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ABSTRACT OF THE DISSERTATION

Analytical Framework to Evaluate Emission Control Systems for Marine Engines

by

Varalakshmi Jayaram

Doctor of Philosophy, Graduate Program in Chemical and Environmental Engineering
University of California, Riverside, December 2010
Dr. David R. Cocker 11, Chairperson

Emissions from marine diesel engines are mainly uncontrolled and affect regional air
quality and health of people living near ports. Many emission control strategies are
evolving to reduce these emissions and their impacts. This dissertation characterizes the
effectiveness of new technologies for reducing NOy and PM, s emissions from a range of
marine diesel engines. Researchers, regulators and policy makers require these

characterizations to develop emission inventories and suitable mitigation strategies.

Three NOy control technologies were analyzed: injection timing retard, water in fuel
emulsion, and selective catalytic reduction (SCR). Each significantly reduced NOy
emissions. The SCR, however, increased PM, s emissions by 150-380% indicating a need
for technology modification before implementation. Additionally, two fuel control

strategies for PM,s based on cleaner burning fuels were evaluated: the effects of
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switching from high-sulfur heavy fuel oil to lower-sulfur marine distillate oil and
switching from diesel to biodiesel blends were tested. Results showed significant PM, 5
reductions with minimal change in NOy; however, the biodiesel fuel increased formation

of nucleation mode particles.

In-use emission benefits of a diesel-electric hybrid tug were characterized. Activity data
showed that the average load factors of tug boat engines were up to 83% lower than that
specified in the certification cycles typically used for developing emission inventories.
Reductions of 73% for PM, 5, 51% for NO, and 27% for CO, were seen in comparison to
a similar conventional tug. The majority of these reductions were attributed to the hybrid
tug’s energy management system, which directs use of auxiliary power for propulsion.
Additional in-use harbor-craft measurements showed significant ocean current effects

with a three to six fold increase gaseous and PM; 5 emissions.

Overall this research showed that 1) new control technologies should be evaluated in the
pilot stage to ensure that they do not increase emissions, 2) use of certification cycle load
factors can significantly overestimate emissions from marine applications, and 3) actual
in-use measurements are needed for accurate localized inventories. Finally, a new activity
and emissions based protocol was developed to establish emission benefits of a multi-

powered diesel-electric hybrid system.
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1 Introduction

The international shipping industry is a significant source of global anthropogenic
emissions’™. Recent research show that ship emissions have adverse effects on air quality
near ports and high traffic shipping lanes®°. About 70% of global ship emissions occur
within 400 km of land®. Studies™™ have linked the particulate matter (PM) emissions

from ships to increased number of premature deaths.

The global ocean-going fleet is broadly classified into two categories: transport and non
transport’. The transport fleet predominantly consists of large ocean-going vessels
(OGVs)% These vessels typically have one low to medium speed main propulsion engine,
three to five auxiliary engines and a boiler. The non-transport fleet consists of military
vessels and harbor-craft (e.g: fishing vessels, tug boats, ferries and service vessels)?.
Harbor-craft have medium to high speed main and auxiliary engines. On most harbor-
craft the main engines are used to move the vessel over the water while the auxiliary

engines are used for hotelling and other unique vessel equipment needs.

1.1 Emissions from Marine Diesel Engines

95% of the global ocean-going fleet is powered by marine diesel engines®. Emissions
from marine diesel engines include oxides of nitrogen (NOy), oxides of sulfur (SOy),
particulate matter (PM,s), carbon monoxide (CO), hydrocarbons and carbon dioxide

(COy).



1.1.1 Oxides of Nitrogen (NOy)

NOy emissions are formed in the engine from intake air nitrogen and oxygen due to the
high temperatures and pressures during the combustion reaction™®. NOy is a precursor to
the formation of ozone which leads to smog™*™. It is also a significant contributor to
formation of nitric acid and nitrate aerosol**™®. Ships emit 5.0 to 6.9 teragrams (Tg or
10%? g) of NO, as N per year which is about 15% of the global NO, emissions™ > ! 1°.
NO, emissions can be controlled by primary or secondary methods*"*°. Primary methods
including injection timing retardation, fuel nozzle adaptation/fuel injection, exhaust gas
recirculation, water emulsification of fuel and direct injection of water into combustion

chamber can reduce NO, emissions by 10% to 50%"*°

. Secondary methods like
selective catalytic reduction (SCR) involve exhaust gas after treatment and can achieve

reductions greater than 95%""°.

1.1.2 Oxides of Sulfate (SOy)

SOy emissions are formed by the oxidation of fuel sulfur during combustion. The two
main oxides formed are SO, and SO3. Ships typically operate on high sulfur (up to 4.5%
mass/mass), high viscosity heavy fuel oil (HFO) which is the residual fraction of crude
oil refining. Therefore ship exhausts have high concentrations of SO,. Annual global SOy
emission estimates for the shipping industry range from 4.7 to 6.5 Tg of SOy as $* > - 1°,
This is approximately 5-7% of the global SO emissions® > ** !¢, SO, emissions can be

controlled by cleaning the exhaust using a scrubber or switching to lower sulfur fuels

such as marine distillate oil (MDO) and marine gas oil (MGO)*'.



1.1.3 Particulate Matter (PM)
PM,s emissions are formed from fuel sulfur, ash and un-burnt or partially burnt

fuel/lubricating oil*’

. PM 5 can penetrate deep into the lungs. Some studies associate fine
particulate exposure with increased risk of lung cancer, pulmonary and cardiovascular
disease (Lloyd & Pope). Recent studies™ ™ have linked ship PMys mass emissions to
~60,000 cardiopulmonary and lung cancer deaths annually. Annual PM;, emission from
ships is estimated to be 1.2 to 1.6 Tg>> ™. Global emission estimates of some of the
components of primary ship PM are as follows: 0.35 to 0.77 Tg yr™ of sulfate, 0.05 to
0.10 Tg yr™* of black carbon (BC) and 0.13 to 1.06 Tg yr of organic carbon (OC) *
16 Ship PM can have significant effects on the radiative budget of the earth’s atmosphere
- the sulfate fraction showing a negative effect and BC a positive effect” % The
primary method employed to reducing PM emissions from ships is the use of the lower

sulfur MDO/MGO in place of the high sulfur HFO. Smaller vessels like harbor-craft may

employ diesel particulate filters when the PM regulations become stringent.

1.1.4 Carbon monoxide and Hydrocarbons
CO and total hydrocarbon (THC) emissions are a result of incomplete combustion. The
concentration of these two species in diesel exhaust is low*?; therefore this work will not

focus on CO and THC emissions.

1.1.5 Carbon dioxide
CO; is the most important greenhouse gas emitted by ships both in terms of quantity and

global warming potential®®. Current estimates of annual CO, emissions from shipping are



~1046 Tg which is ~3.3% of global CO, emissions®®. Use of hybrid systems that
incorporate solar, wind and water power are under consideration to reduce energy

requirements of marine diesel engines thereby leading to lower in-use CO, emissions.

1.2 Control Technologies

One of the key challenges faced by researchers and regulators in developing emission
inventories is the availability of reliable emission factors and activity data. Recent
research on emissions has primarily focused on establishing gaseous and PM emission
factors for uncontrolled marine engines®*®*. Data on effects of control technologies is

I |m Ited 30-31, 35-36

Introduction of control technologies is primarily regulation driven. The International
Maritime Organization (IMO) regulates fuel sulfur content and NOy emissions from
marine engines (Tables 1-1 and 1-2) *’. High shipping activity regions located near
heavily populated coastlines are designated as emission control areas (ECAS).
Regulations for ships operating in these ECAs are more stringent. IMO’s marine
environment protection committee is currently finalizing a regulation for the control of
greenhouse gas emissions by the introduction of several mandatory technical and

operational strategies *.



Table 1-1 NO, Emission Limits*’

NO, Limit, g kW™ hr'
Tier Date
n <130 130 < n <2000 n>2000
Tier | 2000 17.0 45 * 02 9.8
Tier Il 2011 14.4 44 * n0= 7.7
Tier 11 2016° 3.4 9 * n02 1.96

Note: n is rated speed of engine in rpm, In NO, Emission Control Areas (Tier Il
standards apply outside ECA)

Table 1-2 Fuel Sulfur Limits®’

Sulfur Limit in Fuels

Date (% m/m)
SO, ECA Global
2000 1.5%
4.5%
July 2010
1.0%
2012
3.5%
2015
0.1%
2020° 0.5%

Note: ?alternative date is 2025, to be decided by a review in 2018

NOy and PM emission factors of marine engines are significantly greater than that of on-
road diesel engines. Several control technologies employed on these on-road engines
(e.g: exhaust gas recirculation, injection timing retard, selective catalytic reduction) are

18,36 astimate reductions

currently being adapted for use in marine engines. Most studies
from these technologies based on their experiences for on-road engines. However, actual
reductions may vary due to the engine technology and the use of high sulfur fuels in

marine engines. This research focuses on quantifying the effect of several emission



control technologies on gaseous and PM, s emissions from a variety of in-use marine

engines.

1.3 Outline of Dissertation

Four control technologies: 1) water in fuel emulsion (WFE), 2) cleaner burning fuels, 3)
injection timing retardation and 4) selective catalytic reduction (SCR) were evaluated on
in-use marine engines operating on PanMax and post Panamax class container vessels
(Chapter 2 & 3). Detailed gaseous (NOy, CO, CO,) and PM,;s (total mass, elemental
carbon (EC), OC, sulfate) emissions were measured to quantify the effects of each

control strategy on target pollutants as well as other emissions from these engines.

Two control technologies for harbor-craft were evaluated: an alternative fuel, biodiesel
(Chapter 4) and a diesel electric hybrid system (Chapter 5). A modern marine propulsion
engine on a ferry/excursion boat was tested while operating on ultra low sulfur diesel
(BO) and two blends of diesel with biodiesel (B20, B50) to evaluate the impacts of
biodiesel on gaseous (NOy, CO, CO,), PM;5 (total mass, EC, OC, size distribution) and
selected hydrocarbon (carbonyls, aldehydes, poly aromatics, Ciyp to Csp alkanes)
emissions. Also, real-time monitoring of gaseous and PM,s emissions were conducted
during a typical cruise in the San Francisco bay. Analysis of the data from the cruise

revealed significant effects of ocean currents on emissions from these engines.

