
Measurement and Characterization of
In-use Emissions from Dual-Fuel

Diesel Engines Operating on
Alternative Fuels

by

Mang Guan

B.Eng., Beijing Jiaotong University, 2011
M.Sc., Beijing Institute of Technology, 2014

A THESIS SUBMITTED IN PARTIAL FULFILLMENT OF
THE REQUIREMENTS FOR THE DEGREE OF

MASTER OF APPLIED SCIENCE

in

The Faculty of Graduate and Postdoctoral Studies

(Mechanical Engineering)

THE UNIVERSITY OF BRITISH COLUMBIA

(Vancouver)

December 2021

c© Mang Guan 2021



The following individuals certify that they have read, and recommend to

the Faculty of Graduate and Postdoctoral Studies for acceptance, the thesis

entitled:

Measurement and Characterization of In-use Emissions from

Dual-Fuel Diesel Engines Operating on Alternative Fuels

submitted by Mang Guan in partial fulfillment of the requirements for the

degree of Master of Applied Science in Mechanical Engineering.

Examining Committee:

Steven Rogak, Mechanical Engineering, UBC

Co-supervisor

Patrick Kirchen, Mechanical Engineering, UBC

Co-supervisor

Naomi Zimmerman, Mechanical Engineering, UBC

Supervisory Committee Member

Patrick Steiche, Hydra Energy Corp.

Additional Examiner

ii



Abstract

Alternative fuels such as hydrogen (H2), natural gas (NG), and biodiesel
can be substitutes for diesel fuel in compression ignition engines. Dual-fuel
combustion technology is an effective way to utilize gaseous fuels ignited by
pilot liquid fuels in existing diesel engines with minor modifications. The
effects of different fuels on engine emission especially under real-world oper-
ating conditions are important information for engine manufacturers as well
as vehicle operators. For this reason, this study aims to evaluate the in-use
emissions for CI engines operating on the alternative fuels.

The first study focused on the unburned H2 emission from a heavy-duty
truck equipped with a 15 L diesel engine retrofitted to run in dual-fuel
mode with port-injected H2. A Portable Emission Measurement System
(PEMS) was developed integrating a semi-conductor H2 sensor, which gives
the H2 concentration in the exhaust stream. On-road emission tests were
implemented on the truck with the PEMS to measure the in-use H2 emission
under real-world operating conditions. H2 slip maps were generated using
the concentration data. The work presented the methodology to use a low-
cost sensor for in-use vehicle’s exhaust H2 measurement.

In the second study, in-use emission measurements were taken for a
diesel/NG dual-fuel marine vessel. The emissions under diesel mode and
dual-fuel (NG + pilot fuel) mode were considered with diesel (baseline),
Soybean Methyl Ester (SME), and Canola Methyl Ester (CME). It was
found that under diesel mode steady states, NOx emissions were increased
by 21 ± 6% on average by both biodiesels. Particle number (PN), particu-
larly in the submicron range, were substantially increased by the biodiesels,
likely an artefact of nucleation mode or volatile compounds. Under load
increase conditions, transient CO and PM concentrations were substantially
higher than the steady state results. Both biodiesels resulted in reduced
PM emissions compared to diesel. Under dual-fuel mode, when used as the
pilot fuel, SME and CME reduced NOx emissions by 14± 7% and 19± 7%,
respectively. The results proved that biodiesels are a potential alternative
fuel for heavy-duty marine engines, though some questions remain to be
answered.
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Lay Summary

Heavy-duty diesel vehicles are a major source of GHG emission. Alterna-
tive fuels such as biodiesel, natural gas (NG), and hydrogen (H2) are an
attractive pathway to reduce diesel engine emissions. Dual-fuel engines can
utilize gaseous fuels in diesel engines with liquid pilot fuel for ignition. This
study focuses on the in-use emissions of diesel engines operating on different
alternative fuels: First, a measurement system was developed to measure
the unburned H2 from a H2/diesel dual-fuel truck. It presented a low-
cost method to measure the exhaust H2 for in-use vehicles; Second, in-use
emissions from a NG/diesel dual-fuel marine vessel operating on diesel and
biodiesels were characterized. It was shown that NOx emissions increased
when using biodiesels under steady-state diesel operating mode. Transient
PM emissions were reduced during load increases when using biodiesels as
compared to diesel. In addition, when used as pilot fuels in dual-fuel mode,
the biodiesels reduced NOx emissions in steady state.
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Chapter 1

Introduction

Compression ignition (CI) engines are widely used in various applications
in industry. Due to their higher compression ratios and lean burn feature,
they are the more efficient type of internal combustion engine compared to
spark ignition (SI) engines [1] and are especially favored for heavy-duty ap-
plications, such as fleet trucks, construction equipment, and marine vessels.
However, CI engines running on petroleum diesel fuel have a bad reputation
of producing large amounts of engine-out emissions of nitrogen oxide (NOx)
and particulate matter (PM), which lead to air pollution and risk human
health [2]. Public attention and stringent emission regulations [3, 4, 5] have
been put on diesel engine’s emissions. Meanwhile, Greenhouse gases (GHG)
such as carbon dioxide (CO2) produced from burning fossil fuels are gaining
more and more concern since the global climate crisis has become an urgent
issue to deal with. In addition, the dependence on petroleum fuel leads to
geopolitical tensions.

To address these challenges, different pathways have been put forward,
aiming at improving diesel engine’s fuel efficiencies as well as reducing its
emission of various pollutants. The methods include technologies focused
on improving in-cylinder combustion processes and after-treatment systems
which purify engine-out exhausts. Apart from these, substituting diesel with
alternative fuels is considered to be a potential solution, which provides
diversity in fuel options and can potentially reduce emissions of GHG, PM,
and NOx. Different types of alternative fuels have been considered for CI
engines.

Biodiesel, as a most common liquid substitute for diesel, can be directly
used (or in blends with diesel) in CI engines. Biodiesel can be produced
from a wide variety of feedstocks such as vegetable oils, animal fats,or waste
cooking oils through a process called transesterification [6]. Two of the
common feedstocks especially in North America are soybean oil and canola
oil [7]. The biodiesels produced from them are called Soybean Methyl Ester
(SME) and Canola Methyl Ester (CME), respectively. Biodiesel made from
plants are considered to be carbon-neutral as the plants absorb CO2 as they
grow [8], although their life-cycle carbon intensities depend on a variety of
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factors including feedstock options and land use [9]. Meanwhile, the risk of
diverting farmland or crops for biofuel production is still in debate as it may
be a detriment to the food supply [10]. Despite the controversies, numerous
studies have been conducted on various diesel engines operating on different
types of biodiesels [11]. However, a vast majority of the literature were based
on laboratory tests in which the engines were coupled to a dynamometer and
operated following a standard test cycle. As a lesson we had learned from
the infamous “dieselgate” scandal [12], the emission results from laboratory
tests can be significantly different from the actual tailpipe emissions in real-
world conditions, which bring the most direct effects to our environment.
It is thus necessary to evaluate the effects of biodiesels on engine emission
under real-world operating conditions for industrially relevant engines.

Natural gas (NG), as a widely available fossil fuel in the world, is one of
the most commonly used gaseous alternative fuels for CI engines. Mainly
consisting of methane (CH4), NG is considered to produce much less CO2

compared to diesel due to its lower carbon-to-hydrogen ratio [13]. NG has
a major benefit of reducing PM emissions as its gaseous state leading to
better mixing with air and the general non-existence of polycyclic aromatic
hydrocarbons (PAH) in its composition [14]. As NG has high octane number
and low cetane number, they are difficult to be burned alone in conventional
CI engines. To solve this issue, dual-fuel combustion strategy is used. In
dual-fuel combustion engines, the gaseous fuel, such as NG, is injected into
the intake port or directly into cylinder and ignited by directly injected
liquid fuel, such as diesel, near the end of compression stroke [15]. The
performances of dual-fuel gas engines have been studied extensively both
in laboratory tests or under real-world conditions in the literature [16]. In
addition to the criteria pollutants, a new problem associated with dual-fuel
gas engine is the methane emissions, since methane has a significant global
warming potential (GWP) [17]. In a previous study [18], high CH4 emissions
were observed at low-load conditions on a dual-fuel gas engine under real-
world working conditions and vessel operation strategy has been improved
to effectively reduce the CH4 emissions.

Another gaseous fuel considered for CI engines is the hydrogen (H2).
Compared to NG, H2 is a less common fuel for CI engines especially in pas-
senger vehicles mainly due to its limitations in storage and distribution [19].
But in heavy machinery or power generation applications where space is less
of a concern, H2 is still an attractive option. Due to its zero carbon-content
nature, H2 has the potential to reduce tail-pipe emissions, particularly CO2

emissions. Current use of H2 in CI engines is mainly by partial substitution
for diesel. The H2 substitution ratio in diesel/H2 dual-fuel engines is limited
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by engine knocking and pre-ignition [20]. The ratio is normally controlled
by the injection system according to engine loads. A previous study [21]
investigated the in-use emissions of CO2, NOx, and PM of a diesel/H2 truck
and found reductions in CO2 and increases in NOx. Meanwhile, there were
suggestions that unburned H2 (H2 slip) was emitted in potentially significant
amounts in some cases, though precise measurement results of H2 emission
was not possible. Although not a pollutant, H2 slip indicates incomplete
combustion of the fuel and thus reduced fuel economy and deteriorated fuel
efficiency. In addition, the presence of H2 in the exhaust can also affect the
performances of the after-treatment system. Due to these reasons, quanti-
fying the amounts of H2 slip under various engine operating conditions is
important for the engine calibrators to optimize their H2 injection strategies.

Based on the these backgrounds, this thesis aims to answer the follow-
ing questions related to heavy-duty dual-fuel engines operating on different
alternative fuels:

1. How to measure the H2 slip for an in-use vehicle in road tests? Is
there an effective and low-budget method which is suitable for measuring
the H2 slip on a vehicle under real-world operating conditions?

2. How do the biodiesels (SME and CME) affect the in-use emissions
of a heavy-duty marine engine under real-world conditions as compared to
diesel?

To answer these questions, the in-use emissions of two types of vehi-
cles using various alternative fuels and fueling strategies have been studied
experimentally. Firstly, relevant backgrounds including the dual-fuel tech-
nology, fuel properties, and emission measurement instruments have been
introduced in Chapter 2 together with a literature review. Chapter 3 de-
scribes the development and implementation of an exhaust H2 measurement
system for a diesel/H2 dual-fuel truck. The in-use emission characteristics
of a diesel/NG dual-fuel marine vessel operating on diesel and biodiesels
are discussed in Chapter 4. Finally, major findings from these two stud-
ies are summarized in Chapter 5 together with recommendations for future
research.
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Chapter 2

Background and Literature
Review

This work will consider two types of heavy-duty vehicles powered by CI
engines fueled with different fuels in both diesel mode and dual-fuel mode.
This section will introduce the background information regarding dual-fuel
engines, alternative fuels, and emission measurement methods. The litera-
ture review will focus on two fields: the effects of different alternative fuels on
engine emission; and the emission measurement methods for in-use vehicles.

2.1 Dual-fuel engines

The term ”dual-fuel engines” refers to compression ignition engines that
burn simultaneously two different fuels in various proportions [15]. Typi-
cally, these two fuels include a gaseous fuel, which is the primary energy
source for combustion, and a liquid fuel, which provides the energy for igni-
tion. The latter one is also called the pilot fuel.

With an independent gas injection system, dual-fuel engines can operate
in two modes: (1) With only directly injected liquid fuel (such as diesel),
operate as a conventional diesel engine, which is called the “diesel mode”
operation; (2) With gaseous fuel as the primary energy source, and liquid
fuel as the pilot fuel for ignition, which is called the “gas mode” operations.
These two terms will be used in this thesis to represent the two different
fueling modes of dual-fuel engines.

Based on how the gaseous fuel is introduced into the cylinder, there are
two types of dual-fuel strategies: (1) The gaseous fuel is injected upstream
of intake port and premixed there with the intake air, inducted into the
cylinder, compressed, and then the mixture is ignited by the pilot fuel which
is injected directly into the cylinder near TDC (Figure 2.1). This type of
engine is called premixed dual-fuel engine; (2) The gaseous fuel is injected at
a very high pressure directly into the engine cylinder after the injection and
ignition of the liquid fuel. Among the two approaches, the premixed dual-
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fuel engine is more commonly used due to its lower fuel pressure, simplicity,
and lower cost.

Figure 2.1: The conceptual schematic of a premixed dual-fuel engine

In premixed dual-fuel engines, the energy content is typically dominated
by the gaseous fuel, since only a small portion of liquid fuel is injected to
ignite the premixed mixture. The ratio of the amount of gaseous fuel to that
of the liquid fuel is an significant factor influencing engine combustion and
emissions. There are different strategies to control this ratio. The easiest
strategy is to inject the pilot fuel at a fixed rate regardless of variations in
engine load and engine speed. A more advanced strategy is to control the
amount of pilot fuel injection based on engine speed/torque map to achieve
optimum performance of the engine. The development of this map needs
the understanding of engine combustion and emission characteristics. For
example, for a H2/diesel dual-fuel engine, the H2/diesel ratio is limited by
efficiency, PM, NOx emissions as well as knock and pre-ignition behaviours
[20], while in a gas engine it is also limited by CH4 emissions.

Due to the low C/H ratio and low PAH content of gaseous fuels and the
lean burn combustion feature, dual-fuel engines are considered to have the
benefits of high power density, high efficiency, and reduced CO2, PM and
NOx emissions especially at high load conditions [22]. In addition, dual-
fuel engines can usually also be used as a conventional diesel engine since
the gas fuel injection is independent of the existing diesel system. These
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advantages make dual-fuel engine a feasible solution to improve existing
diesel engines and a promising technology to meet the challenges of reducing
GHG emission and air pollution if the fuel used can be sustainably produced
and combusted in a manner to exploit its combustion, emission, and engine
performance advantages.

2.2 Alternative fuels and their effects on engine
emission

A variety of fuels have been considered as the substitutes for diesel. In this
section, three types of alternative fuels including biodiesel, natural gas and
hydrogen will be briefly introduced on their properties and applications in
diesel engines. Some typical properties of these three fuels are summarized
in Table 2.2.

2.2.1 Biodiesel

As a liquid fuel, biodiesel or its blends can be used as the only fuel in diesel
engines or as the pilot fuel in dual-fuel engines. Biodiesel is derived from re-
newable sources such as vegetable oils, animal fats, or waste cooking oils. To
make the biodiesel, raw feedstocks need to go through a transesterification
process with an alcohol and a catalyst [23]. The product of this reaction
consists of fatty acid methyl esters (FAME), namely biodiesel. Due to its
high viscosity and corrosive nature which may cause problems in fuel injec-
tion system and in cold start conditions, biodiesel is usually blended with
petroleum-based diesel in practical use. As an example, the label B10 indi-
cates that the blend is made up of 10% biodiesel and 90% diesel on a volume
basis. With the advancement in technology of modern diesel engine, some
engine manufacturers offer warranty for up to B20 in their engines [24].
Authorities are also promoting the use of biodiesel in their policies. For
instance, the Government of Canada has created the National Renewable
Diesel Demonstration Initiative aiming to achieve an average 2% renewable
content in the Canadian distillate pool [25].

