatov SCR kot EGR, pe féon v enidpaon ot Aettovpyia Tov kivnipa,
T0 KOOTOG €YKATAGTAONG Kot Kupimwg To Agrtovpykd kootoc. To SCR €yel pukpn emidpacn omnv yeviky
Aertovpyia. kol v omddoon tov kwvnmpov. To EGR empéper peydheg petoPoréc otn Asttovpyio ko
ONUOVTIKN a0ENon KaTovIA®oNG edd o€ yopmAd kot pecaio goptio. Extetapévn Pipiioypapikn £pgova
é0e1&e mapPOUOl0 KOGTOC EYKATAGTAOTG, TOL €ivar yaunAotepo yio to SCR ot pukpéc unyovég, kot avédvetot
dvo tov k6ctovg EGR o gykataotdoelc peyaing woyvog, (24,71-74). Téloc pe ypnon TovV UETPNUEVOV
KOTOVOADCE®Y KOVGIHOV KOl TO CNUEPIVE O€BOUEVO TIL®MY SOADUATOG OVPIOG KOl VOUTIKOV KOLGIH®V
voAoyiotnke TmG 10 Pacikd kK66ToC Asttovpyiag Oa Kupaivetol amd eEAAPPOS LEYOADTEPO £MC OUTAAGLO Y10, TO
SCR og oyéon pe 10 EGR. Avtd ftav o€ supupavio pe GAAES Epevveg TAV® 0T0 BELA TTOL OUW®S XPMOLUOTTOINCAY

SLPOPETIKT TPOGEYYIOT Kol ToAoOTEPO dedouéva Tudv (24,72,75,76). e avtd npénel vo tpootebel kat 1o

KOGTOC AVOVEDMGNC KATUAVTIKOV oToly gl Kabe 3 — 5 £t mov avédvel mepattépm o KOGTOG, (23,69) e TeAkd
onuoavtikd mTieovéktnua yio to EGR amd oucovopikn oxomid. [oapodio avtd To TAEOVEKTNHO TG ATAOTNTOG KOt

eMdLoTNG emMidpaonc 6N Asttovpyia Tov KivnThpa o To ovotnua SCR dev givatl apeinted.
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Yovoyn

MeletnOnkoy teyvoroyieg peiwong ekrounmv CO, kKot NOx Y10 VODTIKOOG KIVITHPEG TOV AELTOVPYOVV UE LYPA
Kot aépla Kavolpa. H Baon yuo v épevva Ntav dedopéva LETPCEDY, KOl GUVOSEVTNKAY OO TEPULTEP®
avéivon pe T ypnon moAvl®mvikoy HOVIEAOVL Yo TNV TPOCOUHOIMOoT Kavong. XvvoAkd 19 kwmrrpeg
peAethOniay, ol TePLocdTEPOL diypovol Kivntipeg tpdwong. E&etdotnkay 600 teyvikéc peimong yia ke pomo.
[ o CO; Broxadoipa Kot vypomompévo LGIKO aépto, Kat yio Tov EAeyyo Twv NOx avakixkimon Kovcaepiov
KOl EKAEKTIKT] KATOAVTIKY OVOY@YT.

H ypnon Prokovcipmv eEetdotnie og diypovous Kot TETPAYPOVOLS KvnThpeg ypnotponowdvag B30, kot pe
GULVOOEVTIKEG PETPNOELS UE TUTIKE vouTikd kavoa. EAdyiot enidpacn Ppébnke otnv arnddoor tov kivntipa
KO 0T S10d1KaGio KaonG, HE Hio LKpR odENoT KaTavaAmong, LEYOADTEPT) GTNV TEPITTMOON TOV TETPAYPOVOV
Kwnmpov. Metpnnke adénon otig exknounéc NOy, mov amodddnke oto avénuévo mepieyopévov tov B30 oe
0O Baocet avaAvong TV LETPNUEVOV SEGOUEVMV KOl EPELVOC LE YPpToN TOV TOALOVIKOD HovTELov. O apyvnTikog
OVTIKTUTOG GTIC EKTTOUTEG NTAV LEYOAVTEPOG Y10 TOVG TETPAYPOVOLS Kivnthpes. [a GAovg Tovg Kivnthpes, N
avénon Mrav PETPLOL EMTESOVL, EMTPEMOVTAG TN Aertovpyia evidg tov Beomiouévev oplov EKTOUTOV.
Avoldoeig khkiov {mng delyvouv mepinov 25% PBeAtioon 6T1g GUVOMKEG EKTOUTES AVOPUKO YPTCLLOTOUDVTOG
Brokavcipo.