One of the prevalent technology solutions for reduction of CO, emissions is the diesel

electric hybrid system. Evaluating the emission benefits of a hybrid system can be quite



challenging. The common thread seen in testing of hybrid vehicles is proper accounting
of energy from all sources. The final study in this dissertation (Chapter 5) involved the
development and implementation of an activity and emissions based model to determine
real world gaseous (NO, CO,) and total PM, s mass emission benefits of a hybrid system
on a tug boat. A data acquisition system capable of continuously monitoring and logging
second by second data from four engines and batteries on two tugs (conventional and
hybrid) was utilized for a period of one month each to obtain activity data. A series of
emission tests were then performed to determine the emission profiles of main and
auxiliary engines on the tugs. Next, activity and emission data were combined to
determine the overall in-use emissions from each tug. Finally the emission benefits of the

hybrid system are presented.

Chapter 6 details the major findings of this dissertation and provides recommendations
for future work. Additionally, Appendix A presents some preliminary analyses on the

losses associated with a heated line used for sampling PM from diesel engines.



2 Effect of Adding Water to Fuel on Emissions from a Large Marine Engine

2.1 Chapter Summary

Large two-stroke low-speed marine propulsion engines operated on ocean going vessels
are significant contributors to global anthropogenic NOy and PM, 5 mass emissions. This
study evaluates the effectiveness of water in fuel emulsion (WFE) NO control
technology on the propulsion engine of a PanaMax class container vessel. In-use
measurements of gaseous (NO,, CO, CO,, total hydrocarbons) and PM,s (total and
speciated) emissions were made based on the ISO 8178-1 protocol while operating on
different blends of WFEs. The overall weighted average NO, and PM; s mass emission
factors with HFO (3.61% sulfur) were found to be 16.6 g kW™ hr' and 1.95 g kW™ hrt.
The reduction in weighted average NOy emissions were found to be ~12% with 20%
water to fuel ratio and ~23% with 33% water to fuel ratio. Overall the change in total
PM,s mass varied from -16% to 45% with the water addition. The organic carbon
fraction of PM,s increased by a factor of 1.8 to 3.5; elemental carbon fraction increased
by 0.8 to 4.8. The WFE changed the speciation of the PM,s mass from 0.2% EC, 4%
Ash, 8% OC and 93% hydrated Sulfate to 0.6% EC, 3% Ash, 22% OC and 66% hydrated

sulfate.

2.2 Introduction
Ships are significant contributors of the global anthropogenic nitrogen oxides (NOy) and

particulate matter (PM,s) emissions®™ . These emissions adversely affect air quality



near ports and high traffic shipping lanes®™°. The sources of emissions on a ship include a
main propulsion engine, three to seven auxiliary engines and an auxiliary boiler; the most
significant of these being the propulsion engine. The propulsion engines on ocean going

vessels are typically large, low-speed, two-stroke marine diesel engines.

Oxides of nitrogen are mainly formed from intake air nitrogen and oxygen during
combustion reactions in the engine. This NOy formation reaction explained by the
Zeldovich mechanism is driven by high temperatures of combustion. Some NOy is also
formed from the fuel nitrogen. NO is the most abundant nitrogen oxide in the exhaust of
a two-stroke low-speed engine followed by NO, (~5%) and N,O (~1%)*". NO, emissions
are one of the precursors for the formation of ozone which causes adverse health effects.
NOxy is also known to react with other compounds in the atmosphere to form nitric acid
and nitrate aerosol **.

PM_s emissions in ship exhaust originate from partial burned or unburned fuel and
lubricating oil, fuel sulfur and ash’. Sulfates form the most significant component of ship
PM, s emissions followed by organic carbon (OC), elemental carbon (EC) and ash®2"3°,
These fine particles can lodge deep into the lungs causing increased respiratory
symptoms, chronic bronchitis and irregular heart-beat**. Recent research has linked the
PM;s mass emissions from ships to a significant number of premature deaths particularly

along coastlines™™2. These emissions also affect the atmospheric radiation budget. EC or

black carbon (BC) absorbs solar radiation while sulfate scatters it. BC is also known to



deposit on snow thereby reducing albedo. Sulfate particles aid in the formation of clouds

2, 20-22

which scatter solar radiation. Current studies show an overall negative radiative

effect from ship PMys.

The International Maritime Organization (IMO) regulates NOx emissions from marine
engines *. The current NO, emission standard for low speed (<130 rpm) marine engines
is 17.0 g kW™ hr*. The Tier Il standard of 14.4 g kW™ hr'* will come into effect in 2011.

Several NO, control technologies® ™ * like

injection timing retardation, modifications to
fuel nozzle/fuel injection, exhaust gas recirculation, WFEs, water injection in combustion
chamber, humidification of intake air and selective catalytic reduction are being

considered for achieving the Tier Il and Tier 111 IMO standards.

Emissions data for low-speed two-stroke marine engines are limited. The most referenced
data set is that published by Llyod’s register 2*. Recent studies® > have primarily focused
on characterizing gaseous and particulate matter emissions from uncontrolled engines. In-

use data on these engines equipped with NO control technologies are scarce.

This study evaluates the effectiveness of a water in fuel emulsion (WFE) unit in reducing
NOy emissions from a large two-stroke low-speed marine propulsion engine. It also
assesses the effect of this control technology on other gaseous and PM,s emissions -
carbon dioxide (CO,), carbon monoxide (CO), total hydrocarbons (THC), total PM;s

mass emissions and the EC, OC and sulfate fractions of PM,s mass. For this purpose in-
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use measurements were made following the load points in the ISO 8178 E3 cycle while

the engine operated on several blends of water and heavy fuel oil (HFO).

2.3 Experimental Methods

2.3.1 Test Engine

Emissions testing was performed on the 48,826 kW Hyundai MAN B&W 11K90MC-C
main propulsion engine of a PanaMax class container vessel. This is an eleven cylinder
large two-stroke low-speed (104 rpm) marine diesel engine manufactured in 1995 with a

total engine displacement of 16095 liters.

2.3.2 Test Fuels

This test engine was operated on the normal fuel of operation, 3.61% heavy fuel oil
(HFO) that met the ISO 8217 specifications. A sample of the fuel obtained from the ship
was analyzed for some selected properties (Table 2-1). This high viscosity HFO is pre-

heated to reduce viscosity before injection into the engine.

Table 2-1 Selected Properties of Heavy Fuel Oil
Density @15°C 0.9865 g ml*

Viscosity @ 50°C 382.9 cSt

Sulfur Content 3.61 % mass

Carbon Content 85% mass

Hydrogen Content 10.4% mass

Ash 0.029 % mass
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Testing was also performed while the engine operated on three WFEs: 20% water 80%
HFO, 33% water 67% HFO and 48% water 52% HFO. These emulsions were made by
spraying a controlled amount of pre-heated water into the fuel followed by mixing in a
homogenizer. Figure 2-1 shows a picture of the experimental WFE unit installed by MAN
B&W Diesel on the test engine. Addition of water to the fuel increases its viscosity,
thereby increasing the required pre-heating before injection. The amount of water that
can be added to fuel was limited to 33% at high load by the capacity of the fuel heater

and 48% at low loads by the maximum allowed temperature of fuel injection.

Figure 2-1 Picture of Water in Fuel Emulsion Unit

2.3.3 Test Cycle

In-use emission testing was carried out during a sea voyage from the Los Angeles to
Dutch Harbor following the load points in the ISO 8178-4 E3 cycle. Due to practical

considerations, the engine was not operated at the 100% engine load, 75% engine load for

12



the 48% water WFE and 8% load for the 33% water WFE. Table 2-2 lists the load points
measured for each test fuel. The engine load in this study was determined from the
readings on the control panel of the engine control room. Due to operational constraints,

the actual load on the engine varied by £5% from the target load.

Table 2-2 Test Matrix

Percent of Max. Engine Load

Fuel
75% 50% 25% 8%
Base Fuel: 100% HFO \ N N o
20% Water 80% HFO \ N, N N
33% Water 67% HFO v v v x
48% Water 52% HFO X \ N N

2.3.4 Sampling and Analysis

Gaseous and Particulate Matter (PM;5s) sampling methods conformed to ISO 8178-1
protocols. Figure 2-2 shows a schematic of the sampling system. A partial dilution system
with a single venturi was used for PM, 5 mass sampling. A one meter long heated transfer
line maintained at 250°C was used to transfer the raw exhaust from the stack to the

dilution tunnel.

Exhaust gas analyzers were used to measure the concentrations of nitrogen oxides (NO,),

carbon monoxide (CO), carbon dioxide (CO,) and total hydrocarbons (THC) in the raw

exhaust. CO, measurements were also made in the dilution tunnel. Details of the gas
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analyzers are provided in Table 2-3. A two point calibration of each gas analyzer was
performed before and after each test condition. The concentrations of CO, measured in
the raw and the dilute exhaust were used to determine the dilution ratio for PM;s

sampling. During this test program a dilution ratio of 22 to 32 was used.

N
v
Exhaust
SP
: — EGA
«—I>10d—>
TT :
EGA : T
VN (j '—»Vent
Dilution Tunnel
DAF : Dilution Air Filter ;’
. - Cyclone

CFO: Critical Flow Orifice DAF III

EGA: Exhaust Gas Analyzer

SP: Sampling Probe

®
TT: Heated Transfer Tube A . Teflo
] Air Tissuquartz
VN : Venturi
/ N
CFO >
To Vacuum Pumps

Figure 2-2 Schematic of the Sampling System

PM, s mass was sampled on two parallel filters: a pre-weighed 47 mm diameter 2um pore
Teflo® filter (Pall Gelman, Ann Arbor, MI) and a 47 mm 2500 QAT-UP Tissuquartz
filter (Pall Gelman, Ann Arbor, MI) preconditioned at 600°C for five hours. The Teflo®

filters were used for measurement of the total gravimentric PM,s mass and sulfate
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analysis while the Tissuquartz filters were used for elemental and organic carbon

analysis.
Table 2-3 Details of Exhaust Gas Analyzers
Gaseous Manufacturer / Measurement Measuring .
L Location
Component Model Principle Range
. . EcoPhysics/ N Raw
Nitrogen oxides CLD 82 M hrv2 Chemiluminescence  0-2500ppm Exhaust
Carbon dioxide/  Siemens/ Non Dispersive 0-500ppm / Dilute
Carbon monoxide AG Ultramat 23 Infra Red 0-10% Exhaust
Carbon dioxide/  Siemens/ Non Dispersive 0-1% / Raw
Carbon monoxide AG Ultramat 23 Infra Red 0-10% Exhaust
HORIBA/ Hydrogen Flame Raw
Hydrocarbons MEXA 1170HFID lonization Detector 0-500ppmC1 Exhaust
M&C Instruments/ . Raw
-300,
Oxygen PMA 10 Paramagnetic 0-30% Exhaust

Teflo® filters were weighted before and after sampling using a Mettler Toledo UMX2
microbalance to determine their net gains. As per the weighing procedures described in
the Code of Federal Regulations (CFR), these filters were conditioned for a period of at
least 24 hours in an environmentally controlled room (Relative Humidity of 40% and
Temperature of 25°C) and weighed daily until two consecutive weight measurements
were within 3mg. After completion of the gravimentric analysis, these filters were
extracted with ultrapure (DDI) water (Conductivity 18 MQ cm) and isopropyl alcohol.
The water extract was analyzed in a Dionex ICS-1000 ion chromatography system for

sulfate ions.
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The preconditioned Tissuquartz filters were stored in sealed petridishes at temperatures
less than 4°C before and after sampling. These filters were analyzed for elemental and
organic carbon (EC/OC) in a Sunset Laboratory (Forest Grove, OR) Thermal/Optical

Carbon Aerosol Analyzer according to the NIOSH 5040 reference method.