The source of biodiesel covers a variety of feedstock. Among them, veg-
etable oil is the most common category. According to the Canada Biofuel
Annual Report 2019 [7], canola oil and soybean oil made up 70% of all
biodiesel feedstocks in Canada. The biodiesels derived from these two feed-
stocks are called soybean methyl easter (SME) and canola methyl easter
(CME), respectively. Compared to conventional diesel, biodiesels generally
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have the advantageous properties of high oxygen contents and higher cetane
numbers [11]. Typically, biodiesels will result in lower PM and CO emissions
and higher NOx emission than diesel [26]. These effects had been reported
in many studies with biodiesels made from various feedstocks and in various
blend ratios [27, 28, 29, 30, 31, 32, 33, 34, 35]. For instance, Ozsezen et
al [27] measured the emissions from a 6L-displacement 81kW diesel engine
fueled with CME and found that CO and soot opacity were reduced by 73%
and 48% respectively at full load. Except for the higher oxygen content,
they believed that higher cetane number and associated shorter ignition de-
lay of CME also played an important role in the reduction effect of CO and
soot. Similar trend had been observed with SME blends on a 4-cylinder
40kW diesel engine by Gokalp et al [30]. They found 52% reduction in CO
and 74% reduction in smoke opacity when running on SME and its blends.
Increases in NOx emissions had been reported in a majority of these studies.
Most researchers believed that the oxygen presence in the biodiesel causes
high local temperature zone in the combustion chamber, which boosted the
formation of NOx [29, 36, 30, 37].

However, the studies mentioned above were mostly conducted on dy-
namometers and were focused on on-road diesel engines, which typically
operate at higher engine speeds compared to heavy-duty applications such
as marine engines. There are very limited studies conducted on heavy-duty
marine engines under real-world operating conditions. One such work was
done by Khan et al [38]. They investigated the in-use emissions from a ma-
rine vessel running on a 50:50 blend of diesel and algae biofuel. The vessel
was powered by 4 Caterpillar D398 diesel engines (12 cylinder, 48.3 L dis-
placement and 600 kW maximum power rating at 1200 rpm) connected with
two 1600 kW propulsion motors. Their study reported overall reductions on
all of the pollutants (5%, 18%, 10% and 25% reductions on CO2, CO, NOx
and PM respectively), though the reduction in PM was not statistically sig-
nificant. Another similar study was done by the U.S. Army on 4 floating
plant vessels fueled with B100 biodiesel (feedstock unknown) [39]. These
vessels were powered by diesel engines with different power ratings ranging
from 78-597kW. Reductions of CO2, CO and PM were found in most cases
in their study, while slight increases in CO and PM was observed at 25%
load on one of the measured vessels. The changes in NOx emission were
found to be varying between different vessels and different load conditions.

It can be seen from the literature that, under real-world settings, there
isn’t a consistent trend on the effects of using biodiesels, especially on NOx
and PM emissions. Meanwhile, the dataset for in-use emissions of heavy-
duty marine engines fueled by SME and CME has not been found. In
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addition, these studies were only conducted at steady states. Real-world
transient emission data have not been found in literature.

2.2.2 Natural gas

Natural gas (NG) is a type of fossil fuel found in the deposits of crude oil or
deep underground rock formations [40]. The NG extracted from rock forma-
tions is also called tight gas, which is accessed by drilling wells through the
rocks. NG is becoming a prime energy source for major energy consumers
around the world including the US, Canada and China [41]. Compared to
conventional diesel fuels, natural gases have the advantages including wide
availability, cleaner emissions and lower cost.

Natural gas typically consists of about 90% methane and varying amounts
of other alkanes such as ethane, propane and butane as well as small amounts
of carbon dioxide, nitrogen and hydrogen sulfide, as is listed in Table 2.1
[42]. The processing of raw natural gases will remove the hydrogen sulfide
content and reduce water content. The major component, methane, is an
odorless and nontoxic gas with a simple chemical structure. Its higher octane
number relative to diesel means that it is a more knock-resistant fuel and
thus can run in engines with higher compression ratios, indicating higher
efficiencies [43].

Table 2.1: Typical compositions of natural gas [42]

Composition Formula Concentration(vol)

Methane CH4 70-90%
Ethane C2H6 0-20%
Propane C3H8 0-20%
Butane C4H10 0-20%
Carbon Dioxide CO2 0-8%
Oxygen O2 0-0.2%
Nitrogen N2 0-5%
Hydrogen sulphide H2S 0-5%
Rare gases Ar, H2, Ne, Xe Trace

Natural gas is often liquefied to be transported or stored over long dis-
tances such as in marine transportation. The liquefied natural gas (LNG)
is stored in specialized tanks at slightly higher-than-atmospheric pressures
and very low temperatures (111 K at atmospheric pressure). To be used as
a gaseous fuel in dual-fuel engines, LNG is vaporized through heat transfer
from engine coolant before introduced into intake port.
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The NOx and PM emissions are expected to be lower for NG/diesel
dual-fuel engines due to the premixed combustion mode, while HC and CO
emissions resulted from incomplete combustion can typically increase [44].
Besides the regular pollutants, unburned methane is a new concern for NG
engines because of its significant global warming potential, 84 compared to
CO2 (potential of 1) over a 20-year period or 28 over 100-year period [17].
Moreover, the fact that methane is hard to oxidize with common catalysts
makes it a challenge for aftertreatment systems [45]. Two previous studies
had been conducted on a dual-fuel marine vessel focusing on its methane
emissions [18, 46]. Sommer et al [18] measured the in-use CH4 emissions of
the vessel at steady states. They found that specific CH4 emissions were
high at low engine loads. By applying cylinder deactivation technology and
optimizing vessel operation strategy, the total CH4 emission were reduced
by up to 33%. Sacal et al [46] measured the CH4 emission under transient
operations. They found that exhaust CH4 concentration during load in-
creases was 1.9 times relative to steady states, and total methane emissions
were up to 43% higher under transient operations.

2.2.3 Hydrogen

Hydrogen (H2) is a renewable fuel that can be produced from fossil gases,
biomasses, or pure water [47]. It is normally considered as an energy carrier
rather than an energy source as it must be produced from a primary source
through processes which consume considerable energy and produce GHG
emission. The application of hydrogen as a fuel heavily depends on its man-
ufacture and the associated economy. Recovered hydrogen from industrial
by-products can provide a viable source for hydrogen.

H2 has several properties which make it an attractive fuel for engines: (1)
In its pure form, H2, when reacted with oxygen, produces no CO2, making
it a clean fuel; (2) Its high heating value on mass basis contributes to a high
flame temperature and low ignition energy, though the volumetric heating
value is low; (3) Its high flame speed also contributes to low ignition delay.

By principle, these mean that hydrogen works well in lean combustion
and can substantially reduce CO2 and soot emissions. However, on the
other hand, as fuel/air ratio approaching stoichiometric conditions, i.e., at
higher engine loads, hydrogen engines are prone to pre-ignition and high
NOx emissions [51]. In addition, although hydrogen has high specific energy
on mass basis (MJ/kg), the energy per volume is low. This will restrict the
engine intake volumetric flows as hydrogen will replace some amount of the
intake air, potentially resulting in the penalty of loss of power and higher
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Table 2.2: Typical values of selected properties of diesel, biodiesel, natural
gas and hydrogen [48, 49, 50]

Property Diesel (l) Biodiesel (l) Natural gas(g) Hydrogen (g)

Formula CnH1.8n RCO2CH3 CH4 H2

Lower heating value
(MJ/kg)

42.6 37.5 47.1 120.0

Stoichiometric A/F
ratio

14.5 12.5 17.2 34.3

Autoignition Tem-
perature (◦C)

315 149 540 565-582

Cetane Number 40-55 48-65 N/A N/A
Density at STP
(kg/m3)

846 888 0.777 0.090

Energy Density at
STP (MJ/L)

38.6 33 0.03 0.01

soot emissions.
A previous study [21] measured the real-world emissions of CO2, NOx

and PM from a H2/diesel dual-fuel truck. It was found that, compared to
pure diesel, the H2 addition reduced CO2 emissions by approximately 25%
but increased NOx by about 10%, and the PM emission remained similar.
While the effect of hydrogen addition on the emissions of criteria pollutants
have been studied in literature [52], the emission of unburned H2 (or H2 slip)
gained few attention. Although H2 is harmless to the environment, incom-
plete combustion of H2 fuel indicates poor fuel economy as well as reduced
efficiency. In a study by Gatts et al [53], they measured the H2 emission
from a 10.8L heavy-duty diesel engine supplemented with H2. They found
that H2 emission increased as decreasing load, and it changed with H2 sub-
stitution ratios. The maximum exhaust H2 concentration of 14,000 ppm was
observed at 10% load with 4.5% H2 substitution ratio by volume. However,
this study was based on dynamometer tests. Real-world on-road test of H2

emission is lacking in literature to the best of the author’s knowledge.
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2.3 Engine emission test cycle and measurement
methods

The formations of pollutants in diesel engines are affected by a variety of
factors. It is rather difficult to accurately estimate the exhaust composition
by means of theoretical models or numerical calculation. In this background,
direct measurements of engine emission are necessary for understanding the
actual emission level of each pollutant. On the other hand, emission reg-
ulations have always been a driving force for emission reduction. More
and more stringent emission limits are implemented in different regions and
fields. These emission regulations not only are based on emission reduction
technologies, but also rely on representative test cycles and accurate mea-
surements of the pollutants. To reasonably assess the emission level of an
engine, emission measurements need to conducted following a representative
test cycle. This section will introduce the standard test cycles for engine
emission tests as well as the typical instrumentation used for engine emission
tests.

2.3.1 Engine emission standards and test cycles

Different emissions standards are implemented in different regions and coun-
tries of the world. For instance, in Canada, the emission regulations are
enforced under the Canadian Environmental Protection Act 1999 (CEPA
1999) [4]. The regulations generally align with U.S. EPA federal standards
[54]. Specified regulations apply to different categories of engines and vehi-
cles. In general, they are divided as on-road vehicles and off-road vehicles.

For on-road vehicles, the regulation defines them further by their weight
classes. For instance, trucks with Gross Vehicle Weight Rating (GVWR)
> 3856 kg are classified as heavy-duty vehicle [54]. Emission testing for
heavy-duty vehicles is performed according to the Federal Test Procedure
(FTP) heavy-duty transient cycle. This cycle considers a variety of typical
driving patterns encountered in real-world conditions for heavy-duty trucks
[55]. The final output from this test are brake-specific FTP emissions which
are weighted emissions in grams divided by weighted brake power (bhp-hr
or kWh).

For marine engines with power outputs larger than 130 kW, emission
standards are authorized by the International Marine Organization (IMO)
under the International Convention for the Prevention of Pollution from
Ships (MARPOL) [56]. The MARPOL Annex 6 [5] set limits for major
pollutants in marine engine exhaust including NOx and SOx. The test
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cycle for marine diesel engines is described in the ISO 8178-4 standard [57].
Particularly, for heavy-duty constant-speed propulsion engines, the cycle
(E2) is made up of 4 modes with different loads. The load requirements
and weighting factors for each mode in the E2 test cycle are listed in Table
2.3. Noted that all the test modes refer to steady state tests when engine is
operated on a dynamometer under well controlled conditions, and transient
operations are not considered in this test cycle.

Table 2.3: Specification of engine loads and weighting factors for different
test modes described in ISO 8178-4 E2 test cycle [57]

Test mode Engine load Weighting factor
(% of maximum power)

1 100 0.2
2 75 0.5
3 50 0.15
4 25 0.15

In this thesis, two different types of vehicles are considered, namely a
fleet truck and a marine vessel. Based on their typical operating conditions,
different test plans and test cycles are designed for each vehicle separately.
A summary of the test information is listed in Table 2.4.

Table 2.4: A summary of the test modes and conditions for the two vehicles
involved in this study

Chapter Vehicle type Engine type Fueling mode Test condition

Chapter 3 Fleet truck H2/diesel engine Gas Real-world (On-road)

Chapter 4 Marine vessel NG/diesel engine Diesel Steady state
Transient

Gas Steady state

2.3.2 Engine emission gas analyzers

A summary of common instruments used for gaseous pollutant measure-
ment is shown in table 2.5. Based on their measuring principles, they can
be divided into 3 major categories, namely spectroscopy, ionization, and
electrochemical.
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The absorption spectroscopy technique measures the amount of light ab-
sorbed by the sample gas which the light passes through. The absorption
(light intensity) is proportional to the concentration of the target gas. Tra-
ditional spectroscopy devices measure with an infrared at a non-dispersive
wavelength range which corresponds to a certain gas species, thus it is
called ”non-dispersive infrared gas analyzer” (NDIR). This technique has
the limitation of single gas detection capability and also suffers from cross-
sensitivities to the other species with overlapping spectra. An advanced ver-
sion of NDIR is the Fourier-transform infrared spectroscopy (FTIR). FTIR
shines multiple light beams covering the whole spectrum through the sample
gas, and then uses Fourier transform to process the raw signals to obtain a
wide range of spectrum at one time. To achieve fast measurements, cooled
photoelectric detectors can be used. They can shorten the response time of
FTIR to as fast as 10ms [58].

Ionization detectors are normally used for HC measurement. The princi-
ple of FID is based on the ionization of hydrocarbon molecules in a hydrogen
flame. The number of ions generated in the flame corresponds to the number
of carbon atoms in the sample gas molecules. Hence the measuring results
from FID are total HC content, or commonly indicated as an equivalent HC
concentration (e.g., C3H8).

Electrochemical sensors are also widely used for detecting pollutant gases
(such as CO2, CO, NOx, or O2) especially for their generally lower costs,
simpler control, and mass production applications. They work by the prin-
ciple of oxidization or reduction reactions in which the oxidizing or reducing
sample gas reacts with the electrode and creates an electrical current. The
generated current is linear to the concentration of the gas to be measured.
Cross-sensitivity is a common issue for electrochemical sensors, which can
be improved by applying chemical filters that can remove the interference
species.

This study focuses on the in-use emission from engines, i.e. on-road or
on-board testing under real-world operating conditions. The requirements
of the instruments for this purpose differ from the ones used for labora-
tory tests, which are typically steady-state tests. Except for the variations
in environment conditions such as temperature, humidity, or altitude, one
additional consideration is the response time of the instruments. Faster re-
sponse is desired for accurately and timely capturing of the transient changes
in engine exhaust. The response times for different instruments may vary
as a variety of factors including their principles, target gas, measuring en-
vironment as well as the sampling design. Even for the same type of gas
analyzers, reported response times from different manufactures differ in a
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Table 2.5: Common gas analyzers/sensors for engine emission measurement
and their typical response times [59, 60, 61]

Principle Technique
Measured
gas species

Typical response time (s)

Spectroscopy NDIR
CO, CO2,

CH4
< 50

NDUV NO, NO2 < 50

FTIR
CO2, CO,
HC, NOx

< 1

Ionization FID HC < 10

Electrochemical
Electrochemical

sensors

Oxidizing or
reducing

gases
Varies

wide range. Special care should be taken of response time when choosing
instruments for real-world tests.

2.3.3 H2 measurement methods

Conventional H2 measurement methods typically include gas chromatogra-
phy and mass spectrometer. For instance, in the dynamometer test by Gatts
et al [53], H2 emission was measured using an Electron Pulse Ionization Mass
Spectrometer. However, these instruments are usually large, expensive, and
slow in terms of their sampling and reaction times [61]. Hence, they are
difficult to be implemented in on-road tests. Chemical or electronic sensors,
on the other hand, are relatively compact in size, simple in structure, and
low in cost. Though the application of H2 sensor in vehicle emission test was
rarely found in literature, they were very common in other fields such as fuel
cell or hydrogen industries [62, 63]. Table 2.6 lists some typical available
hydrogen sensors with their important parameters according to literature
review. It can be seen from it that, unfortunately, cross-sensitivity to CO
seems to be a common problem for H2 sensors. The only exception, thermo-
conductivity sensor, has the disadvantage of detection limit. Meanwhile,
some of these sensors such as semi-conductive sensors or electrochemical
sensors have strong dependence on environmental parameters such as ambi-
ent oxygen content [64]. Based on these facts, a simple and effective method
for in-use H2 measurement on vehicles is not readily available. A more care-
ful selection of H2 sensor should be done based on the knowledge of test
environment and specific requirements.
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Table 2.6: Typical H2 sensors and their technical parameters

Principle Range Response time
Cross

sensitivity
References

(vol%) T90(s)

Catalytic < 4 < 10 HC,CO [65]
Thermo-conductivity > 1 < 5 He [61, 66]

Electrochemical > 0.001 2-100
CO, HC,
CO2,NOx

[67]

Semi-conductive > 0.001 < 15 CO, CH4 [68]
MOSFET < 5 < 5 CO [69]

2.3.4 PM measurement methods

Particulate emission is a major concern for diesel engines and also a chal-
lenging matter to measure as the composition of diesel PM varies in chemical
structures, sizes, and morphology.