H perém ypriong LNG mpaypatonomOnke 6€ KivTipeg SImA0D KOVGILOV, SV0 GUVEYOLEVOV YEVEDV, LE YoM
ToV aepiov 6€ LVYNAN Tieon Yo Aettovpyio. LOVO e TETPEAALO Kal LE XPNOT| TETPEAioL Kot aepiov. Bpébnke
OTL O TPOTYOLUEVNG YeEVEAS KvNTHPAS NTav Kovog Yo oxeddv idwa amodoon petalh tov 0vo Tpdnmv
Aertovpyiag. H mocdtta mAoTikng éyyvuong meTpehaiov mov amatteitol yia Asttovpyio ®A ftoav younin. H
KuploTeEPT Soeopd Katd T Aettovpyia PA oy vYMAGTEPOG 0pYIKOS Kot LEYIGTOS puBNOg Kavonc. H pubuion
TOV KivnTipa anTob gixe MG 6TOY0 Vo ELayLoTOTOM 00UV 01 d1apopic LETOED AstTovpying EVOG Kal VO KOVGImy.
Ytov Kivnmpa VEQG YEVENC UETPNONKE ONUOVTIKY UEIDOT TNG OMOLTOVUEVT TOGOTNTAG TAOTIKNG £yyvong. H
OlKOVOLLI0L KOWGIHOV TV oNUavTIKA kaAdtepr kotd T xpnon PA. To mapandveo anododnkov oe PeATidoelg
07O GYEOLGUO TOV EYYLTNPA KOl GE SLOPOPETIKN pvouion Tov kivntipo. H enidpacn tov nponyovuévov oty
Koo MTaV ELPAVIG, 1E TOAD VYNAOTEPO pLONG Kabong mpoavauelEng. Ot ekmounés NOx fTav GYETIKA KOVTHL
Y10 TOVG 600 TPOTOVG AgtTovpyiag Kot katd T Acttovpyios OA emnpedoTnKoy amd TN HLOPEN KoL XPOVIGUO TNG
TAOTIKNG EYYLONG, TIG UEYIOTEC TWEC TTieoMm Kat T younAdtepn Oeppokpacio @Aoyag tov pebaviov. To opéin
ot eknopnég CO; firav mepinov 23% won yio Tovg dvo kwvnnpes. H Bedtioon yeveds npog yeved ntoav 7%.
To EGR dokipdotnke o€ évav diypovo kivntipo metperaiov kat Evay OA. H avaxvkloeopio kavcaepimv giye
peyén enidpaon oto unyaviopd kavons. O pulude frav mo apyds Ko 1 didpketd s avénnke kot 6Tovg 600
KIvntnpeg. AmontnOnkov onuavtikéc ahlayés otn pvbuion tov kivntipa. H enidpaocn oto pnyovicpd Kavong
odnynoe o€ avENoM NG KaTavaimong, Tepimov 5% yia tov kivnehipo pe metpéloto Kat 4% yio Tov Kvntipa
aepiov. H cuvohikn| amodotikdtra peimons NOx tav kovtd oto 80%. Aev Bpébnke onpavtikn dtapopd petasy
Tov Kwnmpa aepiov kot tov kwnmpa wetpeloiov. To mocootd EGR exktiundnke ypnoiponoidvrag 1o
moAv{mvikd povtédo. Ta anoteléopata £de1&av VYNAGL TOGOGTH avakvkAoeopioc. Bpadvmopeia otnv &yyvon
Kowoipov cuvéfarre ot peiwon tov oynuoaticpod NOx. Oewpntikny épgvva SeENyOn ypMNOLULOTOLOVTAS TO
povtédo yia dtepedivnon tov punyaviopot peimong twv NOyx 6tav ypnowomoteitor EGR. Tlpaypatomomdnke
emiong Becwpntikn avaivon yio T Heion TG KoTavalmon Kawoipov Katd ) yprion EGR.