2.3.5 Calculating Exhaust Flow Rates

The exhaust flow rate at each test mode was calculated using MAN B&W’s, proprietary
method that provide an accurate value for the total exhaust flow, including both the
combustion and the scavenger air flows. This proprietary method is based on the load and
the operating conditions of the engine and the turbochargers. The method was checked by
the manufacturer against stoichiometric calculations based on carbon and oxygen

balances.

2.3.6 Calculating Emission Factors

Total and speciated PM; s mass concentrations in the raw exhaust are calculated using the
measured mass on the filter, total sample volume flown through the filter and the dilution
ratio during sampling. The gaseous and PM,s mass concentrations are converted to
emissions in g hr' using the calculated exhaust flow rates. Finally the modal emission
factors in g kW™ hr! are determined as the ratio of the emissions in g hr to the observed
engine load in KW. The overall weighted emission factors were calculated based on the

weighted factors specified in the 1ISO 8178- E3 test cycle.
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2.4 Results and Discussions

A single fifteen minute PM,s emission measurement consisting of two parallel filter
samples was made at each test mode. Gaseous measurements were made during filter
sampling. Two five minute average CO,, CO and THC measurements and one five

minute average measurement each NOy and NO emissions are reported in this study.

2.4.1 Gaseous Emissions

Figure 2-3 shows a comparison of the modal gaseous emissions factors across fuel types.
The error bars represent the range of measurement. A comparison of overall weighted
average emission factors in g kW™ hr* for NO,, CO, CO,, THC and PM, s measured in
this program versus those used by California Air Resources Board“®** (CARB) and U.S.
Environmental Protection Agency® (EPA) for their emission inventory calculations is
presented in Table 2-4. The overall weighted average NO, emission factor of 16.6 g kW™
hr* for engine operating on HFO was 2.3% less than IMO Tier | standard of 17.0 g kW™
hr* and 8.3% lower than the CARB***! and EPA* emission factor of 18.9 g kW™ hr™.
~98% of the total NOy emissions was found to be NO. The measured emission factors for

CO,, CO and THC were found to be similar to those reported in literature*” 2?2,
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CO (g/kW-hr) NO, (9/kW-hr)

THC (g/kW-hr)

CO, (g/kW-hr)

B HFO Base ®20% Water ©O33% Water 0O48% Water

900

600 +

300 +

75% 50% 25% 8%
Percentage of Maximum Engine Load

Figure 2-3 Gaseous Emission Factors a)Nitrogen Oxides
b)Carbon Monoxide c¢)Total Hydrocarbons d) Carbon dioxide
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Table 2-4 Overall Weighted Average Emission Factors

Base Fuel 20% Water 33% Water -
HFO 80% HFO 67% HFO CARB™™ EPA™
NOy 16.6 14.6 12.7 18.1 18.1
CoO 0.32 0.48 0.45 1.38 1.40
CO, 625 642 613 620 620.62
THC 0.13 0.34 0.34 0.69 0.60
PM;s 1.95 1.86 2.37 2.11° 2.19%

Note:  Corrected for Fuel Sulfur

The WFE is primarily used for NOy emission control. The water in the fuel absorbs the
heat and reducing the temperature of combustion in the engine, thereby reducing the
formation of NO, in the engine. Corbett et. al 2002,"® estimates a nominal NOy reduction
of 42% with WFE while other studies suggest a 1% NOy reduction for every 1% water to
fuel ratio. In this study the reduction in NOy emissions was found to increase with
increasing water to fuel ratio at all engine loads (Figure 2-3a). The reduction in the overall
weighted average NOy emission factor was found to be ~12% with 20% water addition
and ~23% with 33% water (Table 2-4). Results show that the WFE unit when optimized
for water to fuel ratio (between 20% and 33% for this engine) can be used effectively for

meeting the IMO Tier 2 standard of 14.4g kW™ hr.
Use of WFEs increased CO emissions by 53% to 336% at all by the 25% engine load

point where they decreased by 38% to 53%. THC emissions increased by a factor of 2.2

to 4.6. In spite of the large increases observed in CO and THC emissions with WFEs,
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they were still low (<1.5 g/kW-hr). No significant change was observed in CO, emissions

with water addition.

2.4.2 Total and Speciated PM; s Mass Emissions

Figure 2-4 shows a comparison of the total and speciated PM,s mass emission factors
across the test fuels at each engine load. EC, OC, ash and hydrated sulfate
(H2S04.6.5H,0) were found to be the major constituents of total PM,s mass. Total PM; s
mass emission factors for the base fuel HFO ranged from 1.47 to 2.47g kW™ hr. The
PM,s mass was found to contain 0.2% EC, 4% Ash, 8% OC, 93% hydrated Sulfate.
Other studies®?® ** on marine propulsion engines operating on HFO have seen a
speciation of <2% EC, 3-18% ash, 7-29% OC and 33-84% hydrated sulfate. Overall 2.2%
to 3.9% of the sulfur in the fuel was converted to sulfate in the PM,5s mass emissions.
Other researchers®? % % have shown similar conversions of 1.1% to 5.0% for main

propulsion engines operating on HFO.

Total PM,5s mass emissions increased with the addition of water at most engine loads.
The change in total PM, s mass varied -16% to 45%. Addition of water increased the EC
fraction by a factor of 1.1 to 4.8 at all but the one test mode (8% engine load with 48%
water and 52% HFO). The OC fraction was also found to increase by a factor of 1.8 to
3.5 with water addition. The differences in hydrated sulfate fraction varied from 18% to -
93% with the addition of water. The use of WFEs altered the PM, 5 mass speciation to

0.6% EC, 3% Ash, 22% OC, 66% hydrated sulfate.
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Figure 2-4 PM, s Mass Emission Factors a)Total PM, s Gravimetric Mass b)Elemental
Carbon Fraction c)Organic Carbon Fraction d) Hydrated Sulfate Fraction
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Figures 2-5 and 2-6 shows the mass balance between the total gravimetric PM,s mass
collected on the Teflo filter versus the sum of the speciated fractions of PM;,5s mass.
Overall the sum of the speciated mass was found to be about 7% lower than the total
mass. This gap in the mass balance is most likely attributable to the uncertainty in the

multiplication factor needed to convert the organic carbon fraction into organic mass.

WEC mOC OH,SO,65H,0 BAsh EPM

2.5

2.0

1.5

1.0

0.5

PM2.5 Emissions (g/kwhr)

0.0

HFO Base 20% Water 33% Water 48% Water

Figure 2-5 PM, s Mass Balance for the 50% Engine Load Point
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Figure 2-6 PM, s Mass Balance Across all Loads and Fuels
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3  Effectiveness of Emission Control Technologies for Auxiliary Engines on Ocean

Going-Vessels

3.1 Chapter Summary

Large auxiliary engines operated on ocean going vessels in transit and at berth impact the
air quality of populated areas near ports. This research presents new information on the
comparison of emission ranges from three alike engines and the effectiveness of three
control technologies: switching to cleaner burning fuels, operating in the low NOy mode
and Selective Catalytic Reduction (SCR). In-use measurements of gaseous (NOy, CO,
CO,) and PM;5 (total and speciated) emissions were made on three auxiliary engines on
post-PanaMax class container vessels following the 1SO-8178-1 protocol. The in-use
NO, emissions for the MAN B&W 7L.32/40 engine family vary from 15.0 g kW™ hr' to
21.1 g kW™ hr'! for HFO and 8.9 g kW™ hr' to 19.6 g kW™ hr* for MDO. Use of cleaner
burning fuels resulted in NOx reductions ranging from 7% to 41% across different
engines and a PM, s reduction of up to 83%. The NOy reductions are a consequence of
fuel nitrogen content and engine operation; the PM, s reduction is attributed to the large
reductions in the hydrated sulfate and organic carbon (OC) fractions. As expected,
operating in the low NOx mode reduced NO, emissions by approximately 32% and nearly
doubled elemental carbon (EC) emissions. However, PM, s emission factors were nearly
unchanged since the EC emission factor is only ~5% of the total PM;s mass. SCR
reduced the NO, emission factor to < 2.4 g kW™ hr™, but increased the PM, 5 emissions

by a factor of 1.5 to 3.8. This increase was a direct consequence of the conversion of SO,
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to sulfate emissions on the SCR catalyst. The EC and OC fractions of PM,s reduced

across the SCR unit.

3.2 Introduction
Recent research has shown that ship emissions are a significant contribution to the global

emission inventory 3 5 16 4548

and impact local and regional air quality in highly
populated areas located near ports ®°. Particulate Matter (PM) emissions from ships have
been linked to increased cardiopulmonary and lung cancer deaths across the world, most
of which occur near the coastline **. All of these studies indicate that the forecasted
increase in port activity and growth of ports will result in greater emissions from ships
near coastlines and potentially a more adverse health impact for the communities located

near them. Therefore, a number of emission control technologies are being investigated

for marine engines.

Ships, the largest source of port emissions *°, generally have one main propulsion engine
and three to seven Auxiliary Engines (AEs). AEs, typically medium speed 4-stroke
marine diesel engines, are operated near/at the port to provide power for cargo
refrigeration, hotelling, maneuvering, etc. Hence, AEs can have a significant impact on

air quality near the ports.