Smoke opacity measurement is a widely used PM measurement method.
It uses smoke opacity meters which measure the optical properties of engine
exhaust, i.e. the extinction of light beam resulting from scattering and
absorption by particles. This method is usually less costly and simpler
compared with the other instruments, while it has limitations such as low
resolution, cross sensitivity to NOx, and lack of sensitivity to nanoparticles.

A method based on light scattering principle is the optical particle counter
(OPC). This is a more direct approach to measure the particles compared
with the smoke opacity measurement. It measures the light scattered by the
particles crossing a laser beam. The intensity of the light pulse detected by
a photo detector is used to count and size the particles. The photo detec-
tor can also be calibrated against aerosol mass concentrations (mg/m3), in
which case the OPC gives PM mass concentration results. An example of
this device is the TSI Dusttrak aerosol monitor. This type of instruments
can report real-time data on PM concentration which makes them suitable
for in-use measurements. However, they are sensitive to particle size and
composition [70]. This brings uncertainties to the measurement results of
particles spanning a wide range of diameters such as the diesel particulates.
To verify the results of light scattering methods, gravimetric samples can be
collected and used as backup.

Besides the total number or mass concentration, size distribution is also
an important information about the PM. An established method to mea-
sure particle size distribution is by using cascade impactors. It can divide
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and collect the particles at different size ranges based on their momentums,
or aerodynamic diameters. The collected particles at each stage can then
be used for mass or composition analysis. An advanced technique using
impaction mechanism is called “Electrical Low-Pressure Impactor (ELPI)”.
In this device, electrometers are connected to each of the impactor stages
to measure real-time particle number concentrations and size distributions.
This is particularly suitable for in-use emission measurements. However,
limitations also exist in this method mainly due to its algorithm for con-
verting raw current signals to particle number or mass concentrations. For
example, in Dekati ELPI+, the default algorithm assumes constant density
of particle, which is not the case for engine particulate emissions. To tackle
this issue, mathematical methods such as inversion and iteration are needed.
Detail information on this topic can be found in literature [71].

Another important aspect of diesel PM measurement is the sampling
system. Condensation and adsorption of organic compounds can happen
during this process [72], which can significantly change the compositions
of raw PM generated in the combustion process, and lead to inaccuracies
in measurement results. Devices such as catalyst strippers can be used to
remove these organic compounds. In addition, particle losses during the
sampling process can also cause significant changes to the results. The loss
may happen in sample extraction as well as sample transportation. Several
different effects such as gravitational settling, diffusion, inertial deposition,
and electrostatic deposition all contribute to the losses [73] . Measures can
be taken to mitigate some of these losses such as using a conductive tube
to eliminate electrostatic losses. In addition, flow modelling or calculation
methods can be used to estimate these losses.
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2.4 Motivation and objectives

Alternative fuels including biodiesel, NG, and H2 are a potential solution to
reduce GHG emission and the emissions of other pollutants (mainly NOx
and PM) from CI engines. The premixed dual-fuel combustion strategy
provides an effective pathway to burn gaseous fuels with pilot liquid fuels
in conventional diesel engines. Due to the different properties of different
alternative fuels, they can result in different effects on engine emissions.
To evaluate the emission of dual-fuel vehicles under real-world operating
conditions, in-use emission measurements need to be conducted. This thesis
include two works described in Chapter 3 and Chapter 4, respectively, which
aim to address different objectives on two different dual-fuel vehicles.

2.4.1 Objectives for Chapter 3

The emissions from H2/diesel dual-fuel engines have been studied mostly
in the laboratory. Limited studies have focused on its real-world emissions
of regular pollutants but not on the in-use H2 emissions. This is, in part,
due to the lack of a suitable exhaust stream H2 measurement technology.
Several types of H2 sensors have been used in industry for safety monitoring
but rarely for vehicle emissions tests. These sensors have certain detection
limits as well as requirements for testing environment.

In the first project of this study, the objectives are to:

• Develop an economic method to measure the H2 slip from a H2/diesel
dual-fuel truck under real-world operating conditions.

• With the developed method, try to characterize the in-use H2 slip
of the truck and to find the relation between the H2 slip and engine
operating conditions.

Chapter 3 addresses these objectives with a low-cost exhaust H2 measure-
ment for an in-use H2/diesel dual-fuel truck.

2.4.2 Objectives for Chapter 4

The effects of biodiesels on engine emissions have been studied extensively in
literature but mainly on light-duty diesel engines and in steady laboratory
test settings. Real-world emission data from heavy-duty marine engines is
limited and transient test data is lacking. To measure the engine emissions
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under real-world operating conditions, mature technologies are available for
criteria pollutants (e.g. CO2, NOx, CO, and PM), and the instruments using
these technologies can be integrated into a PEMS to conduct measurements
on the in-use vessel.

The objectives of the second project in this thesis include:

• Evaluate the effects of two biodiesels, namely SME and CME, on the
steady-state emissions (including CO2, CO, NOx, PM, and PN) of the
marine engine in diesel operation mode, as compared to diesel.

• Characterize the emissions (including CO2, CO, NOx and PM) of the
marine engine during transient operations (i.e. load increases) in diesel
operation mode. Compare the effects of diesel, SME, and CME on the
transient emissions.

• Evaluate the effects of the two biodiesels on the steady-state emissions
(including CO2, CO, NOx, CH4, and PM) of the engine when used as
the pilot fuel in gas mode, as compared to diesel.

These objectives are addressed in Chapter 4, where the in-use emissions
from a dual-fuel marine vessel operating under both diesel mode and gas
mode with diesel, SME, and CME are characterized and compared.
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Chapter 3

Measurement of the In-use
H2 Emission of a H2/Diesel
Dual-Fuel Truck

In this chapter, a low-cost method is developed to measure the H2 slip in
the exhaust of a heavy-duty truck (Figure 3.1) under real-world operating
conditions. The truck is equipped with a 2016 15 L Detroit diesel engine
retrofitted to run in dual-fuel mode with port-injected H2 ignited by di-
rectly injected diesel. The unburned H2 fuel will result in H2 slip in the
engine exhaust, which indicates poor fuel economy and deteriorates engine
efficiency. The H2/diesel injection ratio was calibrated according to engine
speed and torque. With the developed method, H2 slip can be characterized
for different engine operating conditions. A relation between the H2 slip
and engine operating condition can be established with the measurement
results. Section 3.1 describes the setup of the measurement system. Section
3.2 introduces the data processing methods. Road test results are discussed
in Section 3.3. Conclusions are summarized in Section 3.4.
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Figure 3.1: A picture of the used hydrogen dual-fuel truck

3.1 Measurement system setup

In order to measure the in-use H2 emission of the truck in real-world on-road
tests. A measurement system has been set up utilizing a low-cost H2 sensor
and a self-developed PEMS. This section describes the development of this
measurement system.

3.1.1 H2 sensor selection

H2 sensors are transducer devices that detect H2 molecules and produce an
electrical signal with a magnitude proportional to the H2 gas concentration
[74]. Compared with the conventional H2 detection methods such as chro-
matography, H2 sensors have several advantages including their low cost,
faster response, and smaller size. These advantages make them suitable for
on-road tests.

Sensor selection depends on the particular requirements of in-use vehicle
measurements. In our measurements, the sample gas is sampled from the
exhaust pipe of the truck and can be diluted by dried compressed air to lower
the H2 concentration as well as to prevent condensation in the sampling line.
Four critical parameters must be considered when selecting the H2 sensor:

(1) Measurement range: A previous study on a similar truck equipped
with the same H2 injection system used gas chromatography method to
measure the H2 concentration in the exhaust. The H2 concentration in
the raw exhaust was found to vary between 0-20,000 ppm. To prevent
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condensation in the sampling line, the dilution ratio needs to be set above
15:1. In practice, the dilution ratio was set to approximately 20:1. Thus,
the estimated H2 concentration range is 0-1,000 ppm for diluted samples.

(2) Response time: In order to resolve the transient emission data, a
short response time is desired. A typical response time for a PEMS sys-
tem is expected to be within 1s. Although some literature has reported
a response time within this range, none of the commercially available H2

sensors identified in this work can meet this requirement. The shortest re-
sponse time reported by the sensor supplier is less than 4s. It should be
noted that the actual response time of a sensor may also be influenced by
test conditions and thus were determined experimentally in the road tests.

(3) Cross-sensitivity: The presence of CO, NO and HC in the exhaust
gas must be considered as many of the H2 sensors are susceptible to reducing
gases. The cross-sensitivity to CO is a general issue for almost all the avail-
able H2 sensors. However, the concentration of CO in the diesel exhaust is
expected to be low because of the global lean combustion. With a dilution
ratio of 20:1, the concentration of CO in the sample gas is estimated to be
within 100 ppm. This value is low enough for some of the H2 sensors to
neglect its cross-sensitivity.

(4) Gas environment: The raw exhaust from a diesel engine varies in
terms of temperature, relative humidity, and oxygen concentration. How-
ever, the high dilution air ratio (20:1) will constrain these variations within
a small range, especially will result in an oxygen concentration close to the
air. This will exclude some sensors which require lower O2 concentrations.
Meanwhile, it also makes the dependence on O2 concentration negligible for
some sensors, such as the semiconducting metal-oxide sensor.

To summarize, the H2 sensor for this study should fulfill these require-
ments: 1) can detect H2 in a concentration range of 1-1,000 ppm; 2) have
a response time within or close to 1 second; 3) present no cross-sensitivity
to NO and HC, and minor sensitivity to CO in less than 100 ppm; 4) can
operate in gases with an O2 concentration similar to the air.

Considering these criteria, only resistance-based sensors and work function-
based sensors are the viable options. Taking the cost into account, we chose
the MQ-8 semi-conductor sensor which can meet most of the requirements
at a very low cost [75]. A picture of this sensor is shown in Figure 3.2.

The sensor’s resistance (Rs) changes with varying H2 concentrations and
the dependence can be approximated by the formula

Rs/R0 = aCb
H2

(3.1)

where R0 is the sensor’s resistance in clean air, a and b are sensor-specific
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Figure 3.2: A picture of the MQ-8 H2 sensor (sensor housing was removed
to show its circuit structure)

constants, and CH2 is the H2 concentration in the sample gas.
In order to record the changes in Rs, a test circuit (Figure 3.3) is used to

convert the change in Rs into the change of the voltage on the load resistor
(RL). A 5 V heater is used to heat up the sensor to a certain temperature
to ensure the activation of the semi-conduction material. In the next step,
the sensor’s characteristics, such as the sensitivity to temperature, humidity,
and other potential influencing factors, will be verified in a benchtop test.

3.1.2 H2 sensor verification test setup

To quantitatively understand the critical characteristics of the H2 sensor,
verification tests were done on the bench. These benchtop tests serve for
two purposes: (1) control independently each of the potential influencing
factors including preheating time, flow rate, temperature and RH to inves-
tigate their influences; (2) use standard H2/N2 mixture gas with known H2

concentration to calibrate the sensor, namely to find out the constants in
equation 3.1.

Figure 3.4 shows the apparatus of the benchtop test for the H2 sensor:
Compressed air is used as the zero standard. An inline desiccant dryer is used
to remove the water content from the compressed air. The dried air then
passes through a heated tube. A heater connected with a PID controller can
maintain the gas at desired temperatures. The flow rate of the heated gas is
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Figure 3.3: Test circuit of the MQ-8 H2 sensor (VH : Heater voltage, Vc:
Circuit voltage, RL: Load resistor, VRL: Load resistor voltage, 1/3/4/6:
sensor pin, 2/5: heater pin)

controlled by a rotameter set after the heated tube. Finally, the flow passes
through a cross fitting where a MQ-8 H2 sensor and a temperature/RH
transducer are installed. A surface-mounted thermocouple is attached to
the housing of the H2 sensor to monitor the sensor’s surface temperature.
The tubing starting from the entrance of the heated tube to the exhaust is
thermal insulated to ensure constant gas temperature.

Figure 3.4: H2 sensor verification test apparatus diagram
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3.1.3 Verification of the influencing factors of the H2 sensor

Using the test setup described above, we were able to control each of the
potential influencing factors independently to investigate the significance of
their influences. Four of the critical factors are verified here:

(1) Preheating time. The sensor is heated by an internal heater to main-
tain its temperature in order to produce a stable output. To find the required
preheating time for the H2 sensor, we continually monitored the R0, which
is an indicator of the sensor element’s temperature, for 2 hours after turning
on the heater. During this process, gas flow rate, temperature and RH were
held constant. It was found that R0 dropped when the heater was powered
on and R0 stabilized after approximately 20 minutes, as shown in Figure 3.5
(1). To account for different starting temperatures, a preheating time of 30
minutes is suggested to ensure the stability.

(2) Flow rate. As heat can be transferred by both conduction and con-
vection between the gas and the sensor, the velocity of the flow can affect
the temperature of the sensor. Moreover, mass transfer between the sensor
and the gas is also dependent on flow velocity. In the benchtop test, flow
rate was changed by adjusting the rotameter. R0 values are compared under
different flow rates ranging from 0-5 lpm in Figure 3.5 (2) R0 dropped sig-
nificantly as flow was increased from 0 to 2 lpm. However, further increasing
the flow rate, the change in R0 was within 3%. This implies that R0 should
be measured with a stable flow rate higher than 2 lpm. The flow rate was
maintained at 4.5 lpm in the other tests.

(3) Temperature. The temperature of the semiconductor material can
influence the R0. However, this temperature cannot be measured directly.
Instead, two temperatures were monitored during the test: flow tempera-
ture, which was measured by a Dwyer 657 RH/temperature transducer at
the cross fitting, and sensor surface temperature, which was measured by a
thermocouple mounted on the surface of the sensor’s housing. It was found
that the differences between these two temperatures were nearly constant
during the test. Thus, only flow temperature was used as an indicator of the
sensor temperature. Figure 3.5 (3) shows the changes in R0 under varying
flow temperatures. As the temperature increased from 10 to 50 ◦C, the
change in R0 was within 2%. During regular weather conditions, the tem-
perature of the diluted exhaust sample in an on-road test is between 30-40
◦C. Variation of R0 in this temperature range is thus negligible.

(4) Relative humidity. As water is a product of the oxidation reaction of
H2, the water content in the exhaust sample can affect the sensor’s response
to H2 gas. Here we wanted to find out if RH also affects the R0. The
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humidity of the air was changed by replacing the dryer with a sealed box
containing a wet sponge. The sensor was tested in a RH range between 15%
- 35%. Figure 3.5 (4) shows that R0 dropped significantly as RH increased.
In order to ensure a stable R0, the water content of the exhaust sample
should be controlled or compensated. Because the correlation between R0

and RH is unclear, we chose to dry the sample air completely to exclude
this influencing factor.

Figure 3.5: H2 sensor verification test results: (1) R0 variation during the
first 30 minutes of preheating; (2) R0 under different air flow rates; (3) R0

under different air temperatures; (4) R0 under different air humidities

3.1.4 H2 sensor calibration

After verifying the factors influencing R0, a bottle of H2/N2 mixture with a
standard H2 concentration of 1% was used to assess the sensor performance
with H2. The H2/N2 mixture was mixed with compressed air to obtain
a range of H2 concentrations. The flow rates of the H2 mixture and the
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compressed air were controlled by two Alicat mass flow controllers with an
accuracy of ±0.2%.