To SCR dokipdotnke g 000 SUUOPPDOCELS TPV KOl LETA TO oTpdPido og diypovoug kivntipec. H emidpaon o
Aettovpyia TOL KVNTAPO NTAV EANYIOTN, ANV aOENONG TNG KATOVAA®ONG Kovoipov mepinov katd 1.5%.
EmBePordbnkav omortioeig odliayng pvbuicenv yio advénon g Oeppokpaciog €l0aymyng oepiov GTovV
KataAOTn, mov cvvéBalav oty avénon g katoviilmonc. A&loloyndnke M ypHon KATOALTN KovoD va
Aerrovpyet pe Papv kavopo. H amddoon g peiwong twv NOx ntav kKakn, 85% kat 80% yia tov kataAdtn Tptv
KoL HETA TOV oTpofiro avtiotorya. H katavdimon ovpiag ftav vynin, katd péco 6po 18 g/kWh. Avtd Oa
odNYNoeL 6€ LYNAO KOGTOG Asttovpyiag Tov cvotiuatog. Xvykpion petald EGR kot SCR €6gi&e onuavtikd
VYNAOTEPO KOGTOG TOV cuothiuatog SCR pe fdon Tig cOyYpoveg TACES TOV TILMV KOVGIUL®Y Kot ovpiog, Kot
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Aapupdvoviag emiong vVITOYN TNV ATOITNGCT OVTIKOTACTOONG KOTOADTN KaOe Alya ypdvia. ZuvoAikd, ot
TEYVOLOYiEG TTOV dlepeuviOnkay SamcT®ONKE OTL TAPEYOLY AMTA OPEAT GTT LEIMGOT TV EKTOUTAOV, VG glvat
OPKETE DPLLES YIOL TPEYOLGO YPNON EVAD OPIGUEVES EYOVV EMIGNG OMNUOVIIKEG TPOOTTIKEC YI0L UEANOVTIKY
e&eMén.

Baowkéc Xvvero@opég Avatpific

Yuvolkd, mopacyEdnke pio ovoloTIK] GUUPOAT, OTO OVTIKEIUEVO UEAETNG, CLUUTEPTAOUPBOVOUEV®DY TOGO
TOLOTIKOV OGO Kol TOGOTIKAV EVPNUATOV TOL UTOPOLV EMIGNS va xpnoilponomBodv og Bdon 1 katevBuvripla
YPOUUN Y10 LEALOVTIKEG EQPUPIOYEG KO OVOADGELS.

MeOoodoroyia

[N Tovg vawtikovg kKivnnpeg Ta dedopéva amd doKég oe TANPT KMok gival eEapeTikd meplopiopéva 6
Biproypapic, KaODG 0 TPOYPUUUOTIGHOG SOKIU®OY €L TOV TAOIOV Kol KOTA TN OldIKOcio EPYOCTACIOK®OV
doK®V Tapovotdlel moAhamAég dvokoriec. o To Adyo avtd, oyeddoTnKe (ol amlomotnuévn dodikacio
pétpnong dedopévav amddoong Kot ekmopncdv. H deoaywnyr tov HETPNOE®V EMETPEYE GTNV OvOALGN Vo
Baciletor oe mpaypotikd dedopéva Kol Ol EKTIUNGES ONO TPOGOUOIMTEG OMG GuVimG, evd Tapeiye
TANPoopieg Yo Tovg GVUPIPAGHODS TOV ATALTOVVTOL 6T POOUIGT TOV KIVNTHPOV aVT®V o€ Badud un duvatd
a6 Tpocopowncels. Emiong, enétpeye va AneOodv vdoyn to Tponyovueva, otn Bempntikny avaiven dote vo
napéyel aKpPECTEPES TANPOPOPIES Y10 TOVG UNYOVICLOVG TOV EUTAEKOVTOL Kl EXNPEALOVV TIG EMAOYEG TOV
EKAGTOTE KOTACKEVOGTY.