Emissions from marine engines and fuel sulfur content are regulated by the International
Maritime Organization (IMO) . IMO caps the fuel sulfur content at 4.5% m/m

worldwide and requires fuels with <1.5% m/m sulfur in ‘Sulfur Emission Control Areas’.
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The IMO emission standard for nitrogen oxides (NOy) is determined by the rated speed of
the engine. Amendments to this regulation, that would introduce progressive reduction in
fuel sulfur content and NOy emissions to come into effect as early as July 2010, were
approved by the Marine Environmental Protection Agency of IMO °!. Also, the U.S
Environmental Protection Agency has adopted regulations that would progressively
reduce the particulate matter (PM) and NOx emissions on marine auxiliary engines by
90% and 80%, respectively on ships that are flagged or registered in the U.S. *2. Several
emission control technologies are being explored to attain these new emission standards.
These include switching from high-sulfur Heavy Fuel Oil (HFO) to cleaner burning
lower-sulfur Marine Distillate Oil (MDO), water injection into fuels or combustion
chamber, Injection Timing Retard (ITR), common rail injection and Selective Catalytic

Reduction (SCR) 83648 53,

Emissions data for marine auxiliary engines are limited. The most referenced data set is
that published by Llyod’s register %. Studies by Cooper et al. present in-use emissions
data of criteria pollutants on auxiliary engines and 4-stroke medium speed diesel
propulsion engines on ferries *%. Sarvi et al. 2008 * presents a comparison of NO,,
carbon-monoxide (CO) and total PM emissions from an auxiliary engine operating on a
test-rig with HFO and MDO. In-use testing of gaseous and total PM emissions from an

SCR installed on an auxiliary engine has been reported by several researchers %33,
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PM emissions from ships have a considerable effect on the atmospheric radiation budget.
Two of the major components of PM, elemental or black carbon that absorbs solar
radiation and sulfate particles that scatter sunlight, display opposite radiative forcing
effects # °%. Current studies show that the overall radiative effect from ship PM is
negative > °%%, Most research on in-stack measurements of PM composition has focused

25-29

on main engines % with little data on auxiliary engines %> **. PM size distribution data

27-29 30, 43, 54-55

on main and auxiliary engines are limited. Several plume studies help
determine the composition of PM emitted from ships 2”33 All these studies give an
idea on the composition of PM from an uncontrolled engine. Control technologies for PM
and NO, may change the speciation of the PM. Research on the effect of controls on PM

are scarce.

This research helps to improve the understanding of the baseline emissions from auxiliary
engines and the potential for emission reductions when adding various control
technologies: cleaner burning fuels, operating in low NOx mode and SCR. Measured
emissions included NOy, CO, carbon-dioxide (CO,) and total and speciated PM, s mass

emissions.

3.3 Experimental Details
In-use emissions testing was performed on uncontrolled marine auxiliary engines and
engines with various control technologies for PM and NOy during a total of six test

expeditions (Table 3-1).
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3.3.1 Engine and Fuel Specifications

Three auxiliary engines AE#1, AE#2 and AE#3 aboard post-PanaMax class container
vessels were tested. Each of the engines, MAN B&W 71L.32/40 (Manufacture Year 1999),
were seven cylinder 4-stroke medium speed (720 rpm) marine diesel engines with a
maximum power rating of 3500 kW and a maximum generated power output of 3125
kW. Engine parameters including load (kW), speed (rpm), intake manifold temperature
and pressure were monitored manually during testing. Each engine was tested on typical
supplies of high-sulfur HFO and a lower-sulfur MDO. Selected fuel properties are

provided in Table 3-2.

Table 3-1 Test Matrix

Transfer Control Target ISO Engine  Emissions
Engine Campaign Fuel Load Points Measured

Li Technol
ine eehnolodY: =506 50% 75% Gases PM

#1 HFO v X v v v v x

MDO v x VoA A Voo

e we g 4
o e L vy
- R
AE#3 MDO 5 ) Vo4 x NN
N

Note: Gases = NO,, CO, CO,; PM = Total & Speciated PM mass
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Table 3-2 Selected Fuel Properties

Euel Density  Viscosity  Sulfur Ash
ue
Engine Campaign - @ 15°C @ 50°C  Content Content
e
P (kgm?®  mm?st  (%m/m) (%m/m)
" HFO 966.5 449 3.8 0.03
MDO 855.1 n/a 0.263 n/a
AE#1
3 HFO 989.5 389 3.8 0.02
MDO 846.9 n/a 0.160 n/a
HFO 989.5 400 2.7 0.05
AE#2 #2 L
MDO 830.1 2.5 0.05 0.01
44 HFO 988.8 n/a 3.30 n/a
AE#3 MDO 847.3 n/a 0.159 n/a
#5 MDO 845.9 2.9 0.11 <0.005

Note: n/a = not available; *@ 40°C

3.3.2 Test Cycle

Marine auxiliary engines are basically generating-sets that operate at constant speed with
intermittent load. Hence, they were tested following the engine load points in the I1ISO
8178-D2 cycle®’. Due to practical considerations the engines could not be tested at the
10% and 100% load points. Fortunately, these points have the lowest weighting factor
when calculating the overall weighted average emission factor. Triplicate measurements

were conducted at each load point.

3.3.3 Emission Measurements

Methods for sampling and analysis of gaseous, total and speciated PM, s conformed to
ISO 8178-1 test methods . Continuous monitoring of gaseous emissions (NOy, CO, and
CO) was performed using a Horiba PG-250 portable multi-gas analyzer. A schematic of

25-26

the test setup and details of sampling and analysis are provided elsewhere . Briefly,
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PM,s sampling used a partial dilution system with a single venturi. The dilution ratio
(DR) was measured based on the CO, measurements in the raw and diluted exhaust. The
DR was within 10% of the DR determined using NOx emissions, as per 1SO 8178-1.
PM, s was collected on two types of filters — 47 mm diameter 2 um pore Teflo filters for
gravimetric mass and hydrated sulfate analysis, and 47 mm diameter 2500 QAT-UP
Tissuquartz filters for elemental and organic carbon analysis. Details of analysis are

provided elsewhere %,

Early campaigns used a 5 m heated raw gas transfer line to connect the probe sampling
the raw exhaust to the dilution tunnel, as allowed by the ISO method. Later efforts
(Campaign #4) show the transfer line introduces significant PM s losses: ~40% for HFO,
~30% for MDO (See Supplemental Data). A deeper inspection of the PM, 5 fractions
indicated the primary line loss was hydrated sulfate with little to no change in OC and
EC. Thus the absolute measured PM, 5 data, from Campaigns #2 and #3 only, are biased
low. However, the relative shift in PM levels measured with a transfer line is indicative
of emission benefits. Later test setups shifted to a close coupling of the main exhaust and

dilution tunnel.

3.3.4 Modal & Overall Emission Factors
The emission factors in g kW™ hr' were calculated using the recorded engine load,
measured concentrations and calculated exhaust flow. The exhaust flow was calculated as

equal to the intake air flow which was determined from manufacturer reported cylinder

30



volume and recorded engine speed and inlet air temperature and pressure. Overall

weighted average emission factors were calculated as per the 1ISO-8178 E3 cycle.

3.3.5 Emission Control Technologies

3.3.5.1 Cleaner Burning Fuels

Few control systems are as easily implementable on existing vessels as switching from
the high-sulfur HFO to cleaner burning low-sulfur MDO. Expected benefits include a
large reduction in PM due to reduced fuel sulfur content and small reduction in NOy from
reduced fuel nitrogen content. All three AEs were tested on both fuels to access the
emission reduction potential of fuel switching. The engines were not modified during fuel

switching.

3.3.5.2 Low NOy Mode

The engine family for these vessels could operate in the low NOx mode with injection
timing retard (ITR). The expected benefit was a 25% reduction in NOy and an increase in
PM because of the NO, PM tradeoff "> *°, AE#3 was tested to determine the effect of

ITR.

3.3.5.3 Selective Catalytic Reduction
SCRs are installed on many combustion sources and can reduce NOy emissions by over
90%. However, data on SCRs retrofitted on large ocean going vessels is scarce 3 %, For

this study, the silencer on AE#1 was removed and retrofitted with a SINOy Urea-SCR
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control. The SCR system used urea injection and a vanadium catalyst impregnated on
titanium oxide bed °“®*. No Diesel Oxidation Catalyst (DOC) was installed downstream
of the catalyst due to lack of space. The urea injection rate was adjusted by the SCR
control system based on the exhaust gas temperature before the SCR and the
concentration of NOy after it. No modifications were made to the engine. The exhaust gas
temperature at the SCR inlet ranged from 327°C to 363°C. The temperature rise across

the SCR was ~11°C.

3.4 Results and Discussions

3.4.1 Transfer Line Loss

The ISO 8178-1 protocol is proven effective for particulate measurements from engines
using fuels with a maximum sulfur content of 0.8%. The sulfur content of the fuels we
tested ranged from 0.05% to 3.8%. The protocol allows the use of a 5 m long heated
stainless steel line for transferring the raw exhaust from the sampling probe to the
dilution tunnel. Our transfer lines used during the initial tests were unable to achieve the
required ISO specified temperature of 250°C and were maintained at a temperature of
210°C. During Campaign #4 the effect of the transfer line on the emission factors of
AE#3 was assessed for both HFO and MDO at the target ISO engine load of 50%. The
results are provided in Table 3-3. As expected there was no significant change in the
gaseous emission factors. There was, however, a significant reduction in PM,s mass due
to thermophoretic losses in the transfer line: ~40% for HFO and ~30% for MDO (Table
3-3). A deeper inspection of the PM mass fractions indicated the primary line loss was the

hydrated sulfate fraction: 44% for HFO and 70% for MDO. The OC fraction was reduced
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slightly for HFO and the EC fraction did not change significantly for either fuel. The data
were examined for a common factor to scale the PM data where a transfer line was used
but none was found. Thus the absolute measured PM, s data, from the Campaigns #2 and
#3 only, are biased low and need to be used with caution. However, the relative shift in

PM levels measured with a transfer line is indicative of emission benefits.

Table 3-3 Effect of Transfer Line on Emissions from AE#3

Fuel HFO MDO

Engine Load 47% 45% 41% 43%
Transfer Line With Without With Without
CO, 794 £20 776 £ 12 78114 766 * 3
CcO 0.88+0.13 0.78 £0.08 0.66 £0.04 0.61+£0.03
NOy 18.8+2.0 16.6 +0.7 156 +0.5 144 +0.4
PM 1.06 + 0.05 1.77 £0.05 0.23+£0.02 0.32+£0.01
EC 0.015 £ 0.003 0.023 £ 0.002 0.013+0.002 0.021+0.010
ocC 0.226 + 0.007 0.38 £0.02 0.16 £0.02 0.16 £0.01
H,S0,.6.5H,0 0.62 £0.03 1.12 £0.04 0.008 £0.004  0.033 +£0.006

Note: All emission factors reported in g kW™ hr'

3.4.2 Baseline Emissions
All three engines were tested on HFO and MDO to determine baseline gaseous and PM; s
emissions (Figure 3-1 and Figure 3-2). Most measurements were made in triplicate, so the

error bars in the figures indicate the standard deviation in the measurement.