As the first step, one sensor was tested under seven different H2 con-
centrations spanning from 100 to 1,500 ppm to verify the linearity between
log(Rs/R0) and log(CH2). The results are shown in Figure 3.6. Then, other
sensors were calibrated using only two points to find out the constants a
and b in Equation 3.1 for each individual sensor.

Figure 3.6: The linear relation between log(Rs/R0) and log(CH2) verified in
the calibration test

Figure 3.7 (1) shows the calibration curve for the sensor used in the
final road test. With the linear correlation found in this figure, we can
determine the two constants in Equation 3.1: a=54.95, b=-1.24. Figure
3.7 (2) compares the measuring results of this sensor with the standard
H2 concentrations. At low concentration (480 ppm), the measured value
has a difference of -7% compared with standard concentration. At high
concentration (1440 ppm), the difference is -14%. For both concentrations,
the standard errors of the mean value are within 0.5%.
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Figure 3.7: Calibration results for the chosen H2 sensor: (1) the correlation
between log(Rs/R0) and log(CH2) determined with two data points; (2) the
measured H2 concentration from the sensor compared with the standard H2

concentration

3.1.5 Portable emission measurement system

From the benchtop test, we had understood the characteristics of the H2

sensor in clean air as well as the sensor’s responses to different H2 con-
centrations. In order to implement measurements on the truck with this
sensor, a portable emission measurement system (PEMS) was developed to:
(1) dilute the raw exhaust gas with a required dilution ratio and transfer the
diluted sample to the H2 sensor at a constant flow rate; (2) prevent conden-
sation in the sampling line and remove the water content from the sample
gas; (3) log the measurement data in a Data Acquisition (DAQ) system.

As shown in Figure 3.8, the diluted exhaust is filtered by a HEPA filter
and then dried by an in-line desiccant drier before arriving at the H2 sensor.
This direr ensures the RH of the sample to be 0%. A temperature/RH
transducer is installed before the H2 sensor to monitor the temperature and
RH of the diluted sample. The flow rates of MFC 1, 2 and 3 are set as 19
slpm, 4.5 slpm and 15.5 slpm respectively, such that the dilution ratio is
20:1. The system can be purged with dilution air by setting the flow rate of
MFC 1 higher than 20 slpm.

27



Figure 3.8: Schematic diagram of the PEMS : MFC 1, 2 and 3 control the
flow rates of compressed air, H2 sensor and bypass respectively

Figure 3.9: A picture of the self-developed PEMS
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3.2 Data acquisition and processing method

The resistance of the H2 sensor (Rs) changes with H2 concentration in the
sample stream as described in equation 3.1. The change of Rs is reflected
by the change in VRL, which is logged with a Raspberry Pi HAT MCC118
[76] at a frequency of 4 Hz. Rs can be calculated from VRL by:

Rs = (Vc/VRL − 1)RL (3.2)

where Vc, RL are constant values measured on the test circuit.
Combining Equation (2) with Equation (1), the H2 concentration CH2

[ppm] in the sample gas is:

CH2 = (
Rs

aR0
)1/b (3.3)

R0 is a constant value decided by measuring sensor resistance in the
clean air. The R0 needs to be checked before every test by purging the
PEMS with clean compressed air.

H2 slip rate ṁH2,slip [kg/hr] can be calculated with:

ṁH2,slip = CH2

MH2

Mexh
ṁexh (3.4)

where MH2 and Mexh are the molar weights of H2 and the exhaust,
respectively. Mexh is approximated with a constant value of 29 g/mol, same
as the air.

The mass flow rate of exhaust, ṁexh, and the hydrogen injection rate,
ṁH2,inj , are read from the truck’s CAN messages. This H2 injection rate is
provided by the control unit of the hydrogen injection system.

The ratio of H2 slip rate and the H2 injection rate is calculated to obtain
the percentage slippage of H2:

slippage(%) =
ṁH2,slip

ṁH2,inj
× 100 (3.5)

Engine brake torque, T, can be calculated by dividing the drive shaft
torque, Tshaft , which was measured by a torque transducer mounted on the
drive line, by the gear ratio GR:

Tbrake =
Tshaft
GR

(3.6)

Data including engine speed, gear ratio, drive line engagement and trans-
mission shift status are all available from the truck’s CAN messages. These
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data are used to filter out the conditions when torque calculations are invalid.
These conditions include: drive line unengaged, transmission in process, and
negative gear ratios. Data under these conditions are excluded in the pro-
cessing procedures to generate the H2 slip map. As a necessary assumption
for simplicity, gearbox efficiency is considered as 100%.
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3.3 On-road test results and discussion

The developed measurement was used to measure the in-use H2 emission
from the test truck. This section will describe and analyze the test data
from the on-road tests.

3.3.1 Exhaust H2 concentration of the in-use truck

Figure 3.10 shows the variation of exhaust H2 concentrations measured by
the H2 sensor in an H2/diesel dual-fuel mode on-road test. These concen-
trations are corrected by the dilution ratio. In a general sense, we can see
that the system is capable of capturing the variation of H2 concentrations
in the truck’s exhaust. The consistency between the H2 emission and the
H2 injection rate can be observed. However, in order to use this data for
further analysis, the latency of the sensor’s response should be determined
first.

Figure 3.10: Time series plot of the dilution ratio-corrected exhaust H2

concentration (black curve) and the H2 injection rate (blue curve) during an
on-road test of a heavy-duty truck running in a H2/diesel dual-fuel mode

The sensor’s latency is the time lag between the time H2 leaves the
exhaust port of the engine (tex) and the time H2 is detected by the sensor
(tdt). As the combustion time interval in the cylinder is comparably short,
we can assume tex is the injection time of H2. Hence, the latency is:

τ = tdt − tex (3.7)
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(a) (b)

Figure 3.11: Examples of detected H2 concentrations in response to: (a)
increasing H2 concentration; (b) decreasing H2 concentration

The total latency τ can be found by comparing the rising or falling edge
of the H2 injection rate and the exhaust H2 concentration in time series
plots. As can be seen from Figure 3.11a and 3.11b, the sensor responded
very differently to rising and falling H2 injection rates. Noted that these
figures are only presented as an example of determining the latency. In fact,
the latency is not a constant value through the test, as it can be affected
by many factors such as flow rate, temperature, or gas compositions. The
adopted sensor latency is determined by averaging the time lags in many
different scenarios. For responses to increasing H2 injection rates, a latency
of 4.5 s is used. For decreasing H2 injection rates, the latency is too long to
account. Due to this reason, the periods including falling H2 injection edges
will be excluded for generating H2 slip maps.
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3.3.2 H2 slip maps

Figure 3.12 shows the H2 slip maps generated from the data collected on the
truck running in dual-fuel mode for 1 hour under typical on-road conditions.
The gray scale of each bin indicates the dwell time the engine operates at
each speed and torque region. The color of the red lines indicates the H2

concentration [ppm] and slippage [%] at this region. The dashed black line
on the top is the maximum brake torque curve of the engine.

From Figure 3.12 (1), we can find that the highest H2 concentration
(14,000 ppm) occurred at speed regions over 1500 rpm for medium-to-high
engine torque. This aligns with the high H2 slippage rate (54%) in that
region in Figure 3.12 (2). However, the dwell time of the engine in this region
is nearly zero, which means the data for this operation region is very limited.
This is because that a big proportion of the data in this region was removed
due to the long response time. It implies that a reduction in H2 injection rate
might be implemented when the engine approached this operating region.
The H2 injection rate is decided by the engine’s operating condition and has
been quantified during the H2 injection system calibration. However, the
injection map of the H2 system is inaccessible to us for confidential reasons.
This unfortunately limits the further explanation and verification of these
findings.

An increasing H2 slip trend can be observed with increasing engine speed
and increasing engine load. At the 1200 rpm and 1200-1600 Nm region,
where the engine operated most frequently, the H2 slip was at a relatively
low level, namely 3500-7500 rpm or 9% relative to H2 injection rate. This
indicates that the engine operated efficiently at its frequently encountered
conditions. However, it should be noted that these H2 slip maps are not
complete since some important operating conditions, including idling and
gear transition, were not included. Furthermore, some of the operating
conditions (e.g. low load and high speed) shown in these maps might be
rarely encountered in typical operations. These shortcomings presented the
limitations of the method for evaluating H2 slip for in-use vehicles.
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Figure 3.12: In-use H2 slip maps of the measured truck: (1) H2 slip in
concentration [ppm]; (2) percentage H2 slippage [%]
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3.4 Summary and conclusions

In this chapter, a method was developed aiming to measure the H2 slips
from a H2/diesel dual-fuel truck under real-world operating conditions. This
method utilized a low-cost semi-conductor sensor, which could give the H2

concentration in a range of 1-1000 ppm. A PEMS was designed to control
the flow rate, dilution ratio, and the RH of the sample gas to ensure sta-
ble output of the sensor. With the developed method, 1 hour of on-road
test data was collected for the truck during road tests in real-world city
traffic conditions. System latency was determined by comparing the time
series plots of the exhaust H2 concentration and the H2 injection rate. It
was found that the system responded to an increasing H2 concentration in
approximately 5s; However, its response time for a decreasing H2 concentra-
tion was longer than 100s. Data processing was implemented to synchronize
the exhaust H2 concentration and the H2 injection rate and to remove the
proportions with long latency. Finally, H2 slip maps were generated which
provided preliminary insights into the in-use H2 slip characteristics of the
truck.

Following conclusions can be drawn from this work:

• With a low-cost semi-conductor H2 sensor, the developed PEMS was
able to capture the variations of H2 concentration in the engine ex-
haust. The results generally showed consistency with the injected H2

flow rates.

• During highly transient conditions, particularly when the injected H2

flow rate abruptly decreased, this system responded to the decreasing
H2 concentration slowly (>100s). This resulted in inaccuracy of the
measurement system. Though data processing could be done to re-
move these conditions, the processing would remove some important
operating conditions of the engine and result in an incomplete H2 map.

• Overall, the developed method was able to provide rudimentary results
of the in-use H2 slip for the vehicle in a low cost. To achieve higher
accuracy, a more advanced measurement system with faster response
time and more precise calibration is desired. In addition, to obtain
a more representative H2 slip map, more road test data needs to be
collected, system latency can be more accurately determined, and data
exclusion criteria can be improved.
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Chapter 4

Characterization of the
In-use Emission from a
Dual-Fuel Marine Vessel
Fueled with Biodiesels

Biodiesels are a common substitute for diesel in CI engines. As the feed-
stocks of biodiesels vary, the properties of the biodiesels are different, which
results in changes in engine performances and emission characteristics. To
evaluate the effects of two common types of biodiesels, namely SME and
CME, on engine emission, this chapter describes the implementation and the
results of an emission measurement campaign conducted on a marine vessel,
which was powered by a dual-fuel engine fueled by diesel and biodiesels.
The evaluations include: (1) The effect of using the biodiesels as the liq-
uid fuel in diesel mode on engine emission, as compared to diesel; (2) The
emission characteristics of the engine under transient operations with the
different fuels; (3) The effect of using the biodiesels as the pilot fuel in gas
mode on engine emission, as compared to diesel. The methodology used in
this measurement is introduced in Section 4.1. Data processing methods
and error analysis are described in Section 4.2 and 4.3, respectively. Section
4.4 discusses the engine parameters as well as the emission characteristics
for the different fuels under diesel mode steady state, diesel mode transient
operation, and gas mode steady state, respectively. Finally, conclusions are
summarized in Section 4.5.

4.1 Experimental

This section describes the methodology of the measurement campaign. First,
important parameters of the measured vessel and its engine will be intro-
duced. Then, the fuels used in this campaign will be discussed. The mea-
surement system will be described next, and the test cycles will be intro-
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duced at last.

4.1.1 Measured vessel and engine information

The measured vessel, Seaspan Reliant, is an A-class cargo ferry built in 2016.
It has a carrying capacity of 4810 Gross Tonnage and a summer deadweight
of 2767 t [77]. Its main propulsion system consists of two NG/diesel dual-
fuel engines coupled with constant-speed generators. The combination can
produce 9000 kW of power at constant speed of 750 rpm under dual-fuel
mode [78]. In this campaign, the emissions from one of the two engines
were measured, while the other engine provided operational stability for the
vessel. In a previous unpublished work, the engines were found to have
very similar emission characteristics. Hence, the tailpipe emissions from the
vessel under bi-engine operations could easily be estimated if the emissions
of a single engine under a certain load condition is known.

Important parameters of the engine are listed in Table 4.1. This en-
gine was equipped with a turbo charger and without an EGR system. The
exhaust gas was sampled downstream of the turbo charger. Two different
fueling modes were considered: In diesel mode, the engine was fueled with
directly injected diesel or biodiesel at a fixed injection timing; In gas mode,
NG was the primary fuel and was injected into intake port, and later ignited
by a small amount (∼ 2% of total energy content) of diesel or biodiesel. The
injection timing of the pilot fuel was controlled by the stock ECU. Unfortu-
nately, detail information of the engine mapping was inaccessible.

Table 4.1: Specifications of the measured engine

Parameters Specification

Number of Cylinders 9
Stroke 4
Diesel Fueling Direct injection
NG Fueling Port injection
Ignition Compression ignition
Displacement [L/cyl] 36
Mean piston speed [m/s] 10
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Figure 4.1: A picture of the measured vessel- Seaspan Reliant [79]

4.1.2 Test fuels

As mentioned in Section 2.2.1, SME and CME are two most common biodiesels
in North America. In this campaign, engine operation with SME, CME,
and one reference diesel fuel was considered. Some selected properties of
the three fuels are listed in Table 4.3. The labels used for the different fuels
are summarized in Table 4.2. The baseline diesel originally contains approx-
imately 5% of biodiesel content. For simplicity, it is labeled as “D100” in
this thesis. SME and CME are pure biodiesels and are labeled as “SB100”
and “CB100”, respectively. To qualitatively evaluate the effect of blending
fuels, a blend of 80% SME and 20% diesel by volume was tested and labeled
as “SB80”. In addition, a commercial fuel additive (Aderco 2055G) was
applied to the SME100, and this combination is label as “SBAdd”. As the
chemical composition and the volumetric ratio of the additive in the SBAdd
were unknown, this test was only to provide a qualitative evaluation of the
effect of the fuel additive. The biodiesels and diesel were stored in separated
day tanks on the vessel which prevented the mixing of the fuels.
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Table 4.2: Labels of the test fuels

Labels Fuel content

D100 (baseline) 100% Diesel
SB100 100% SME
SB80 80% SME + 20% Diesel
SBAdd 100% SME + Fuel additive
CB100 100% CME

Another important factor for evaluating the fuels is the GHG emissions
across the entire life cycle of their production and use. Life cycle assessment
(LCA) is a commonly used approach to quantify these effects. A typical
LCA includes activities related to feedstock production, fuel production,
transportation, distribution, and combustion of the fuel. This study didn’t
conduct an actual LCA for the test fuels. However, literature [80] has re-
ported that biodiesels produced from soybean and canola generally have
lower life cycle GHG emissions than petroleum diesel (Figure 4.2).

Table 4.3: Selected properties of the test fuels (data provided by the indus-
trial partner)

Properties Units D100 SB100 CB100 Test method

Viscosity at 40 ◦C mm2/s 3.6 4.3 4.7 ASTM D7042
Density at 15 ◦C kg/m3 848.86 884.01 884.39 ASTM D4052
Cetane Index - 51.2 56.9 55.8 ASTM 6890
Sulfur Content mg/kg 40 2.5 4 ASTM D5453
Ash Content mass% 0 0 < 0.005 ASTM D874
Calorific Value at 25 ◦C MJ/kg 45.49 39.95 40 ASTM D4809
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Figure 4.2: GHG emissions (g CO2e/MJ fuel) for canola, soybean, yellow
grease, and tallow neat biodiesel (B100) by life cycle stage[80]

4.1.3 Instrumentation

An on-board measurement system was implemented on the vessel to measure
the engine-out exhaust. A schematic diagram of the measurement system is
shown in Figure 4.3. Two streams were sampled separately from the exhaust
pipe through a flange: Stream 1 was heated to prevent condensation and
filtered by a particulate filter to remove the PM in the raw exhaust; Stream
2 was diluted by clean compressed air. The volumetric concentrations of
gaseous species, mass or number concentrations of PM, and some engine
parameters were measured and recorded by various instruments.