Kavowypo yopuniot arotont®dpatog avopaka

H yprion mpaypatikov dedopévov yuo Asttovpyia povov (vriled) Kot durhol kavoipov (viileh kow LNG) xon 1
Gueon oOyKplon Tovg, erétpeyay akpiPeig ektiunoelg yo Tig ekmopnég COz Kot T AVOUEVOUEVO, OQEAT TNG
ypong LNG. EmmAéov, amoktiOnkav mAnpopopies yio ToV unyovicpod Kadomng Kot TiG IO10ITEPES OTMOUTI|GELS OE
pvOuicelg. H perémn kivnmpov d1a80yIKNg YEVIAS TopEiye TANPOQOPIES Y10 PEATIOCELS Kol CNUOVTIKES AAANYEG
OV UTOPOVV VO OVOUEVOVTOL OO ot TNV TEYVOAOYia. Ot TANPoQopieg Yio. dlypovoug KIVTHPES VOVTIKOD
dmAo¥ Kavoipov eival omdvieg otn dtaféoiun PifAtoypapia, E0TKA Yo LnYovES £YXLONG OEPIOL GE VYNAN TTiEom
Kot yio avoAvoelg mov Pacilovtol og mpoyuatikéc petpnoels. H €pguva mov dievepyndnke yia ta frokavoipa
KOADTTEL ONUOVTIKY EAAEWYT] TEYVIKOV Kol BE@PNTIKOV YVOCEDV GYETIKA HE TN YPNON CLTOV TOL TLTOV
KOVGoiov og Kivntipeg mAoiwv. Tn oTiyun cuyypaens tng autr 1 EpYacio TapEXeL TV TPMTN TANPT avaAvon
OYETIKO LLE TN YPNON PIOKOVGIU®V GE VADTIKOVG KIVIITAPES, LE TANPOPOPIES Yio TNV ardd0ooT), TNV KaHoT Kol TN
dwadkacio oynuaticpod NOx, cuvdvdlovtag dedopéva LETPCEMV KOl VITOAOYIGTIKA OOTEAEGLLOTAL.
Teyvoroyieg mepropiopod ekmopm®dv NO,Ta dedopéva Tov cuYKeEVIpOONKOY emETpeyav vo eKTiunBel o
avtiktonog Tov EGR oty amddoon tov kwwnmipo, v kawon Kot 1o oynuotiopd NOx 1o mporypoTikes
ovvOnkes. Ot amoutfoelg yuo tn pvduion tov kvnthipa a&oroyndnkav oe Pabud mov dev Nrav dvvatds omod
TPOcOUOIOTEC. Ta epyadeios TPOGOUOIMOTG TTOL YPNGILOTOMONKAY TPOETOWUAGTNKOAY UE YPNOT TOV SEGOUEVA
OUTOV KOl EMETPEYOV TOPUUETPIKEG EPEVVEG MO KOVTIOL OTIC TMPOyUOTIKEG cvvOnkeg. O €pguvec mov
YPNOUYLOTOLOVV SESOUEVO, LETPNGEMV KAl TAUPEYOLY OVAALGN Y10 TNV OTOS00T KO TIG EKTOUTEG VOl GTTAVIES
o dwbéoun Pproypapio.

H extetapévn diepevvnon g ypnong SCR mapeiye mAnpogopieg oyetikd e TNV enidpacn otn AEltovpyic TOL
KIVNTAPO. KoL TIC 0AACYEC TTOV OTOULTOVVTOL Y10 Vo, ETLtevy el To eEldyioto Oplo Oeprokpociog Kavcaepiny otov
KaToAOTr. ZvAAEYONKaV dedopéva amd S1GPOoPES MEPUMTMCELS YO, TNV KOTOVOA®MSN ovpilag mov aAralet
ONUOVTIKG e to @optio. Iapd ) peydAn emidpacn TG 6To AEITOVPYIKO KOGTOC Ol TEPIGGOTEPEC EPEVVES
YPNOUYLOTOI0VV [ie HECT) T GTNV AVAAVGT) TOV OEV EIVOL AVTITPOCMTEVTIKY TOV OTOTEAEGUATOV LUETPTIGEDV.
Té\og, o1 doKpég katl avaivor mephapuPdvouy pio omd Tig TpaTeg dokipég mov £yvav pue HFO og cuotipata
SCR, mov &ivor pia véa Kot 0pKETE GTAVIL, EQAPLLOYT.
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