NOy emission factors were the highest for AE#2 ranging across engine loads from 16.5 to

21.2 g kW™ hr, followed by AE#3 with 14.4 to 15 g kW™ hr' and AE#1 with 8.9 t017.6
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g kW™ hr* (Figure 3-1a). AE#1 showed a significantly greater decline in NO, emission
NOy reduction for AE#1 coupled with the lower NOy emissions rates are indicative of
factors with increasing engine load while operating on MDO as compared to HFO. The
engine wear, which leads to lower cylinder compression ratio with MDO versus HFO.
Communications with the manufacturer confirmed this (refer to the last two paragraphs
of this section). MAN B&W reports NOy emission factors in the range of 14.2 to 12.4 g

kW™ hr* with HFO for the same engine model ®.

A comparison of the weighted overall NOy emission factors of AE#1, AE#2 and the
engine tested by MAN B&W Diesel is provided in Figure 3-1d. The differences in the
NOy emissions from these engines can be attributed to the maintenance and operation of
the engines. Cooper, 2003, ¥ also observed significant differences in emissions from
different engines of the same model. Figure 3-1d also shows the current IMO NOy
regulation *° for a marine engine with a rated speed 720 rpm speed applicable to marine
engine manufactured after Jan 1, 2000 and the estimated auxiliary engine NOy emission
factors used by Entec UK Ltd, 2002 ?*. These estimates were developed based on data
from the Lloyd’s register. The same estimates are used by the California Air Resources

Board ® and the U.S. Environmental Protection Agency ®.

The modal CO; emission factors across all engines and fuels varied from 659 to 894 g

kW™ hr' (Figure 3-1b). CO, emission factors decreased with the increase in engine load

showing that these engines operated more efficiently at the higher load points. The CO
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emission factor, as expected, was low ranging from 0.5 to 2.0 g kW™ hr* (Figure 3-1c). It

was somewhat higher for AE#1, consistent with the condition of the engine.

PM, s emissions consist of four main components elemental carbon (EC), organic carbon
(OC), hydrated sulfate (H,S0,4.6.5H,0) and ash. Reasonably good agreement is seen
between the sum of these fractions and the total gravimetric PM,s mass for each of these
engines (Figures 3-3b, 3-3d, 3-4). For HFO the hydrated sulfate is ~72% of the reported
PM,5s mass, followed by OC at ~32%, the ash at ~13% and the EC fraction <2%. For
MDO, OC is the largest fraction (~53%) followed by hydrated sulfate (~20%); the EC
fraction averaged 5% and ash ~8%. Other studies on HFO have shown similar speciation
of 71.7% hydrated sulfate, 21.4% OC, 4.2% ash and 2.7% EC for an auxiliary engine **
and 33-84% hydrated sulfate, 7-29% OC, 3-18% ash and <2% of EC % * for main
engines. Also PM; s from an auxiliary engine operating on MDO was reported to contain

about 43% hydrated sulfate, 23% OC and 7% EC %.

As mentioned earlier, AE#1 has a lower NO, and somewhat higher CO emissions
compared to other AEs. It also emits higher OC and EC than AE#2. These findings are
consistent with an engine operating at lower efficiency due to engine wear. The loss in
efficiency is expected to be and is more pronounced for the less viscous fuel; consistent
with the higher OC and much lower NOy emission factors for MDO versus HFO for

AE#L.
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AE#1, though operating less efficiently than the other auxiliary engines, was a fully
operational engine on-board the vessel. Results in this section establish that there could
be significant differences in the in-use emissions among different engines of the same
model. This is a significant finding that should be considered while determining emission
factors for any inventory. Other researchers ** ® also suggest that engine maintenance

and operating parameters like turbo feed pressure, wear on nozzles, maladjustments in

injection and injection pressures could influence the level of emissions of an in-use

engine.
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3.4.3 Cleaner Burning Fuels

All three engines showed a reduction in NOy (Figure 3-1a) when switching from HFO to
MDO: 21% to 41% for AE#1, 7% to 10% for AE#2 and 13% for AE#3 at the 50% load
point. There was no NOy reduction observed at the 25% load point for AE#3. The
difference in the nitrogen contents of the fuels can account for a NOx emission increase
of around 1 g kW™ hr (calculated from typical fuel nitrogen compositions - MDO 0%,
HFO 0.4% m/m). The NOy reduction seen in AE#2 and AE#3 are consistent with the
changes in fuel nitrogen content; however AE#1 showed a much higher NOy reduction
due to engine wear considerations discussed earlier. Sarvi et al. 2008, * also shows slight
reduction in NOy for medium speed diesel engines by switching from HFO to MDO. No

significant CO, or CO emission benefits were observed from fuel switching.

Fuel switching significantly reduces the total PM, s mass emissions (Figure 3-2a): 34% to
38% for AE#1 at higher loads, 46% to 67% for AE#2 and 82% to 83% for AE#3. The
PM,s emission benefit for switching from HFO to MFO for AE#1 and AE#2 is likely
underestimated due to greater thermophoretic losses of PM; s in the transfer line for HFO

versus MDO (Section 2.4.1).

The primary reason for the reduction in PM,s with fuel switching is the 72% to 97%
reduction in hydrated sulfate fraction of the PMjs (Figure 3-2d), which is directly
attributable to the sulfur content of the fuel. The OC fraction reduces by 26% to 68%

across loads for AE#2 and AE#3 while EC does not change much. AE#1 behaves
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differently. The OC for AE#1 did not change with fuel switching at the higher loads;
however, at the 25% load OC increases. In fact, the decrease in hydrated sulfate fraction
is cancelled by the increase in EC and OC at this test point, so no PM,s reduction is
observed. The OC behavior for AE#1 leads to lower measured emission benefits from

fuel switching for AE#1 compared to AE#2.

3.4.4 Low NOy Mode

AE#3 was tested at the 27% load point to determine the effect of low NOyx mode or
Injection Timing Retard (ITR) on gaseous and PM, s emissions (Figure 3-5). ITR reduced
the NO, emission factor from 17.0 g kW™ hr* to 11.5 g kW™ hr* and increased CO
emissions from 0.77 g kW™ hr' to 0.89 g kW™ hr'; the CO, emission factor was
unchanged. Corbett et al., 2002 *® estimated a 11% increase in PM with ITR while
Cooper, 2004 *® estimates negligible change in PM with ITR. At this load point we did
not see a statistically significant change in total PM, s mass emissions. Studies on diesel
engines generally report an increase in the amount of smoke with ITR®. Looking at the
speciated PM, the EC fraction increased from 0.0369 + 0.001 to 0.072 + 0.019 g kW™ hr’
! the OC fraction reduced a little from 0.144 + 0.001 to 0.125 + 0.006 g kW™ hr, the
hydrated sulfate fraction did not change. The small increase in the EC was not enough to

change the overall PM mass.
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3.4.5 Selective Catalytic Reduction
The SCR installed in the exhaust of AE#1 was tested with both HFO and MDO (Figure
3-3). Due to the lack of space in the exhaust system, a DOC was not installed
downstream of the SCR. Some studies referred to in this section explicitly state the

presence of a DOC after the SCR.

The NO, emission factor downstream of the SCR was 1.4 to 2.4 g kW™ hr?, which
corresponds to a reduction of 90-91% for HFO and 82-84% for MDO (Figures 3-3a and
3-3c). Other researchers have reported similar NOy benefit *>***®, The CO emissions,

though low, increased by a factor of 1.4 to 2.0 downstream of the SCR (Figures 3-3a and

30, 61 61, 66

2-3c). Other studies have shown both increases and decreases in CO emissions

Several researchers have reported a reduction in hydrocarbons and carbonaceous PM
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matter (EC and OC) across the SCR catalyst **%*%¢167% = The SCR on AE#1 reduced
OC by as much as 77% -91%.; while the EC fraction reduced by 17% — 63% (Figures 3-
3b and 3-3d). The ratio of OC to EC reduces from 8:1-22:1 to 1:1-8:1 across the SCR.
The partial oxidation of OC, EC as well as hydrocarbons across the SCR catalyst could

attribute to the increase in the CO emission factor that was observed.

The total PM, 5 emission increased 1.5 to 3.8 times downstream of the SCR except at the
25% load point with MDO (Figures 3-3b and 3-3d). Examination of the PM, s fractions
showed increases in the hydrated sulfate fraction of PM,s: 68% to 87% for HFO and
89% to 92% for MDO. Vanadium catalyst used in the SCR is known to promote the
oxidation of SO, to SO; ®, which in turn gets converted to sulfate. Increase in hydrated
sulfate is much greater than the decrease in the OC and EC fractions of PM,5 except at
the 25% load point with MDO (a decrease in total PM,5 is seen for this test point).
Studies °***%7%8 with low sulfur content (<0.03% m/m) reported reductions in PM across
the SCR. Cooper, 2004 * reported no change in PM emissions downstream of the SCR
while engines operated on the HFO and MDO based on the Lloyds database while Fridell
et al., 2008 * reported a reduction in PM with the use of HFO. Power plants using high-
sulfur coals (3 to 5% m/m) have reported an increase in PM emissions and sulfuric acid

emission downstream of SCRs "°.
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4  Real-Time Gaseous, PM and Ultrafine Particle Emissions from a Modern

Marine Engine Operating on Biodiesel

4.1 Chapter Summary

Emissions from harbor craft significantly affect air quality in populated regions near ports
and inland waterways. This research measured regulated and unregulated emissions from
an in-use EPA Tier 2 marine propulsion engine on a ferry operating in a bay following
standard methods. A special effort was made to monitor continuously both the total
Particulate Mass (PM) mass emissions and the real-time Particle Size Distribution (PSD).
The engine was operated following the loads in ISO 8178 E3 cycle for comparison with
the certification standards and across biodiesel blends. Real-time measurements were also
made during a typical cruise in the bay. Results showed the in-use nitrogen oxide (NOXx)
and PM;s emission factors were within the not to exceed standard for Tier 2 marine
engines. Comparing across fuels we observed: a) No statistically significant change in
NOy emissions with biodiesel blends (B20, B50); b) ~16% and ~25% reduction of PM s
mass emissions with B20 and B50 respectively; c) a larger organic carbon (OC) to
elemental carbon (EC) ratio and organic mass (OM) to OC ratio with B50 compared to
B20 and BO; d) a significant number of ultrafine nuclei and a smaller mass mean
diameter with increasing blend-levels of biodiesel. The real-time monitoring of gaseous
and particulate emissions during a typical cruise in the San Francisco Bay (in-use cycle)
revealed important effects of ocean/bay currents on emissions: NOy and CO; increased
three-fold; PM25s mass increased six-fold and ultrafine particles disappeared due to the

effect of bay currents - This finding has implications on the use of certification values
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instead of actual in-use emission values when developing inventories. Emission factors
for some volatile organic compounds (VOCs), carbonyls and poly aromatic hydrocarbons

(PAHS) are reported as supplemental data

4.2 Introduction

Several studies®™ across the world indicate that the emissions from sources in ports
adversely affect the air quality in the populated regions around them. These sources
include ocean going vessels, harbor craft, locomotives, cargo handling equipment and
trucks. Though ships are the largest contributors to port emissions, harbor craft form a
significant portion of the inventory. Harbor crafts include ferries, excursion boats,
tugboats, towboats, crew and supply vessels, work boats, fishing boats, barges and dredge

vessels.