A portable multi-gas analyzer (ECOM J2KN Pro) was used to measure
the gaseous species including CO2, CO, NOx, CH4, and O2 in the filtered
stream (stream 1). The ECOM integrates multiple gas sensors as listed in
Table 4.4. An internal cooler condenses the water content in the heated
sample gas and ensures the sample gas dry before entering the sensors. In
this way, the ECOM measures the dry-basis concentrations of the pollutants.
Each of the sensors in the ECOM was calibrated with standard gas bottles
before the starting of a measurement to ensure accuracy. The test data of
the ECOM was recorded continuously at 1Hz at its internal memory during
the measurements.

An FTIR (Bruker MATRIX-MG5) was used to measure CO2, CO, NOx,
CH4, and H2O concentrations in stream 1 simultaneously with the ECOM.
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Figure 4.3: Schematic diagram of the measurement system

FTIR measures by the principle of absorption spectroscopy and uses Fourier
transform to obtain a wide range of spectrum at the same time. Liquid
nitrogen was used to cool the photoelectric detector, which enables fast
response time. A 20 s average concentration was provided by the FTIR.

Stream 2 was diluted in order to match the PM concentration to the
detection range of the instrument (TSI DustTrak). The dilution ratio (DR)
of stream 2 was controlled with 3 Mass Flow Controllers (MFC). The DR
was then set as the ratio of the total gas flow rate versus the raw exhaust
sample flow rate. This ratio was ultimately determined by the ratio of
undiluted CO2 concentration (measured by the ECOM) and the diluted CO2

concentration (measured by an infrared analyzer, LICOR). DR typically
ranged between 4:1 to 9:1 depending on the actual PM mass concentration.

PM mass concentration in the diluted sample was measured by a 90◦

light scattering aerosol monitor (DustTrak II 8530). The DustTrak II pro-
vides the total PM mass concentration (mg/m3) for particles in the size
range of approximately 0.1-10 µm. It is a simple and compact instrument
with high sensitivity and time resolution. However, the correlation between
scattering and particle mass density is a strong function of particle size and
refractive index [81]. As particle size distributions and particle compositions
in diesel exhaust may vary as engine operating conditions change, the cali-
bration of DustTrak II may vary as well. To validate the PM concentration
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Figure 4.4: A real picture of the measurement system for the vessel emission
campaign

results, gravimetric samples were collected in parallel using 2µm PTFE fil-
ters. These filter samples were weighed before and after the measurements
in a temperature/humidity-controlled microbalance room to obtain the mass
of the PM collected. The comparison between DustTrak PM concentrations
and gravimetric sample results are given in Appendix A.

Particle number (PN) concentrations as well as particle size distributions
were measured by an Electrical Low Pressure Impactor (Dekati ELPI+). In
the ELPI+, the particles were first charged into a known charge level in a
corona charger, and then size classified in a low-pressure cascade impactor
according to their aerodynamic particle size. Real-time particle size distri-
butions in 14 size fractions ranging from 6 nm to 10 µm were provided by
the ELPI+. The raw data from ELPI+ were currents from each stage. The
raw currents were recorded at 1 Hz in its memory and later used to calculate
number or mass concentrations through processing.

Some engine performance parameters were measured and monitored in

42



Table 4.4: Measured parameters and their measuring instruments

Emission Parameter Instruments Model

CO2 (raw) [%] IR sensor ECOM J2KN
CO2 (diluted) [%] NDIR LICOR 820
NOx (raw,dry) [ppm] Electrochemical sensor ECOM J2KN
NOx (raw,wet) [ppm] FTIR Bruker MATRIX-MG5
CO (raw,dry) [ppm] Electrochemical sensor ECOM J2KN
CO (raw,wet) [ppm] FTIR Bruker MATRIX-MG5
CH4 (raw,dry) [ppm] IR sensor ECOM J2KN
CH4 (raw,wet) [ppm] FTIR Bruker MATRIX-MG5
H2O (raw) [%] FTIR Bruker MATRIX-MG5
PM concentration (diluted) [mg/m3] Light scattering Dusttrak II 8530
PM weight (diluted) [µg]) Gravimetric sample MTL PT47DMCAN
PN concentration (diluted) [#/cm3] ELPI Dekati ELPI+

Engine operating parameter Instruments Model

Engine load [kW] Vessel -
Exhaust temperature [◦C] Thermocouple -
Exhaust flow pressure [Pa] Pitot tube + Manometer Fluke 922
Equivelence ratio UEGO Bosch LSU 4.9

the system. Engine load was recorded by the vessel system from the genera-
tor output. A pitot tube connected with a Manometer (Fluke 922) measured
the differential pressures in the exhaust stream, which was used to calcu-
late the exhaust volumetric flow rate. Exhaust temperature was monitored
by a thermocouple during the measurements. The exhaust temperatures
were used to calculate the density of the exhaust stream based on ideal gas
law. For steady-state measurements, the variation in exhaust temperature
was required to be within 3◦C. Excess air ratio was recorded by means of a
universal exhaust gas oxygen sensor (UEGO, Bosch LSU 4.9). A summary
of all measured parameters and their measuring instruments are listed in
Table 4.4. All the signals except FTIR results were logged using an NI data
acquisition system at a frequency of 1 Hz.

4.1.4 Test cycles

In-use emission tests were carried out on the vessel during regular oper-
ational sailings and sea trials in coastal waters. Measurements were done
under steady states or transient operations. The steady-state measurements
were taken at loads of 10%, 25%, 50%, 75% and 90% of maximum power,
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each for a duration of 5-10 min. Before recording the steady state data, the
variation in engine load was checked to be within 1 Nm, and that in engine
exhaust temperature was required to be within 3◦C.

The transient test consisted of 3 consecutive load increase scenarios: 10-
90%, 10-50%, and 50-90% in a time duration of approximately 100 s, 50 s,
and 50 s, respectively. The duration of each transient test represents the
shortest duration permitted by the power management system. It should
be noted that these transients were significantly more aggressive than those
encountered during typical vessel operation. The test sequence was repeated
three times for each fuel. The load was controlled by the vessel operator
during the transient tests. In addition, to exclude the potential influences
from the battery banks used for load balancing, the power management
system of the vessel was shut down during the transient tests.

To prevent the influence of cold start, all measurements were taken at
least 1 hour after engine started. In addition, because increased emissions
had been observed upon fuel switching during the sailing, the measurements
were required to be taken at least 2 hours (∼ 4 hours in most cases) after
fuel switching. For each fuel type and fueling mode, a dedicated sea trial
was carried out to ensure no fuel switching happened during the measure-
ments. The fuel types and testing conditions considered for each mode are
summarized in Table 4.5.

Table 4.5: Summary of test conditions considered in this campaign

Fueling mode Test condition Load mode Fuel type

Diesel mode Steady state 10%, 25%, 50%, 75%, 90% D100, SB100, SB80
SBAdd, CB100

Transient 10-90%, 10-50%, 50-90% D100, SB100, CB100
Gas mode Steady state 10%, 25%, 50%, 75%, 90% D100, SB100, CB100
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4.2 Data processing

In order to compare the emissions under various engine loads between dif-
ferent fuels, brake specific emission factors (g/kWh) were required. The raw
data from the exhaust analyzers include volumetric concentrations of the
gaseous pollutants and mass/number concentrations of the PM. To convert
the raw concentrations to specific emissions, exhaust flow rate is needed,
which can be calculated from the pitot tube data. This section describes
the calculations involved in these conversion processes.

4.2.1 Engine load

Generator powers (Pgen) were recorded from the vessel system. In order
to compute the engine brake power (Pb), generator efficiencies (ηgen) were
applied according to a pre-stored table. Pb were calculated by Equation 4.1.

Pb =
Pgen

ηgen
(4.1)

Engine load in percentage was then calculated with Equation 4.2.

Load =
Pb

Pmax
× 100 (4.2)

where Pmax is the maximum output power of the engine (4320 kW).

4.2.2 Excess air ratio (λ)

Excess air ratio λ is an important parameter which describes the richness
of the fuel/air mixture and affects engine combustion and emissions. It is
calculated by:

λ =
(ma/mf )actual
(ma/mf )stoich

(4.3)

where ma and mf are the inducted air and fuel masses, respectively, and
”stoich” refers to the stoichiometric condition.

The univeral oxygen sensor used in this campaign was pre-calibrated
based on the fuel setting of CH4. Thus, its outputs were considered to be
accurate only for the gas mode. As an alternative way, λ can be calculated
from exhaust gas compositions (CO2, O2, and CH4). To do this, the C/H
ratio of the fuels need to be known. While typical formulas for diesel and
natural gas are available, the formula for biodiesels varies as the specific
fatty acids contained in them. It was assumed as C18H32O2 (linoleic acid),
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Table 4.6: Chemical formulas and stoichiometric A/F ratios for the three
different fuels

Fuel Formula Molecular weight (g/mol) Stoichiometric A/F

Diesel C12H23 167 14.5:1
Biodiesel C18H32O2 280 12.3:1
NG CH4 16 17.2:1

which is a typical content in oil-derived biodiesels [82]. As a simplification,
SB80 and SBAdd were assumed to have the same chemical composition as
SB100. The formulas and stoichiometric A/F ratios of these fuels are listed
in Table 4.6. Details of the λ calculation can be found in Appendix C.

4.2.3 Exhaust gas flow rate

A pitot tube positioned at the center line of the exhaust duct was used to
measure the pressure difference between the static and dynamic pressure
(∆P ) at the exhaust pipe centreline. Centreline flow velocity (vc) can be
calculated by Equation 4.4.

vc = cp

√
∆P

ρex
(4.4)

where cp is the pitot tube coefficient based on calibration, and ρex is the
density of exhaust gas, which can be estimated by ideal gas law. Exhaust
pressure is assumed to be the same as the atmospheric pressure, and the
exhaust gas molecular weight (Mex) is estimated with the concentrations of
CO2, H2O, O2, and CH4.

Average velocity,vm, is calculated from the velocity profile of a turbulent
pipe flow as in Equation 4.5 [83, chapter 6].

vm =
vc

1 + 1.3
√
f

(4.5)

where f is the friction factor which can be decided with exhaust gas Reynolds
number, Re. Ideally, this is a iterative process since Re and vm are depen-
dent. However, calculations suggested that the combination 1+1.3

√
f varies

in a very narrow range with the calculated vm. For simplicity, a constant f
value (0.04) was used here as an approximation.

Then, exhaust gas volumetric flow rate (Qex) can be calculated with vm
and pipe diameter (D), by:

Qex = vmπ(D/2)2 (4.6)
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Exhaust gas mass flow rate can (ṁex) be calculated from the volumetric
flow rate (Qex) and the exhaust gas density (ρex).

4.2.4 Brake specific fuel consumption

The brake specific fuel consumption (BSFC) rates could not be measured
directly. Instead, they were estimated with exhaust emission data. For an
arbitrary fuel composition of CxHyOz, the fuel consumption rate (ṁf ) can
be calculated from formula 4.7.

ṁf
12x

12x+ y + 16z
= ṁCO2

12

44
+ ṁCO

12

28
+ ṁCH4

12

16
(4.7)

where ṁCO2 , ṁCO, and ṁCH4 are the mass flow rates of exhaust CO2, CO,
and CH4, respectively. Then, BSFC can be calculated by:

BSFC =
ṁf

Pb
(4.8)

4.2.5 Specific emissions

For gaseous species, raw emission data from the instruments were volumetric
concentrations (Ci), where i indicates a specific species. Note that the dry-
basis concentrations (Ci,d) from the ECOM need to be converted to wet-basis
concentrations (Ci,w) by:

Ci,w = Ci,d(1− CH2O) (4.9)

The wet-basis concentrations were converted to brake specific emission
(BSEi) using Equation 4.10.

BSEi,g =
ṁexCi,wMi

PbMex
(4.10)

where Mi is the molecular weight of the species.
For PM emission, the Dusttrak provided the mass concentration x [mg/m3],

and the specific emission can be calculated by:

BSEpm =
xDRQex

Pb
(4.11)

where DR is the dilution ratio obtained from the diluted and undiluted CO2

concentration.
To provide an emission performance indicator for each fuel type, the

weighted specific emission factor (WSEi) was calculated with the weighting
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factors (WFk) established in ISO 8178-4 E2 test cycle [57] as listed in Table
2.3. Note that the 100% load condition was replaced by 90% as 100% load
operation was not possible for the measured vessel.

WSEi =
Σ(ṁi,kWFk)

Σ(Pb,kWFk)
(4.12)

where ṁi,k refers to the mass flow rate of species i at load point k.
It should be noted that while the ISO 8178-4 E2 weighting factors were

used, the emission measurement methods implemented here and the exper-
imental procedure are not identical to those in the standard. The WSE
were intended to provide a convenient metric for comparison between the
emissions for the operations with different fuels.
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4.3 Error analysis

This section describes the errors associated with the measurement results.
The errors involve two categories: 1) systematic errors, or instrument errors,
which originated from the instruments; and 2) statistical errors, which were
related to the random variations within a measurement.

4.3.1 Systematic errors

The systematic errors come from the instruments when their results deviate
from the actual values. For the ECOM, FTIR, and LICOR, these errors were
characterized by measuring standard gas mixtures. Additionally, ECOM
and FTIR can be mutual references during the measurements. The results
from these two instruments have been compared for all the tests, and they
showed good consistencies on CO2, CO, and NOx, while big discrepancies
existed in CH4 results (details of the comparison are included in Appendix
B). By comparing to other reference instruments (Wavelength Modulation
Spectroscopy and Flame Ionization Detector) in a laboratory test, it was
found that the CH4 results from FTIR were accurate while the ECOM results
were untrustable. Hence the CH4 results from the ECOM were not used.

For PM measurements, the accuracy of the Dusttrak is difficult to de-
termine explicitly. Although gravimetric samples were collected and can be
compared with Dusttrak results, the sensitivity of light scattering method
to particle size and properties affected the agreement between these two
methods. According to a previous study [21], the accuracy of DustTrak was
estimated as approximately 10% for measuring diesel exhaust PM. The ac-
curacy of PN concentrations from the ELPI varies with a variety of factors
such as particle diameters, temperature and gas composition. According to
manufacturer data, the sensitivity of ELPI+ number concentration varies in
a wide range of 0.1-100 #/cm3 [84].

Torque data was provided by the vessel’s system and the error was un-
known. The accuracy of the thermocouple, manometer, and λ sensor are
acquired from the manufacturer specifications. [85, 86, 87].