Corbett’s study’* on waterborne commerce vessels in the United States shows that ~65%
of the marine nitrogen oxide (NOy) emissions, in the top 20 states with waterborne
commerce, are from marine engines operating on inland waterways. Harbor craft (e.g.,
barges and tow-boats) are the most common commercial vessels operating in these
waterways’?. Furthermore in regions like New York-New Jersey, Boston, or San
Francisco, ferry transportation is a significant contributor to the local emissions
inventory”®™. As a result harbor craft emissions have significant effects on local and

regional air quality even in inland areas.
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Most harbor craft are powered by marine compression ignition engines with a
displacement <30 L cylinder®. Emissions from these engines are regulated by U.S
Environmental Protection Agency’s (EPA) code of federal regulation title 40 parts 85-
94™. Early studies on harbor craft emissions focus on older engines operating on high
sulfur fuels " *. To meet current EPA standards, modern EPA Tier 2 engines are
required to operate on low sulfur (<500ppm S) diesel or ultra-low sulfur diesel (ULSD)

(<15ppm S). However, emissions data Tier 2 marine engines is scarce.

One of the methods to reduce particulate matter (PM) emissions from diesel engines is

the use of biodiesel. Most studies’®®®

on biodiesel fuels focus on engine/chassis
dynamometer tests of on-road engines operating predominantly on transient cycles. These
studies show small increases in NOy emissions and large reductions in carbon monoxide
(CO) and particulate matter (PM) mass emissions with increasing blend-levels of

biodiesel. Research on biodiesel effects on marine diesel engines is limited, with one

study®” showing reductions in both NO, and CO emissions.

This research provides in-use gaseous and PM,s emissions from a modern marine
propulsion engine on a ferry operating on California ultra low sulfur diesel (B0) and
blends of this diesel with biodiesel: B20 and B50. . The paper includes an in-depth
analysis of biodiesel effects on both regulated and unregulated emissions (e.g., elemental
and organic carbon (EC/OC), PM number and size distribution, carbonyls, Cio-Cs

hydrocarbons (HCs), and poly-aromatic hydrocarbons (PAHSs)) Additionally gaseous and
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particulate emissions were monitored during a typical cruise in the San Francisco bay
providing valuable insight into the effects of ocean currents on in-use emissions. These
results have significant implications on the use of certification values for emissions

inventories.

4.3 Experimental Details

4.3.1 Engine Specifications

The harbor craft chosen for this test program has two propulsion and two auxiliary
engines. The tested propulsion engine is a Category 1, four-stroke marine diesel engine
meeting EPA Tier 2 emissions certification. Specifications of the test engine are as
follows: Make/ Model: 2007 Cummins QSK19-M, Maximum Power Rating: 500 hp,

Rated Speed: 1900 rpm, Number of Cylinders: 6, Total Engine Displacement: 18.9 L.

Engine parameters monitored during the testing include engine load and speed, intake air
temperature and pressure, and instantaneous fuel flow. Values were continuously
recorded from the engine’s electronic control module (ECM) using the Cummins Inline 5

adapter and the Insite software Version 7.02.0.362.

4.3.2 Fuels

The engine was operated on three fuels: BO and two blends of a soy-based biodiesel (B20

and B50). Selected fuel properties are provided in Tables 4-1 and 4-2.
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Table 4-1 Certificate of Analysis Provided by Fuel Supplier for B100

Property Method Specification Result
Visual Appearance ASTM D4178 2.0 max 1.0

Acid Number ASTM D554 0.80 max mg KOH g* 0.13 mg KOH g™
Flash Point ASTM D2500 Report °C -1°C

Cloud Point ASTM D93 130 min. °C 189 °C
Water Sediment ASTM D2709 0.050 max %vol 0.000 %vol
Free Glycerin ASTM D6584 0.020 max %vol 0.002 %vol
Total Glycerin ASTM D6584 0.240 max %vol 0.013 %vol
Monoglycerides ASTM D6584 Report % 0.414 %vol
Diglycerides ASTM D6584 Report % 0.095 %vol
Triglycerides ASTM D6584 Report % 0.070 %vol
Sulfated Ash ASTM D874 0.020% max. mass %  0.005 mass %
Carbon Residue ASTM D4530 0.050% max. mass %  <0.005 mass %
Cetane ASTM D613 47 min. 50
ggfr‘;esri::”p ASTMDI30 3 max. 1

Phos Content ASTM D4951 10 max. ppm <1 ppm
Sulfur Content ASTM D4951 0.00-15.00 ppm 1.30 ppm
Kinematic Viscosity =~ ASTM D445 1.90-8.00 mm?s™ 4.08 mm?s*
lll/ilso;;?rr)e (Karl Volumetric Report % 0.014%

Cold Soak Filtration ~ Annex Al 200 s max. 64 s
Oxidative Stability EU 14112 3 hr min. 7.7 hr

Group | Metals EU 14538 6 ppm max. <1.0 ppm
Group Il Metals EU 14538 8 ppm max. <1.0 ppm
Vacuum Distillation ASTM D1160 360°C max @ 90% 362.0 °C




Table 4-2 Selected Fuel Properties

Fuel API Gravity  Density @ 25°C Volume % of
@ 60°F (kg m™) Methyl Ester

BO 37.2 838.4 n/a

B20 35.3 848.1 22.6

B50 33.1 859.0 46.4

4.3.3 Test Matrix

The engine was tested following the steady state load points in the ISO 8178 E3 duty
cycle®. Another steady state mode, idling in gear, was added to the test matrix (Table 4-
3), as this mode forms a significant part of the activity of many harbor craft. The steady
state modes provide information on the in-use emissions factors and comparison of
emissions across fuels and with the certification values.

Table 4-3 Test Matrix

Day Fuel Engine Loads
B50 RT & GS:  94%, 75%,50%,25%, ldle
BO RT & GS:  94%, 75%,50%,25%, Idle
Pt B50 RT & GS:  94%, 75%, 50%, 25%
B20 RT & GS:  94%, 75%, 50%, 25%, Idle
B20 RT & GS:  94%, 75%, 75%, 50%, 25%, Idle
B50 RT & GS:  94%, 75%, 75%, 50%, 25%, Idle
Pay 2 BO RT & GS:  94%, 75%, 75%, 50%, 25%, Idle
B20 RT: Typical cruise of harbor-craft in the bay

Note: RT: Real Time Monitoring and Recording of Gaseous emission, total PM,s mass
emissions, particle size distribution; GS: Grab samples for total and speciated PM,s mass,
carbonyls, Cyg to Csq hydrocarbons, including naphthalene and polyaromatic hydrocarbons, 1,3
butadiene, benzene, toluene, ethylbenzene and xylenes
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The engine was tested while the harbor-craft sailed in the bay. With practical
considerations of field testing, the actual load on the engine differed by up to +5% from

the target load.

Biodiesel blends have lower energy content than diesel; therefore, the maximum
achievable load with B50 was 94% rather than the 100% specified in ISO. To maintain
uniformity and reduce uncertainty in the comparison of emissions across fuels, B20 and

BO were also tested at the 94% load instead of 100%.

Regulatory agencies are moving towards the use of in-use emissions. This research
measured in-use gaseous and PM emissions from the engine during a typical cruise of the
ferry in the San Francisco bay. Since the ferry is normally fueled with B20, the engine

was operated on B20 during the in-use testing.

4.3.4 Emission Measurements
The gaseous and PM, s mass emissions measurements were made using a partial dilution

I°8, Schematic of

system equipped with a single venturi following the 1SO 8178-1 protoco
the test setup is provided in Figure 4-1. Gaseous emissions, NO,, CO and CO,, were
measured in the raw and dilute exhaust. CO, measurements were used to determine the
sample dilution ratio (DR). The CO, DR was verified to be within 10% of the NOy DR
per the ISO protocol. Sampling of PM, s mass, carbonyls, C1o to C3o HCs and PAHSs were

performed in the dilute exhaust. PM,s mass was collected on 47 mm Teflo® filters for

gravimetric analysis, while Pall Tissuquartz filters collected PM, s for subsequent PM
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speciation. TSI’s DustTrak was used on the dilute exhaust to provide a real-time measure

of PM, 5 mass.

‘ fast Scanning Mobility Particle Sizer (fSMPS) 1

DAF : Dilution Air Filter
Air D YT | VN Venturi
DAF SP: SamplingProbe
— EGA
«—I>10d—> ‘ TT : Transfer Tube
EGA: Emission Gas Analyzer
Exhaust T = N B y
SP VN d r—>Vent CFO: Critical Flow Orifice
‘ l — » DustTrak | DNPH:2,4Dinitrophenylhydrazine
At PTFE : Polytetrafluoroethylene
EGA Dilution Tunnel (Teflon)
Y
Cvclone PUF : Poly Urethene Foam
oA [ Cyclone |
Quartz PTFE

A DNPH
Air
PU F-XADQ
/ s
CFO >

To Vacuum Pumps

Figure 4-1 Schematic of Sampling System

Details of sampling and measurement of the following species: Carbon dioxide, nitrogen
oxides, carbon monoxide, total PM, 5 mass, elemental and organic carbon in PM, s mass,
carbonyls, Cyo to Cgp hydrocarbons, naphthalene and poly aromatic hydrocarbons are

provided elsewhere??®. A brief description is given below for convenience.

4.3.4.1 Gaseous Emissions
A Horiba PG-250 five gas analyzer was used for sampling CO,, NOy and CO in the raw
and dilute exhaust. A three point calibration was performed on the gas analyzer at the

start and end of each day of testing. Details of the analyzer are provided in Table 4-4..
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Table 4-4 Details of Horiba PG-250

Component Detector Ranges

Nitrogen Oxides | Heated Chemiluminescence Detector 0-25, 50, 100, 250, 500,
(NOx) (HCLD) 1000, & 2500 ppmv
Carbon Monoxide | Non dispersive Infrared Absorption 0-200, 500, 1000, 2000, &
(CO) (NDIR) 5000 ppmv

Carbon Dioxide Non dispersive Infrared Absorption 0-5, 10, & 20 vol%

(COy) (NDIR)

Sulfur Dioxide Non dispersive Infrared Absorption 0-200, 500, 1000, & 3000
(SO,) (NDIR) ppmv

Oxygen Zirconium oxide sensor 0-5, 10, & 25 vol%

4.3.4.2 Total PM;,s Mass Emissions

PM_s mass was sampled a 2um pore 47 mm Teflo® filters (Pall, Ann Arbor, MI). Net
weight on the Teflo® filters was determined using a Mettler Toledo UMX2 microbalance
following the guidelines in the code of federal regulations®. Before and after sampling,
filters were conditioned for at least 24 hours in an environmentally controlled room (RH
= 40%, T = 25 C) and weighed daily until two consecutive weight measurements were

within 3 pg.

4.3.4.3 Elemental and Organic Carbon in PM,s mass
PM,s mass was also collected on 47mm 2500 QAT-UP Tissuquartz filters (Pall, Ann
Arbor, MI). These filters were preconditioned for 5 hours at 600°C and stored at

temperatures <4°C before and after sampling and analysis. EC/OC analysis on the
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Tissuquartz filters was performed according to the NIOSH method® using Sunset

Laboratories Thermal/Optical Carbon Aerosol Analyzer.

4.3.4.4 Carbonlys

Carbonyls were sampled downstream of the Teflo® filters on 2,4 dinitrophenylhydrazine
(DNPH) coated silica cartridges (Waters Corp., Milford, MA). The flow through the
DNPH cartridges was maintained at 1.7 lit min™ using a critical flow orifice. Sampled
cartridges were extracted using 5ml of acetonitrile and injected into Agilent 1200 series
Liquid Chromatograph (LC) equipped with a Diode Array Detector (DAD) and an LC-
ToF-MS 6210. A 5um Deltabond AK resolution column was used for the analysis. The
LC sample injection and operating conditions were set up according to the specifications
of SAE 930142HP protocol®. Quantification was performed using the ultra violet
spectrum obtained from the DAD. The masses of the target compounds were verified

with the LC-ToF-MS.

4.3.4.5 Cyoto Cyo hydrocarbons, Naphthalene and Poly aromatic compounds

The diluted exhaust was collected through a Tissuquartz filter and into a column packed
with polyurethane foam (PUF)/XAD-4 resin. A portion of the Tissuquartz filter was used
to analyze for the elemental and organic carbon, as described in the previous section.
Both the PUF/XAD-4 cartridge and the remainder of quartz filter was extracted with

methylene chloride and analyzed using a modified method EPA TO13A protocol (GC-
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MS analysis) to determine total emission rates for PAHs and n-alkanes. Details on the

analysis method are found in Shah et al., 2005%*,

4.3.4.6 Organic Mass to Organic Carbon Ratio

After completing gravimetric analysis, the Teflo® filters were sonicated at 60°C for 1hr
15min in 5ml of double distilled water (conductivity 18.2uQ) to extract the water soluble
organic carbon. The water sample was filtered through a 1um Whatman syringe filter to
remove large insoluble particles. These samples were then nebulized and injected into an
Aerodyne High Resolution Time of Flight Aerosol Mass Spectrometer (HR-ToF-AMS)%
operating in the high resolution V-mode®. The OM/OC ratio of aerosol was determined
following the Peak Integration by Key Analysis (PIKA) and Analytical Procedure for

Elemental Separation (APES) template®*,

4.3.4.7 Particle Number and Size Distribution

Particle size distribution (PSD) was measured using a fast Scanning Mobility Particle
Sizer (fSMPS)®. The concentration in the dilute exhaust (DR ~3.0) was too high for PSD
sampling; therefore, a secondary dilution system was installed to provide an overall
dilution of 24 + 2.5. Raw and dilute NOx measurements were used to determine this
overall DR. Data from the fSMPS were also used to determine the effective density of the
PM. Details of the design and operation of the fSMPS are provided elsewhere®. During

this test program the fSMPS was operated in the size range of 7 to 188nm with a five
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second scan time. The instrument was calibrated for size and number using a Tandem

Mobility Particle Sizer (TDMA) and an ultrafine Condensation Particle Counter (CPC).

4.3.4.8 Real-Time PM Mass Emissions

Two instruments were used for monitoring the real time PM mass emissions: fSMPS and
TSI’s DustTrak Aerosol Monitor Model 8520. The DustTrak was sampling from the
primary dilution tunnel while the fSMPS used the secondary dilution. An average
dilution ratio across all the steady state engine load points was used for calculation of the

real-time PM from these two instruments.

The DustTrak provides a real-time mass concentration measurement based on 90° light
scattering principle. It is typically calibrated by TSI using Arizona road dust. During this
test the 2.5um impactor was connected to the inlet of the DustTrak to ensure that the PM
sampled in this instrument matches that collected on the Teflo® filters. Since the
DustTrak is not a reference method for measuring diesel PM, a correlation between the
DustTrak measurements and the total gravimetric PM;,s mass measurements (from the
Teflo® filters) was determined across the steady state modes (Figure 4-2). This
correlation was used to obtain the real-time PM mass concentration from the DustTrak

during the in-use testing.
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To determine the PM mass concentration from the fSMPS, a log normal curve was fit to
the PSD obtained from the fSMPS. The total volume concentration was determined using
the log normal curve. This was then multiplied by the effective density of B20 PM to

obtain the total PM mass concentration.
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Figure 4-2 Correlation between DustTrak PM, s and Gravimetric PM; s for B20

4.3.5 Calculating Effective Density of PM,s Mass

A log normal curve was fit to the PSD and the total volume of the particles was
determined from this fit. Using this particle volume and assuming a particle density of 1 g
cm™® the total mass from the fSMPS was calculated. This assumed fSMPS mass was

plotted versus the total gravimetric PM,s mass obtained from Teflo® filters. The slope of
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the straight line fit to this data gives an estimate of the effective density of the particulate

matter.

4.3.6 Calculating Modal & Overall Emission Factors

The emission factors in g hp™ hr* were calculated using the measured concentration,
calculated exhaust flow and the engine load obtained from the engine ECM. The exhaust
flow in turn was calculated as equal to the intake air flow. Intake air flow was determined
using the manufacturer provided engine displacement along with the following
parameters obtained from the engine ECM: engine speed, inlet air temperature and
pressure. The overall weighted emissions factors in g hp™ hr'* were calculated as per the

1ISO 8178-E3 cycle®’.

43.7 Calculating In-Use Emissions (g hr™)

As mentioned in previous sections the concentrations of NO,, CO and CO, were
measured using the Horiba PG250; PM,s mass concentrations were determined using
TSI’s DustTrak and the fSMPS; PM number concentration and size distribution was
logged using the fSMPS. The emissions in g hr™ were calculated based on the measured
concentration and the calculated exhaust flow. The exhaust flow was calculated as equal

to the intake air flow.
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4.4 Results and Discussion

4.4.1 Steady State Loads

The first stage of this study involved the in-use testing of the propulsion engine on three
fuels BO, B20 and B50 following the steady state load points in the ISO certification
cycle. This testing was used to determine the effect of biodiesel on engine exhaust
emissions as well as to evaluate whether the engine meets the EPA Tier 2 standard in its

real-world application (engines are certified on an engine dynamometer).

4.4.1.1 Gaseous Emissions:
Figure 4-3 shows the overall weighted average emission factors for CO,, NOy and CO.
The modal data is provided in Figure 4-4. Duplicate readings were taken at each load

point. The error bars in the figures indicate the range of measurement.

CO, emissions factors range from 557 to 601 g hp™ hr, typical of four stroke diesel

engines. No significant variation in the CO, emission factors was observed across fuels.

NO, emission factors varied from 5.2 to 5.7 g hp™ hr* across engine loads and fuels. The
measured overall weighted average NO, emission factor 5.33 + 0.04 g hp™ hr* (for BO)
was greater than the manufacturer’s engine family certification value®™ of 4.99 g hp™ hr™.
Summing up the measured NOy emission factor with the manufacture’s certification
value® for total hydrocarbon (THC) emissions of 0.14 g hp™ hr, we get a NO, + THC

emission factor of 5.47 g hp™ hr*. This emission factor is greater than EPA Tier 2
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emissions standard®” for NO, + THC 5.4 g hp™* hr* but lower than the 6.48 g hp™ hr* not

to exceed standard®®,

EEEB0 C—IB20 C—aB50 ——Tier?2 Tier3 —— Manf. Cert.
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Figure 4-3 Overall Weighted Emissions Factors (g hp™ hr™)
Note: Tier 2 & 3 standard shown on the NOx bars are for NOy+THC, Tier 2 and Tier 3 standard for CO are
the same, Manf. Cert.: Manufacturer’s certification of that engine family96
Studies of on-road”®® engines show NO, increases of -5.9% to 6.6% for B20 and 2% to
17% for B50. Roskilly et al., 2008 shows a 1.1 to 24.3% reduction in NOy emissions with
B100 on two marine engines®’. In this study, no statistically significant change was

observed in the NOy emission factor across fuels (t-test p value = 0.96 for B20, 0.38 for

B50).

Modal CO emission factors were <1.0 g hp™ hr? for all engine loads except at 75%
where it was ~2.7 g hp™ hr*. The observed trend (including the 75% load) is consistent

with the data trend obtained for the engine family certification provided by the engine
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manufacturer. The measured overall weighted CO emission factor of 1.84 + 0.04 (for BO)
was almost twice the manufacturer’s engine family certification value® of 0.99 g hp™ hr
but well below the Tier 2 and Tier 3 standard of 3.7 g hp™ hr'. Research on on-road
engines’®® show CO reductions of 3-30% with B20, 18-40% with B50 while one study®’
on marine engines shows small increases (<3.3%) in CO emissions. The weighted
average CO emission factor of the test engine did not change significantly when

switching to B20 (p = 0.92); it did however decrease by 7% with B50 (p = 0.07).

4.4.1.2 Total PM,5 Mass Emissions

The PM,s mass emission factors (Figure 4-5) range from 0.053 to 0.131 g hp™ hr™. The
emission factor at idle was higher (0.164 to 0.214 g hp™ hr!). The weighted average
PM,5 emission factor 0.116 + 0.004 g hp™ hr (for BO) was double the manufacturer’s
certification value® of 0.05 g hp™ hr but less than the Tier 2 PM standard of 0.15 g hp™*
hr*. When operated on B50, the engine attained the Tier 3 PM standard but exceeded the

Tier 3 NOy + THC standard.

The weighted average PM, s emission factor reduces by 16% with B20 and 25% with
B50. On-road engine studies’®® following transient/steady state cycles also show
reductions in PM with biodiesel ranging from 4% to 37% with B20 and 4% to 63% with

B50.
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The modal data for the 1SO load points (25% to 94%) show that the percent reduction in
PM increases with increase in engine load. In fact, at the 25% load point, PM emissions
do not change with B20 and increase by 28% with B50. The percent reductions at idle
(B20 and B50) were similar to that at high engine loads. Chang et al, 1998% observed

similar trends of increasing PM at low engine loads with biodiesel.