Propagated errors of the calculated parameters are summarize in Table
4.7.
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Table 4.7: Instrument errors and propagated errors

Parameter Error sources Propagated error

Qex ∆P : ±1.0% ±0.5%

DR CO2 (raw): 0 ±5.4%
CO2 (diluted):±2.0%

H2O:±5.0%

Tex Tex: 0.75% -

λ (sensor) λ sensor: ±3% -
λ (calculated) CO2 (raw): 0 ±7.0%

CH4:±5%
H2O:±5%

O2:0

BSCO2 CO2 (raw): 0 ±5.0%
Qex : ±0.5%

H2O:±5%

BSCO CO: ±4.3% ±6.6%
Qex : ±0.5%

H2O:±5%

BSNOx NOx:±2.0% ±5.4%
Qex : ±0.5%

H2O:±5%

BSPM PM: ∼ 10% > 10%
Qex : ±0.5%
DR:±5.4%
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4.3.2 Statistical errors

Compared with systematic errors, statistical errors are more important in
this study as the primary purpose is to comparatively assess the emissions of
different fuels. Under steady state engine operation, the measurements were
taken in a duration of 5-10 min. During this period, data was logged at a
frequency of 1 Hz. Therefore, 300-600 continuous data were recorded for each
load point. However, these data points cannot be considered as independent
samples as the measurement was taken continuously. The sample size (n)
was instead determined by the number of repetitions of a load point in
the whole campaign, ranging between 1 to 3 in this study. Standard error
(%SE) for the mean value (x̄) can be calculated by

%SE =
σ√
nx̄

(4.13)

Standard errors of the calculated parameters are computed with the SE
of each measured parameter based on error propagation rules. They are
presented as the error bars in the figures in the following sections.
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4.4 Results and discussion

This section describes the results from the vessel emission campaign. It
includes three parts: First, engine performance parameters (exhaust gas
temperature, λ, BSFC) of all the fuels under both fueling modes will be
compared together; Secondly, steady state and transient emissions for diesel
mode will be discussed; Finally, steady state emissions for gas mode will be
presented.

4.4.1 Engine performance parameters

Engine exhaust gas temperature

Exhaust gas temperature (EGT) is representative of the time-averaged ex-
haust temperature [88, chapter 6] and is also an reflection of the combustion
process– late combustion results in high EGT. The variations of exhaust
temperature versus engine load are shown in Figure 4.5. As a general trend,
the exhaust temperature peaked at 50% load for all fuels measured except
diesel in dual-fuel mode. Overall, higher exhaust temperatures were ob-
served in gas mode as compared to diesel mode. This was mainly due to the
richer F/A ratio of gas mode.

In diesel mode, the biodiesel fuels resulted in slightly lower exhaust tem-
peratures at 25% and 90% loads compared to diesel. At other loads, the
differences were minor (< 10%). In gas mode, the variations in exhaust
temperature were generally small. Exhaust temperature is a resulting prod-
uct of many factors. Besides the λ, the lower heating value of the biodiesels
may also reduce the EGT [89]. In addition, the higher cetane rating of
biodiesel may result in modified combustion phasing and affect the EGT
[30].
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Figure 4.5: Exhaust temperature at various engine loads (d: diesel mode; g:
gas mode)

Excess air ratio

The excess air ratio (λ) is a critical parameter which directly affects en-
gine combustion behavior and the resulting emissions. In this study, λ was
controlled according to the mapping in the ECU. The λ values obtained
by two methods (electrochemical sensor and based on exhaust composition)
are presented together in Figure 4.6a and 4.6b. It can be observed that the
general trends of λ for the different fuels agreed well with the two methods,
although some minor discrepancies existed at some conditions such as the
10% load. Overall, diesel mode λ were higher than gas modes particularly
at low loads. λ of diesel mode dropped rapidly as increasing load until 50%
load and then kept stable. In diesel mode, the λ for diesel and biodiesels
were typically very similar, except a 10% difference were found at 10% load
between SB80 and diesel as measured by the sensor. In gas mode, the differ-
ences between fuels were also minor. Due to the higher oxygen contents of
the biodiesels, λ with using biodiesels were expected to be higher given the
air mass was constant. However, this was not observed here in this study.
The reason may be that the baseline λ was sufficiently lean that the use of
an oxygenated fuel did not significantly affect it.
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(a) (b)

Figure 4.6: Excess ratios (λ) at various engine loads: (a) measured by λ
sensor; (b) calculated based on exhaust composition. (d: diesel mode; g:
gas mode)

Brake Specific Fuel Consumption

Brake specific fuel consumption (BSFC) is a measure of fuel efficiency. The
BSFC shown in Figure 4.7 were estimated based on mass balance of carbon.
As a general trend, BSFC decreased with increasing load and stabilized after
75% load, indicating that the engine approached its maximum fuel efficiency
when reaching maximum load. In diesel mode, biodiesels resulted in 17-20%
higher BSFC at 25% and 90% loads compared to diesel, while the differences
at other loads were small. The BSFC for different pilot fuels in gas mode
were similar except at 10% load, where high fluctuations in the exhaust flow
rates resulted in high statistical errors. The slight increase in BSFC with
biodiesel is typical and generally attributed to the lower heating value and
the higher density of biodiesel compared to diesel [11].
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Figure 4.7: Calculated BSFC at various engine loads (d: diesel mode; g: gas
mode)

4.4.2 Diesel mode steady-state emissions

Carbon dioxide emissions

CO2 is a major GHG and is originated from the complete combustion of
the fuel. The variations of exhaust CO2 concentration and BSCO2 for dif-
ferent fuels are shown in Figure 4.8a and 4.8b, respectively. As can be seen
from Figure 4.8a, the trends of CO2 concentrations for different fuels were
similar and were roughly the reverse of the trends of λ. BSCO2 is directly
determined by the λ. As a result, the differences in BSCO2 between diesel,
SB100, and CB100 were overall small (<5%), except the high statistical er-
rors at 10% load condition. In general, SB80 had similar BSCO2 as SB100.
The additive slightly reduced BSCO2 compared to SB100 at most load con-
ditions. Slight reductions on BSCO2 with biodiesel (when λ is constant)
are typically reported by other researchers and are related to their higher
oxygen contents [89, 38, 28, 90].
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(a) (b)

Figure 4.8: Variations of (a) CO2 concentration, (b) BSCO2 at various
engine loads in diesel mode

Carbon monoxide emissions

CO was mainly resulted from incomplete combustion of the fuel. As is shown
in Figure 4.9a, exhaust CO concentrations decreased as increasing engine
load with all the fuels. The high CO emission at low loads were probably
due to very lean mixtures which resulted in low combustion temperature.
Compared to diesel, biodiesels produced lower CO emissions over the whole
load range. Highest reductions were observed at 10% load, where 28.2%
and 40.6% reductions were reported for SB100 and CB100, respectively. As
load increased, BSCO dropped rapidly and the differences became smaller.
Again, SB80 had similar performance as SB100 in BSCO. The additive
slightly reduced BSCO at low loads. The reduction of CO emission with
biodiesel can be explained by the extra oxygen content in the biodiesel which
enhances the oxidization of the fuel [27, 28].
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(a) (b)

Figure 4.9: Variations of (a) CO concentration, (b) BSCO at various engine
loads in diesel mode

Nitrogen oxides emissions

The formation of NOx in diesel engines is mainly influenced by local com-
bustion temperature as well as the oxygen content in the mixture. As can
be seen from Figure 4.10a, the trends of exhaust NOx concentrations were
consistent with the tends of EGT in Figure 4.5 and both reached a maximum
at 50% load. Compared to diesel, SB100 and CB100 resulted in similar in-
creases in BSNOx over the whole load range. Despite the higher uncertainty
at 10% load, 20-30% increases were observed at 25-90% loads with SB100
and CB100 compared to diesel. SB80 produced similar NOx emissions as
SB100 at 25-75% loads and slightly lower BSNOx at 90% load. The additive
reduced NOx emissions for SB100 at most loads. A potential cause of the
increased NOx emission when using biodiesels is related to the oxygen con-
tent in the biodiesel, which enhanced the oxidization of the nitrogen in the
air and also may result in an increase in the flame temperature, as indicated
by some researchers [29, 36, 30, 37].
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(a) (b)

Figure 4.10: Variations of (a) NOx concentration, (b) BSNOx at various
engine loads in diesel mode

PM mass concentration

PM in diesel exhaust is primarily formed by soot agglomerates which are
composed of primary particles and absorbed organic compounds (OC). Fig-
ure 4.11a and 4.11b show the variations of PM mass concentration and
BSPM for the different fuels in diesel mode. As a general trend, PM mass
concentration decreased with increasing engine load. This was opposite to
a common PM trend which increases when the mixture becomes richer at
higher load. The reason was possibly related to the OC, which are unburned
HC in the fuel and could be high due to very lean mixtures. A noticeably
high BSPM of 2.44 g/kWh was observed at 10% load with CB100, which
was 36.8% higher than the baseline diesel. As the load passed 25%, BSPM
dropped substantially to a very low level (< 0.1 g/kWh) for all the fuels.
The differences between SB100 and diesel were insignificant at all loads con-
sidering the statistical errors. BSPM of SB80 were similar to SB100. SBAdd
produced lower PM emissions than SB100 at low loads.

By principle, the oxygen content in biodiesel should reduce incomplete
combustion of the fuel and help reduce the PM emission [27]. On the other
hand, as a secondary effect, pyrolysis of heavy HC in the fuel at high temper-
ature could contribute to the soot formation, although the oxygen content
in biodiesels again inhibits this formation. The actual reason for the par-
ticularly high BSPM with CB100 at 10% load is unclear. A possible reason
can be related to the uncertainty of the light scattering method as it was
found to be sensitive to particle sizes and compositions, which are affected
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(a) (b)

Figure 4.11: Variations of (a) PM mass concentration, (b) BSPM at various
engine loads in diesel mode

by engine operating conditions and the implemented fuel.

Particle number concentration and size distribution

Particle number (PN) concentration and their size distribution are impor-
tant parameters which have significant effects on health implications. Total
PN and size distribution not only are decided by the particles’ origin which
is the combustion process, they are also highly sensitive to sampling system
and processes [72]. The variations of total PN concentration versus engine
load in diesel mode are shown in Figure 4.12. It can be seen from the fig-
ure that, generally, biodiesels produced higher total PN compared to diesel
over the whole load range. In particular, at 50% load, SB100 and CB100
resulted in increases of 121% and 158%, respectively. It is worth noting
that the addition of the additive (SBAdd) had greatly reduced total PN for
SB100 particularly at 50-90% loads.

PN were dominated by the particles in the diameter range of 0.04 −
0.2µm, where SB100 and CB100 both produced significantly higher PN
than diesel at 50% and 75% loads. The increases in this range correlated
well with the increases in total PN for the biodiesels. However, it should
be noted that the increase of PN in the submicron range doesn’t necessarily
lead to higher total mass concentration. Unlike the total PN, total PM mass
concentrations are dominated by larger particles at micron range. Unfortu-
nately, this couldn’t be verified by the ELPI+ data due to the limitation
of its algorithm. Since the ELPI+ assumed constant particle density, the

59



ELPI+ data could not be used to accurately estimate particle mass con-
centrations. Nonetheless, the increases in PN of submicron particles when
using biodiesels should be of more concern since they may have health effect
implications.

Figure 4.12: Variations of total PN at various engine loads in diesel mode

60



Figure 4.13: PN size distributions for different fuels under (a)10% (b)25%
(c)50% (d)75% (e)90% engine loads in diesel mode (Da: aerodynamic diam-
eter)
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Summary of diesel mode steady-state emissions

To simplify comparison of operation with the different fuels, the weighted
specific emissions were calculated based on Equation 4.12. It should be
noted that emissions at 10% load are not included in this weighted value.
The results for different fuels are summarized in Table 4.8. In addition,
change rates of the specific emissions for the biodiesels relative to baseline
diesel are shown in Figure 4.14.

Compared to diesel, SME and CME resulted in similar changes in the
emissions of CO2, CO, and NOx. The increase in PM emission when using
CME may be an artificial effect resulting from the measurement method and
needs to be reexamined. The changes in CO2, CO, and NOx emissions were
overall consistent with the majority of the literature [27, 28, 29, 30, 31, 32,
33, 34, 35]. In particular, the increase in NOx emission was a common issue
associated with biodiesels due to their high oxygen content. This may bring
extra challenges to the engine operator if stringent NOx limits are enforced.
The increases in PN of submicron particles when using both biodiesels might
be an artefact related to particle nucleation or OC in the PM.

Table 4.8: Weighted brake specific emissions (±1σ) [g/kWh] for different
fuels in diesel mode

Fuel CO2 CO NOx PM

D100 706± 13 0.82± 0.02 12.0± 0.24 0.077± 0.005
SB100 700± 21 0.60± 0.02 14.53± 0.48 0.082± 0.011
SB80 725± 23 0.63± 0.02 13.56± 0.41 0.094± 0.015
SBAdd 677± 15 0.58± 0.01 13.64± 0.29 0.069± 0.008
CB100 687± 21 0.54± 0.01 14.54± 0.43 0.108± 0.012
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Figure 4.14: Biodiesel’s percentage change rate of weighted specific emissions
relative to D100 in diesel mode

4.4.3 Diesel mode transient emissions

The real-world working conditions of diesel engines involve transient opera-
tions. Compared with steady state operation, transient operation can result
in changes in fuel/air ratio which will affect the resulting emissions. In
particular, for turbo charged diesel engines, the fundamental discrepancies
between steady state conditions and transient ones mainly originate from the
characteristics of the turbo charger [91]. Namely, the delay in changes in the
air path (air pressure, air flow rate) relative to the changes in the injected
fuel quantity can result in short-term deviations from the ideal air-fuel ratio.

This section aims to characterize the differences between the emissions
under transient operations and “estimated” steady-state emissions for 3
types of fuels: D100, SB100, and CB100. As described in Section 4.1.4,
the transient test cycle includes 3 load increase scenarios: 10-90%, 10-50%,
and 50-90%. This sequence was repeated 3 times for each fuel type. The
steady-state emissions were estimated based on 4-th order polynomial fit-
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ting of engine loads and pollutant concentrations. As an example, Figure
4.15 shows the fitting between engine load and CO2 concentration for diesel
under steady state. The polynomial function found by this method was then
used to predict the steady-state concentrations of a pollutant at a given load
during transient conditions. This prediction assumes that the engine per-
formance and emissions are only a function of engine load for a certain fuel
type. This assumption neglected the influences from other parameters such
as temperature and fuel efficiency. In the next step. the actual transient
concentration of the pollutant was compared with the steady-state predic-
tion to obtain the change of transient concentrations relative to steady-state
concentrations. The results will be presented in 2 forms: First, as in Figure
4.16, the absolute transient concentrations of a pollutant will be compared
with the steady state estimations; Second, as in Figure 4.17, the emission
changes of transient operation relative to steady-state ones will be compared
for the 3 fuels. And all 3 repetitions will be presented in both 2 figures.

Figure 4.15: The 4-th order polynomial fitting of engine load and exhaust
CO2 concentrations for D100 fuel under diesel mode steady states

Transient carbon dioxide emissions

As can be seen from Figure 4.16, transient CO2 emissions were overall higher
than the steady states for all the fuels. From Figure 4.17: During 10-
50% load increase, high CO2 increases (30-40%) were observed with diesel
and SB100, whereas the increase with CB100 was relatively lower (∼ 10%).
However, CB100 tended to result in a more substantial CO2 increases for
loads > 60% compared to the other two fuels during 10-90% load increase.
Due to the fact that the steady-state CO2 emissions of the three fuels were
similar, the actual CO2 concentration for CB100 during load increases was
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lower than the others at 10-50% load, but were increased at higher loads.
The trends of CO2 concentrations might be related to the changes in fuel/air
ratio. The higher CO2 concentrations relative to steady states imply that the
mixture became richer under transient operations, which would be expected
due to the turbo charger lag.

Figure 4.16: Transient CO2 concentrations during load increases for D100,
SB100, and CB100 in diesel mode (the three repetitions of each load increase
operation were indicated in the legend)
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Figure 4.17: Percentage change of the transient CO2 concentration relative
to steady state during: A: 10-90% load increase; B: 10-50% load increase;
C: 50-90% load increase (lines of the same color represent 3 repetitions)

Transient carbon monoxide emissions

The transient CO emissions during load increases exhibited greater differ-
ences relative to steady states than CO2 as shown in Fig 4.18 and 4.19.
In particular, during the first 10-90% load increase, a nearly 300% increase
was found in CO concentration in the 60-70% load region, for operation
with diesel. The increased CO emissions during transient operations could
be related to the richer mixture. Meanwhile, variations in the CO emissions
between repetitions were high for diesel and CME as can be seen in the
Scenario A in Figure 4.19. Higher CO emissions were measured during the
first repetition of 10-90% load increase as compared to the subsequent two.
A possible reason for this is the low temperature of the first repetition. As is
shown in Figure 4.20, the exhaust temperatures of the first repetitions were
lower than the other ones. Operation with SME and CME resulted in lower
CO increases during transient operation, relative to diesel. This reduction
is more significant than the variations between the repetitions.
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Figure 4.18: Transient CO concentrations during load increases for D100,
SB100, and CB100 in diesel mode

Transient NOx emissions

The transient NOx emissions were generally close to steady states for all
3 fuels, as can be seen from Figure 4.21 and 4.22. All the differences were
within 10% at 30-90% load range, and slight reductions were observed at the
start of the load increase, which could be explained by the decease of oxygen
content in the mixture. Compared to diesel and CB100, SB100 tended to
result in a slightly more significant NOx reduction, particularly around 20%
load. However, since the steady-state NOx emissions for SB100 and CB100
were both higher than the D100, the biodiesels still produced higher NOx
emissions than diesel during transient operations.
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Figure 4.19: Percentage change of the transient CO concentration relative
to steady state during: A: 10-90% load increase; B: 10-50% load increase;
C: 50-90% load increase (lines of the same color represent 3 repetitions)

Figure 4.20: Transient engine exhaust temperatures during load increases
for D100, SB100, and CB100 in diesel mode
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Figure 4.21: Transient NOx concentrations during load increases for D100,
SB100, and CB100 in diesel mode

Figure 4.22: Percentage change of the transient NOx concentration relative
to steady state during: A: 10-90% load increase; B: 10-50% load increase;
C: 50-90% load increase (lines of the same color represent 3 repetitions)
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Transient PM emissions

As can be seen from Figure 4.23 and 4.24, PM mass concentrations were
significantly affected by transient operations for all the fuels. Over 300%
increases were observed at 20-50% load with D100 and CB100, possibly due
to the rich mixture at the beginning of load increase. The first repetition of
10-90% load increase, which also caused the high CO emissions, appears to
be an outlier especially for CB100. The PM emission for SB100 and CB100
were less sensitive to transient operation than diesel fuel, particularly during
50-90% load increases. Both biodiesels produced lower PM emissions at most
load conditions.

Figure 4.23: Transient PM mass concentrations during load increases for
D100, SB100, and CB100 in diesel mode
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Figure 4.24: Percentage change of the transient PM mass concentration
relative to steady state during: A: 10-90% load increase; B: 10-50% load
increase; C: 50-90% load increase (lines of the same color represent 3 repe-
titions)

Summary of diesel mode transient emissions

Compared to steady state operation, all the pollutants were affected by
transient operation for all 3 fuels. In Particular, the increases in CO and
PM emissions were substantial. These could both be related to the fuel-
rich conditions due to the turbo charger lag effect. However, more detailed
explanation of these effects is hindered as several key operating parameters
were not available from the engine control and data acquisition system (e.g.,
intake pressure). Further investigation of the turbo charger behaviors as well
as fuel injection rates would be helpful to reveal more facts underlying.

Comparing between the different fuels, it could be found that both
biodiesels resulted in slightly improved emission increases under transient
operations relative to steady-state emissions. For instance, the CO2 and
CO emissions with SB100 and CB100 during 10-50 % load increases were
less sensitive to transient operations compared to that with diesel. Particu-
larly, SB100 and CB100 both resulted in much less PM increases compared
to diesel, resulting in lower PM emissions. The extra oxygen content in
the biodiesels could be a possible reason resulting in these PM reductions.
However, due to the uncertainties brought by the cycle-to-cycle variations
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as well as the measurement method itself, these findings may need further
verification.

4.4.4 Gas mode steady-state emissions

In gas mode, the primary energy source was NG, which was injected into
the upstream of the intake port and premixed with air. A small amount
of diesel (∼ 2% of total energy content) was injected into the cylinder near
TDC to promote ignition of the premixed mixture. The present study will
investigate the effects of biodiesel as a pilot fuel on emissions of CO2, CO,
CH4, NOx, and PM under gas mode.

Carbon dioxide emissions

CO2 emissions were mainly influenced by λ. As a general trend seen in
Figure 4.25a and 4.25b, CO2 concentrations increased, while BSCO2 de-
creased with increasing load. The differences between CO2 concentrations
for diesel and biodiesel were minor over the load range. However, differences
on BSCO2 could be observed between the fuels. In particular, at 50% load,
SB100 and CB100 increased BSCO2 by 26.3% and 10.9%, respectively, as
compared to diesel. These increases could be related to two factors: (1)
Variations of the exhaust mass flow rate (Figure 4.26), which contributed
the most significant differences at 50% load (22.1% and 12.7% increases for
operations with SB100 and CB100 relative to D100, respectively). The rea-
son for the substantial variations in exhaust mass flow rate is unclear, which
could possibly be due to the operations of the vessel; (2) The λ (Figure 4.6a)
for operations with SB100 and CB100 were 9.8% and 2% lower than diesel
operation at 50% load. It should also be noted that the wide error bars at
10% load were caused by highly fluctuating exhaust flow rates.
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(a) (b)

Figure 4.25: Variations of (a) CO2 concentration, (b) BSCO2 at various
engine loads in gas mode

Figure 4.26: Variations of exhaust mass flow rate under various engine loads
in gas mode
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Carbon monoxide emissions

CO was mainly a product of incomplete combustion of NG in gas mode. The
variations of CO concentrations and BSCO against engine load are shown
in Figure 4.27a and 4.27b. Compared to diesel mode, generally, gas mode
exhaust CO concentrations were almost an order of magnitude higher. This
was mainly due to the lower λ of gas mode. As a general trend, a high
CO emission was observed at 10% load for all the fuels, and CO emissions
decreased rapidly with increasing engine load. The differences in both CO
concentration and BSCO between the pilot fuels were typically small.

(a) (b)

Figure 4.27: Variations of (a) CO concentration, (b) BSCO at various engine
loads in gas mode

Methane emissions

Unburned CH4 in gas mode is a significant concern for dual-fuel engines.
It could be observed from Figure 4.28a and 4.28b that high CH4 emissions
happened particularly at low loads. This finding is consistent with a previous
work on the same vessel [18] and the findings by other researchers [92, 93].
The reason was mainly due to the high λ at low loads which resulted in
lower flame speeds. The general trends of CH4 emissions for the different
fuels were similar based on the measurements. However, the variations in
engine load will affect the weighted emission factors, which was actually not
an effect from using the different fuels.
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(a) (b)

Figure 4.28: Variations of (a) CH4 concentration, (b) BSCH4 at various
engine loads in gas mode

Nitrogen oxides emissions

The NOx emissions in gas mode were substantially lower than those in diesel
mode, as is shown in Figure 4.29a and 4.29b. This could be due to the pre-
mixed flame in the gas mode which resulted in a lower peak combustion
temperature. The trend of NOx concentrations fluctuated as increasing en-
gine load, while BSNOx kept decreasing. At all loads except 50%, both
SB100 and CB100 resulted in lower NOx emissions as compared to diesel.
The biggest reductions on BSNOx were observed at 10% load, though high
fluctuations caused uncertainties here. The reason for these NOx reductions
are unclear yet. Two potential factors could be: (1) higher cetane num-
ber of the biodiesels advanced ignition timing and changed the progress of
heat release rate; (2) higher viscosities of biodiesels affected the injection
and the distribution of the fuel spray, and further changed the combustion
temperature.
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(a) (b)

Figure 4.29: Variations of (a) NOx concentration, (b) BSNOx at various
engine loads in gas mode

PM emissions

As can be seen in Figure 4.30a and 4.30b, PM emissions under gas mode
were significantly lower than those under diesel mode, which is a well ex-
pected effect of using the NG fuel. Particularly at loads over 10%, BSPM
became less than 0.01 g/kWh regardless of the pilot fuel. At 10% load, sta-
tistical errors in PM results were high, meaning that the differences between
pilot fuels becoming insignificant. The differences at higher loads were also
indistinguishable due to the very low PM emission levels. In addition, at
this very low level of PM concentrations, the confidence in results from the
DustTrak became lower. Hence, overall, the effect of using biodiesels on PM
emissions under gas mode was insignificant.
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(a) (b)

Figure 4.30: Variations of (a) PM mass concentration, (b) BSPM at various
engine loads in gas mode

Summary of gas mode steady-state emissions

To evaluate the overall emission levels for the different pilot fuels, the weighted
specific emission factors are summarized in Table 4.9 for gas mode. The
change in emission for operation with the biodiesels relative to diesel are
shown in Figure 4.31.

The effects of using biodiesels as the pilot fuel in gas mode on emissions
were generally insignificant except for the NOx emissions, where SB100 and
CB100 resulted in reductions on NOx emissions by 14 ± 7% and 19 ± 7%
than diesel, respectively. The exact reason for these reductions is unclear.
Possible causes could be related to the fuel properties such as cetane number
and viscosity. To better explain this phenomenon, further research on the
fuel injection and combustion processes are suggested. On the other hand,
by comparison to diesel mode, gas mode produced significantly less NOx
and PM emissions. These proved the benefits of dual-fuel mode operation.

Table 4.9: Weighted brake specific emissions (±1σ) [g/kWh] for different
pilot fuels in gas mode

Fuel CO2 CO NOx PM CH4

D100 521± 14 4.50± 0.13 1.41± 0.04 0.0021± 0.0002 15.66± 0.53
SB100 516± 19 4.76± 0.30 1.21± 0.06 0.0025± 0.0003 17.96± 0.59
CB100 510± 23 4.54± 0.15 1.14± 0.06 0.0023± 0.0004 18.85± 0.73
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Figure 4.31: Biodiesel’s percentage change rate of weighted specific emissions
relative to D100 in gas mode

4.5 Summary and conclusions

In-use emission measurements were conducted for a marine vessel operating
on diesel, SME, and CME under diesel mode and gas mode. Steady-state
tests were taken for both fueling modes. Weighted specific emission factors
were calculated for each fuel type. The weighted specific emission of oper-
ations with SME and CME were compared to that with diesel. Transient
emission was characterized for diesel mode. The differences between tran-
sient emissions and estimated steady-state emissions were calculated and
compared between diesel, SME, and CME. Following conclusions can be
drawn from these results:

Under diesel mode steady-state operations:

• NOx emissions were increased by 21±6% when using SME or CME as
compared to diesel.

• CO emissions were reduced by 26±5% and 33±4% by using SME and
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CME, respectively, as compared to diesel.

• CO2 emissions were similar with operations on diesel, SME, and CME.
However, considering the life cycle assessment, SME and CME can re-
sult in reductions on net life-cycle GHG emissions compared to diesel,
according to the literature [80].

• The PM emission resulting from using CME was higher than from
using diesel. However, these changes are based on light-scattering
measurements which might reflect changes in particle size distribution
and particle composition as much as changes in mass.

• Total PN were substantially increased particularly in the submicron
particle size range when using SME and CME as compared to diesel.
These increases could be an artefact of nucleation mode or be related
to OC in the PM.

Under diesel mode transient operations:

• PM emissions were significantly affected by transient operations for
all the three fuels. The increases in PM emission ranged between 100-
200% with diesel, while the increases with SME and CME were within
50% for most conditions. This indicates that the biodiesels can result
in improvements on PM emissions during transient operations.

• CO were increased by 40-100% compared to the steady-state emissions.
SME and CME were both less sensitive to transient operations as
compared to diesel.

• CO2 were increased by 20-40% compared to the steady-state emissions.
CME resulted in less CO2 increases as compared to diesel and SME
during 10-50% load increase.

• NOx were reduced by 10-20% during 10-30% load increases. The re-
duction with SME was slightly more obvious than those with diesel
and CME.

• Since variations existed between the repetitions of tests, particularly
in CO and PM emissions, verification tests were needed to confirm
these results.

Under gas mode steady state operations (when used as the pilot fuel):
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• NOx emissions were reduced by 14 ± 7% and 19 ± 7% when using
SME and CME, respectively, as compared to diesel.

• CO2, CO, CH4, and PM emissions were not significantly changed by
using different pilot fuels.

In summary, when operating on diesel mode, SME and CME resulted in
slight changes in engine-out emissions as compared to diesel, and they have
the potential benefits of reducing the life-cycle GHG emissions according to
literature [80]. In gas mode, the biodiesels resulted in slight reductions on
engine-out NOx emission as compared to diesel.
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Chapter 5

Conclusions and
Recommendations

Alternative fuels are an attractive solution to reduce the emissions of GHG
and other pollutants of diesel engines; however, the emission and engine
performance impacts of these alternative fuels need to be evaluated espe-
cially under real-world working conditions. Based on their states at normal
conditions, they can be categorized into gaseous fuels and liquid fuels. Dual-
fuel engines, especially the premixed mode, can utilize clean gaseous fuels in
conventional diesel engines with liquid fuels for ignition. Gaseous fuels, such
as H2 and NG, have the potential benefits of reducing the emissions of HC
and PM, but meanwhile bring new challenges since the unburned gaseous
fuels indicate poor fuel economy and may also be a significant GHG as in
the case of NG. Liquid fuels, such as biodiesel, are similar in properties as
diesel and can be directly used in conventional CI engines.

In this study, two issues associated with two types of dual-fuel engines
operated on different alternative fuels are investigated and addressed:

(1) The measurement of the in-use H2 slip from a H2/diesel dual-fuel
truck under real-world operating conditions;

(2) The effects of using biodiesels, namely SME and CME, on a dual-fuel
marine engine under real-world operating conditions, including steady-state
operations and transient operations, under diesel mode and gas mode.

5.1 Conclusions

On the H2/diesel dual-fuel truck, H2 slip was measured using a low-cost
semi-conductor sensor. The feasibility of this sensor for on-vehicle, exhaust
stream H2 measurement was evaluated. Influencing factors of flow rate,
temperature, RH, and preheating time have been identified. The error of
this sensor was found to be 7-14% when compared to H2 calibration stan-
dards. Approximately one hour of exhaust H2 concentration data had been
collected. System latency was found to be long when an decreasing H2 in-
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jection rate happened. H2 slip maps generated from raw data revealed some
preliminary relations between H2 slip and engine operating parameters un-
der real-world working conditions: H2 slip increased with increasing engine
speed and increasing torque, and the highest H2 slip, which was around
14,000 ppm and 54% (of injection amount), happened at 1500-1700 rpm
and 1400-1800 Nm region. However, further explanation of these results
was limited by the knowledge of H2 injection map which remained confi-
dential. This work presented a low-cost method to measure the H2 slip on
in-use vehicles. Compared to commercial instruments, the semi-conductor
sensor and the self-developed PEMS used in the study are cheaper in cost
and are simpler to be implemented. However, the developed method still has
limitations. For instance, the system latency was too long for transient H2

concentrations, and the data processing excluded a lot of important operat-
ing conditions such as idling and gear transitions. Due to these limitations,
the current system was not fully capable of accurate measurement of vehicle
H2 slips. To obtain results with higher accuracy particularly for transient
operations, a H2 sensor with shorter response time is desired.

In the second project, in-use emissions were measured and characterized
for a NG/diesel marine vessel when operating on biodiesels relative to oper-
ating on diesel. The results showed that in diesel mode, the two biodiesels
(SME and CME) in general had similar emission characteristics as conven-
tional diesel under steady states, though they both increased NOx emissions
(by 21± 6%) and tended to increase total PN in the exhaust. The increases
in NOx emissions when using biodiesels were a common finding in literature,
and it could be related to the higher oxygen contents of the biodiesels. The
increase of PN, particularly in the size range of 0.04-0.2 µm, require further
analysis to reveal the real cause as they might be an artefact of nucleation
mode or OC in the PM. PM mass concentrations were measured with light-
scattering method which was sensitive to particle sizes and compositions.
The 20-60% increase in PM mass concentration when using CME as com-
pared to diesel was possibly related to OC in the PM. To further validate the
results regarding PM and PN, some improvements need to be done to the
measurement method including: (1) Separating OC and elementary carbon
in the PM (e.g., by using a catalytic stripper); (2) Chemical analysis of the
particulate composition, which could be done with the filter sample.

During load increases, emissions were significantly affected by the tran-
sient operations especially for CO and PM, which were both significantly
increased. These could be related to the fuel-rich conditions resulting from
the turbo charger lag. Compared to diesel, SME and CME both resulted
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in lower PM increases during load increases relative to steady states. The
reason could be related to the extra oxygen contents in the biodiesels.

In gas mode, only a small amount (∼ 2% of total energy content) of
liquid fuel (diesel or biodiesel) was injected as the pilot fuel, emissions were
less affected by using biodiesels. However, reductions by 14±7% and 19±7%
in NOx emissions were observed when using SME and CME, respectively, as
compared to diesel. This could be related to the higher cetane numbers, or
higher viscosities of the biodiesels, which may have changed the combustion
processes, while an exact reason is to be revealed by further studies.

Overall, SME and CME have proved to be potential substitutes for diesel
in marine engines to reduce GHG emissions while meeting the emission
regulations. Comparing between SME and CME, they in general had similar
effects on emissions, despite the uncertainties in PM concentrations. Due
to these facts, a choice between these two biodiesels may need to be made
by considering other factors such as the life-cycle carbon intensities and the
economics.

In summary of the two works, which both focused on the in-use emissions
from dual-fuel vehicles, it can be found that the in-use engine-out emissions
from the vehicles heavily depend on operating conditions, which vary sig-
nificantly in real-world uses. It is therefore important to implement in-use
emissions measurements to evaluate the vehicle’s emission under real-world
operating conditions.
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5.2 Recommendations for future work

While the main objectives of this work have been achieved, some additional
questions remain to be addressed in future work:

• In order to better understand the behavior of the H2 sensor, more
benchtop tests need to be done about the response time and the cross
sensitivities. In addition, more careful data processing methods should
be applied to the raw H2 concentration data in order to acquire more
comprehensive and representative H2 slip maps.

• Further analysis of the NOx emission changes brought by using biodiesels
on the marine engine is needed. For instance, more fuel property data
can be obtained by chemical analysis, and the combustion process can
be studied on a research engine to reveal the heat release rate and the
fuel distribution.

• The results under transient operations showed significant differences
between diesel and biodiesels. These findings look promising but lack
of further analysis and verification. To verify these results, transient
tests can be done under better controlled conditions, e.g. on a research
engine. Improvements also need to be done especially for the PM
measurement method (details described below).

• Light-scattering PM measurement methods are sensitive to particle
sizes and properties. Measures can be taken to separate the soot and
organic compounds in the PM (e.g. using a catalytic stripper). Chemi-
cal analysis could be done with the collected PM samples. In addition,
more precise particle size distribution can be obtained with more ad-
vanced instruments such as the SMPS.

• The particle number or mass concentrations from the ELPI are cal-
culated based on the assumption of constant particle density, while
actual particle densities vary significantly over the size range. This
could result in a wrong particle size distribution. Due to this reason,
the ELPI data for the biodiesel campaign should be used with special
care. For better interpretation of ELPI data, mathematical methods
such as data inversion need to be performed.

• Particle losses in sampling tubes can affect the measured PM or PN
concentrations. Although this may not change the results on a relative
basis, estimation of particle losses can be done to improve the result’s
accuracy.
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Appendix A

PM Result Comparison

Gravimetric samples were collected at 25-90% loads for the different fuels.
The PM mass obtained from the filter samples was converted to mass con-
centration and compared to DustTrak results in Figure A.1. The variations
of the comparison under various engine loads are shown in Figure A.2.

Figure A.1: The comparison between DustTrak PM concentration and gravi-
metric sample results (diluted): the yellow line represents the linear fitting
between the two concentrations
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Figure A.2: PM concentrations (DR corrected) from the DustTrak and the
gravimetric samples under various engine loads for the different fuels: black
markers represent DustTrak results, red markers represent filter sample re-
sults
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Appendix B

ECOM and FTIR
Comparison

Figure B.1: The comparison between CO2 concentrations from ECOM and
FTIR

Figure B.2: The comparison between NOx concentrations from ECOM and
FTIR
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Figure B.3: The comparison between CO concentrations from ECOM and
FTIR

Figure B.4: The comparison between CH4 concentrations from ECOM,
FTIR, AVL, and WMS
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Appendix C

Data Processing Script

%% Matlab codes for processing raw test data

%% Author: M.Guan

%%Oct , 2021

%%dry to wet conversion for ECOM using FTIR water

concentrations

clear all

clc

load(’data_summary -0830.mat ’); %raw data named ‘s’

load(’error_0830.mat ’); %standard errors named ‘e’

%%dry to wet basis conversion

s.cf=1-s.H2O_FTIR /100; %conversion factor

e.cf=e.H2O_FTIR /100;

s.CO2w=s.co2.*s.cf; %

e.CO2w=s.CO2w.*sqrt((e.co2./s.co2).^2+(e.cf./s.cf)

.^2);

s.O2w=s.o2.*s.cf; %

e.O2w=s.O2w.*sqrt((e.o2./s.o2).^2+(e.cf./s.cf).^2);

s.NOxw=s.nox.*s.cf; %ppm

e.NOxw=s.NOxw.*sqrt((e.nox./s.nox).^2+(e.cf./s.cf)

.^2);

s.COw=s.co.*s.cf; %ppm

e.COw=s.COw.*sqrt((e.co./s.co).^2+(e.cf./s.cf).^2);

s.CH4w=s.ch4.*s.cf; %ppm

e.CH4w=s.CH4w.*sqrt((e.ch4./s.ch4).^2+(e.cf./s.cf)

.^2);

%% lambda calculation

s.x(s.Fuel==’D’)=12;

s.x(s.Fuel==’BF1 ’ | s.Fuel==’BF2 ’ | s.Fuel==’B80 ’ |

s.Fuel==’BF1+add ’)=18;
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s.x(s.Fuel==’D/LNG ’ | s.Fuel==’BF1/LNG ’ | s.Fuel==’

BF2/LNG ’)=1;

s.z(s.Fuel==’D’)=0;

s.z(s.Fuel==’BF1 ’ | s.Fuel==’BF2 ’ | s.Fuel==’B80 ’ |

s.Fuel==’BF1+add ’)=2;

s.z(s.Fuel==’D/LNG ’ | s.Fuel==’BF1/LNG ’ | s.Fuel==’

BF2/LNG ’)=0;

s.Mf(s.Fuel==’D’)=167;

s.Mf(s.Fuel==’BF1 ’ | s.Fuel==’BF2 ’ | s.Fuel==’B80 ’ |

s.Fuel==’BF1+add ’)=280;

s.Mf(s.Fuel==’D/LNG ’ | s.Fuel==’BF1/LNG ’ | s.Fuel==’

BF2/LNG ’)=16;

s.AF(s.Fuel==’D’) =14.5;

s.AF(s.Fuel==’BF1 ’ | s.Fuel==’BF2 ’ | s.Fuel==’B80 ’ |

s.Fuel==’BF1+add ’) =12.3;

s.AF(s.Fuel==’D/LNG ’ | s.Fuel==’BF1/LNG ’ | s.Fuel==’

BF2/LNG ’) =17.2;

s.Y=1/0.42*(s.x./((s.CO2w+s.CH4_FTIR /10000) ./(2*s.

CO2w+s.H2O_FTIR +2*s.O2w))-s.z);

e.Y=e.CH4_FTIR /10000;

s.lamc=s.Y./s.AF *28.97./s.Mf;

e.lamc=s.lamc.*e.Y./s.Y;

%% calculate exhaust gas molar weight by assuming a

mixture of

%%CO2 ,O2 ,H2O ,CH4 and N2

s.Mexh =44.01*s.CO2w /100+32*s.O2w /100+18.01*s.

H2O_FTIR /100+16.04*s.CH4_FTIR /10^6+28.01*(1 -s.O2w

/100-s.CO2w /100-s.H2O_FTIR /100-s.CH4_FTIR /10^6);

e.Mexh=sqrt (0.4401^2*e.CO2w .^2+0.32^2*e.O2w

.^2+0.18^2*e.H2O_FTIR .^2+(16.04e-6) ^2*e.CH4_FTIR

.^2+0.28^2*(e.O2w .^2+e.CO2w .^2+e.H2O_FTIR .^2) +(28

e-6) ^2*e.CH4_FTIR .^2);

%%

p=101325; %Pa

R=8.314; %J/mol -K

%% Calculate density of exhaust using ideal gas law

s.rho_ex=p*s.Mexh/R./(s.tex +273.15) /1000;

e.rho_ex=s.rho_ex .*sqrt((e.Mexh./s.Mexh).^2+(e.tex

./(s.tex +273)).^2);
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%% Calculate Exhaust flow rate based pitot tube

voltage

ratio =68.923*s.dp./s.rho_ex;

eratio=ratio.*sqrt((e.dp./s.dp).^2+(e.rho_ex ./s.

rho_ex).^2);

c_pt=sqrt (2) *1.344; %pitot tube constant

Vc=c_pt*sqrt(ratio); %center line velocity [m/s]

eVc=Vc/2.* eratio ./ ratio;

Vm=Vc /(1+1.33*0.2); %mean velocity [m/s]

eVm=eVc /(1+1.33*0.2);

D=0.7; %pipe diameter [m]

mu_air =3.3e-7*(s.tex +273.15) .^0.7;

mu_ex=mu_air ./(1+0.027*s.phi);

s.Rex=s.rho_ex .*Vm*D./mu_ex;

s.Qexh=Vm*pi*(D/2)^2; %flow rate [m3/s]

e.Qexh=eVm*pi*(D/2)^2;

%%

%% Exhaust mass flow rate

s.m_ex=s.Qexh.*s.rho_ex; %kg/s

e.m_ex=s.m_ex.*sqrt((e.Qexh./s.Qexh).^2+(e.rho_ex ./s

.rho_ex).^2);

%% emission mass flow rate

s.CO2m=s.CO2w *44./s.Mexh /100.*s.m_ex *3.6e6; %%mass

flow rate [g/hr]

e.CO2m=s.CO2m.*sqrt((e.CO2w./s.CO2w).^2+(e.Mexh./s.

Mexh).^2+(e.m_ex./s.m_ex).^2);

s.O2m=s.O2w *44./s.Mexh /100.*s.m_ex *3.6e6; %%mass

flow rate [g/hr]

e.O2m=s.O2m.*sqrt((e.O2w./s.O2w).^2+(e.Mexh./s.Mexh)

.^2+(e.m_ex./s.m_ex).^2);

s.NOxm=s.NOxw *44./s.Mexh /10^6.*s.m_ex *3.6e6; %%mass

flow rate [g/hr]

e.NOxm=s.NOxm.*sqrt((e.NOxw./s.NOxw).^2+(e.Mexh./s.

Mexh).^2+(e.m_ex./s.m_ex).^2);

s.COm=s.COw *44./s.Mexh /10^6.*s.m_ex *3.6e6; %%mass

flow rate [g/hr]

e.COm=s.COm.*sqrt((e.COw./s.COw).^2+(e.Mexh./s.Mexh)

.^2+(e.m_ex./s.m_ex).^2);

s.CH4m=s.CH4_FTIR *44./s.Mexh/1e6.*s.m_ex *3.6e6; %%

mass flow rate [g/hr]
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e.CH4m=s.CH4m.*sqrt((e.CH4_FTIR ./s.CH4_FTIR).^2+(e.

Mexh./s.Mexh).^2+(e.m_ex./s.m_ex).^2);

%% Brake specific emissions

s.BSCO2=s.CO2m ./(4320*s.load /100); %g/(kW-h)

e.BSCO2=s.BSCO2 .*sqrt((e.CO2m./s.CO2m).^2+(e.load./s

.load).^2);

s.BSCO=s.COm ./(4320*s.load /100); %g/(kW-h)

e.BSCO=s.BSCO.*sqrt((e.COm./s.COm).^2+(e.load./s.

load).^2);

s.BSO2=s.O2m ./(4320*s.load /100); %g/(kW-h)

e.BSO2=s.BSO2.*sqrt((e.O2m./s.O2m).^2+(e.load./s.

load).^2);

s.BSNOx=s.NOxm ./(4320*s.load /100); %g/(kW-h)

e.BSNOx=s.BSNOx .*sqrt((e.NOxm./s.NOxm).^2+(e.load./s

.load).^2);

s.BSCH4=s.CH4m ./(4320*s.load /100); %g/(kW-h)

e.BSCH4=s.BSCH4 .*sqrt((e.CH4m./s.CH4m).^2+(e.load./s

.load).^2);

%% BSFC calculation

s.CW(s.Fuel==’D’) =0.86;

s.CW(s.Fuel==’BF1 ’|s.Fuel==’BF2 ’|s.Fuel==’B80 ’ | s.

Fuel==’BF1+add ’) =0.77;

s.CW(s.Fuel==’D/LNG ’ | s.Fuel==’BF1/LNG ’ | s.Fuel==’

BF2/LNG ’) =12/16;

s.BSFC=(s.BSCO2 *12/44+s.BSCO *12/28+s.BSCH4 *12/16) ./s

.CW;

e.BSFC=(e.BSCO2 *12/44+e.BSCO *12/28+e.BSCH4 *12/16) ./s

.CW;

%% dilution ratio

s.dr=s.CO2w./s.co2_li;

e.dr=s.dr.*sqrt((e.CO2w./s.CO2w).^2+(e.co2_li ./s.

co2_li).^2);

%% PM raw

s.pmraw=s.pm.*s.dr;

e.pmraw=s.pmraw .*sqrt((e.pm./s.pm).^2+(e.dr./s.dr)

.^2);

s.pmfilter=s.filter .*s.dr;

e.pmfilter=s.pmfilter .*sqrt((e.filter ./s.filter)

.^2+(e.dr./s.dr).^2);

s.PMm=s.pmraw .*s.Qexh *3.6; %[g/hr]
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e.PMm=s.PMm.*sqrt((e.pmraw ./s.pmraw).^2+(e.Qexh./s.

Qexh).^2);

s.PMf=s.pmfilter .*s.Qexh *3.6;

e.PMf=s.PMf.*sqrt((e.pmfilter ./s.pmfilter).^2+(e.

Qexh./s.Qexh).^2);

s.BSPM=s.PMm ./(4320*s.load /100);

e.BSPM=s.BSPM.*sqrt((e.PMm./s.PMm).^2+(e.load./s.

load).^2);

s.BSPMf=s.PMf ./(4320*s.load /100);

e.BSPMf=s.BSPMf .*sqrt((e.PMf./s.PMf).^2+(e.load./s.

load).^2);

%% PN raw

s.pnraw=s.pn.*s.dr;

e.pnraw=s.pnraw .*sqrt((e.pn./s.pn).^2+(e.dr./s.dr)

.^2);

s.PNm=s.pnraw .*s.Qexh *3.6e9; %[#/hr]

e.PNm=s.PNm.*sqrt((e.pnraw ./s.pnraw).^2+(e.Qexh./s.

Qexh).^2);

s.BSPN=s.pnraw .*s.Qexh *3600 e6 ./(4320*s.load /100);

%[#/ kwh]

e.BSPN=s.BSPN.*sqrt((e.pnraw ./s.pnraw).^2+(e.Qexh./s

.Qexh).^2+(e.load./s.load).^2);
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