4.4.1.3 Elemental and Organic Carbon fractions of PM;,s Mass Emissions:

PM,s emissions from diesel exhaust were speciated into elemental and organic carbon.
The EC emission factors at 1ISO modes range from 0.012 to 0.062 g hp™ hr; the OC
emission factors ranged from 0.040 to 0.071 g hp™ hr™. As expected emission factors at

idle were higher: 0.073 to 0.128 g hp™ hr for EC and ~0.089 g hp™* hr™ for OC (Figure

4-5).
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Figure 4-5 Total and Speciated PM,s Mass Emission Factors (g hp™ hr)
Note: Manf. Cert.: Manufacturer’s certification of that engine family®
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A ~23% reduction in EC was observed with B20 at engine loads <50%. No significant
change was observed at the higher loads. B50 reduced EC by 38% to 53% across all

80. 100 hon-volatile PM® and

loads. Other researchers have observed reductions in soot
EC' with biodiesel blends. OC showed similar trends with B20 and B50: 27% to 33%
reduction at the two highest loads, no significant change at idle and 50%, and an 8%
(B20) and 28% (B50) increase at the 25% load. This behavior of the OC resulted in the
no reduction/increase in PM at the 25% load with B20 and B50 biodiesel blends,
respectively. Chang et al., 1998 observed increases in soluble organic fraction of PM
mass which resulted in increase of PM at low engine loads®™. The overall weighted

average emission factors show: 14% and 42% reduction in EC; 23% and 27% reduction

in OC, for B20 and B50 respectively.

PM, 5 mass from BO and B20 had similar OC/EC ratios: ~2.5 at 25% load and ~1.0 at all
other loads. PM, s mass from B50 had a higher OC/EC ratio: ~ 4.5 at 25% load and ~1.4

at other loads. Previous research has also shown increased OC/EC ratios'®, soluble

83, 99-100 80, 84, 102

organic fractions and volatile organic fractions of PM mass with biodiesel

content.

A high resolution Time of Flight Atomic Mass Spectrometer (ToF-AMS) was used to
estimate the OM/OC ratio of the water soluble organic fraction of PM mass. The OM/OC
ratio in the PM,s mass increased from ~1.22 (BO) to ~1.36 (B50) with increasing

biodiesel blends. Other studies have shown/used similar OM/OC ratio of 1.2 to 1.3 for
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diesel particulate’®%, Using the measured OM/OC factor, OM was determined for each
sample point. An excellent correlation (r* = 0.99) was obtained between total gravimetric
PM,5s mass and the sum of EC and OM for all three fuels (Figure 4-6). The total PM;s
mass was found to be 10% less than the sum of the EC and OM. This can be attributed to

the positive adsorption artifact of Tissuquartz filters used for the carbon analysis'®*%.
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Figure 4-6 PM, s Mass Balance

4.4.1.4 PM Size Distribution

Figures 4-7 and 4-8 show the particle size distribution (PSD) for all three fuels across all
engine loads. The number concentration curves in these figures represent seven minute
averages of fSMPS data. The dN/dlogDp standard deviation (not shown) was +10%.

VVolume concentration curves show a log normal fit of instrument data.
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All three fuels show particles in the accumulation mode with number electrical mobility
mean diameters ranging from 63-82 nm at the 1ISO modes and 89-99 nm at Idle (Figures
4-7 and 4-8). The accumulation mode particles primarily consist of carbonaceous soot
agglomerates formed during direct combustion'®. Particles in this mode are the primary
contributors to the total PM,s mass. Results show reductions in the volume mean
diameter and total number concentration in the accumulation mode with increasing
biodiesel blends. This is consistent with trends seen in gravimetric PM, s mass emissions.
Other researchers have observed a similar trend of particle size and number reduction in

accumulation mode with biodiesel*%"1%,

Nucleation mode particles (<50nm) consist primarily of volatile hydrocarbon and sulfate
particles'® along with some non-volatile ash/carbonaceous particles®” *®. Since fuels
used in this program had <15ppm of sulfur, it is reasonable to assume that most of the
nuclei will be formed by volatile hydrocarbons. The formation of these nuclei is very
sensitive to sampling and dilution conditions'*. Dilution conditions were kept constant
during the test program, to help provide a robust dataset for comparative analysis across
fuels and engine loads. Bimodal PSDs with nucleation mode particles in 14-26 nm range
were observed with BO and B20 at the 25% engine load and with B50 at all loads
(Figures 4-7 and 4-8). As discussed earlier, these engine load/fuel conditions had a higher
OC/EC ratio. This indicates that there may not be sufficient solid carbonaceous

agglomerates to adsorb volatile hydrocarbons, thereby facilitating the formation of fresh
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The curves represent averages over a 7 min sample time. Standard deviation of measurement over the 7 minute period were +10%
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nuclei. This theory is corroborated by previous research'

that suggests suppression of
the nucleation mode by adsorption of volatile hydrocarbon on the solid carbonaceous
agglomerates in the accumulation mode.

Laboratory studies!® 107108 111

on PSD from diesel engines show similar bimodal
distribution with biodiesel and biodiesel blends. These studies also observe an increase in
particle number concentration in the nucleation mode and reduction in the accumulation
mode with increasing blends of biodiesel. This study confirms the finding for an in-use

marine engine showing a 1.7 to 3.5 times increase in the total particle number with B50

compared to BO.

Studies™***3 on health effects of nanoparticles suggest that smaller particles have
increased biological activity because of larger specific surfaces. This indicates a need for
further research on the nature and health effects of these nucleation particles formed by

diesel versus biodiesel.

PM from BO (volume mean diameter ~212nm) was found to have an effective density of
0.53. Park et al, 2003"** observed a similar effective density of 0.39 to 0.55 for diesel PM
having a mobility mean diameter of 220nm. B20 and B50 PM show effective densities of
0.49 and 0.77 respectively (Figure 4-9). The increase in effective density with B50 can be
attributed to a reduction of particle mean diameter*** and increase in the OC/EC ratio

(indicative of a larger semi-volatile OM fraction) with biodiesel PM. (Semi-volatile OM
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can be adsorbed into the surface and voids of the carbonaceous agglomerate particles

making them more dense.)
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Figure 4-9 Density-Shape Factor of Diesel/Biodiesel PM

4.4.1.5 Carbonyls

The total carbonyl emission factor varied from 0.005 to 0.065 g hp™ hr* across engine
loads and fuels (Figure 4-10). These values are in line with carbonyl emission factors
observed by other researchers'® 57 These emissions were the lowest at the 75%
engine load and highest at Idle. Formaldehyde and Acetaldehyde were the most
significant fractions accounting for >75% of the total carbonyls. Studies on biodiesel

effects on carbonyl emissions show varied results. Some®?? 1° 118119 gaa an increase in
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116-117

carbonyl emissions with increasing biodiesel blends, few others show reductions

and one study?°

shows increase in formaldehyde along with a reduction in acetaldehyde.
In this study, no statistically significant changes (p<0.05, 95% confidence limit) were
observed in the total carbonyl emissions with increasing blends of biodiesel, except at the
94% engine load. At this load B20 had no effect but the total carbonyl emission factor

doubled for B50.
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Figure 4-10 Carbonyl Emission Factors

4.4.1.6 Cyoto Cy Hydrocarbons, Naphthalene & Poly Aromatic Hydrocarbons
Total gas and particle phase emissions factors for the Cip to C3 HCs and PAHSs are
provided in Figure 4-11. Emission factors of these compounds are similar to those

reported in other studies'*>**® !, No significant trends were seen across fuel types. A
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larger variation in emissions was observed at Idle probably due to changes in engine load
(31kW for B0, 28kW for B20 and 45kW for B50). Previous studies™> ™% 121123 gn on-

road engines have shown a reduction in PAH emissions with biodiesel.
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Figure 4-11 Cy, to C3y Hydrocarbons, Naphthalene and Poly-Aromatic Hydrocarbons

4.4.2 In-Use Cycle
Engine certification cycles are not always representative of the activity of the engine in
its real world application. As a result regulatory agencies are moving towards

establishing in-use duty cycles to improve the accuracy of emissions inventories.
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During this study, an attempt was made to understand the actual in-use emissions of the
propulsion engine on the ferry during its standard operation. For this purpose, gaseous
and PM emissions were monitored on a second by second basis during a typical cruise in
the San Francisco Bay. The engine was operated on B20, the fuel used on the vessel for
daily operations. The ferry sailed from the San Francisco pier to the Golden Gate Bridge
to Alcatraz and back (Figure 4-12 a). The direction of the bay/ocean currents was

outward from the pier to the bridge.

A real-time trace of the gaseous and PM, s emissions in g hr* is shown in Figure 4-12 b.
Total PM, 5 emissions obtained using the fSMPS and DustTrak were in good agreement.
The bay current had a significant effect on the engine load during the cruise. Though the
boat was sailing at a constant speed, the engine load was 30% when the ferry sailed from
the pier to the bridge, 85% from the bridge to Alcatraz and 66% from Alcatraz back to
the pier. Comparing emissions from the pier to the Golden Gate Bridge to those from the
bridge to Alcatraz we found a three-fold increase in NOy and CO,, a thirteen-fold
increase in CO and a six-fold increase in the total PM, s mass emissions. The differences

in these values would make a significant change in the inventories.

The effect of ocean current, which translates to change in engine load, is also seen in the
real-time PSD (Figure 4-12 c). The bulk of particles are found in the 75-80 nm range, the
total number varying as a result of the engine load. During the journey from the pier to

the bridge a large number of ultrafine particles (~17nm) were seen because the engine
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was operating at a low load (near 25%) where the OC/EC ratio is high enough to induce

nucleation.

This analysis clearly shows that the effect of ocean currents is a major factor that needs to
be considered during the development of emission inventories and in-use measurements

provide the necessary data for accurate inventories.
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5 Protocol Development and Use for Determining the Benefits of a Hybrid Tug

5.1 Chapter Summary

Modern mobile sources are expected to simultaneously reduce emissions of criteria
pollutants, toxics and greenhouse gases. One common technological solution available
today is hybrid technology. The in-use emissions benefits of replacing a conventional tug
boat with a hybrid one was quantified by performing a side by side comparison. A
continuous data-logging system capable of monitoring the energy systems on the tugs
while they performed similar operations (shore power, dock, transit, standby, barge move
and ship assist) was utilized to determine the weighting factors for each tug operating
mode and engine histograms of the four EPA Tier 2 tug diesel engines. The average
operating loads of these engines were found to up to 83% lower than the load factors
specified in the certification cycles highlighting the need for development of in-use duty
cycles. The second stage was an emissions testing program that established the emission
profiles of these engines. These profiles were coupled to actual engine histograms and
weighting factors to calculate overall in-use emissions of each tug. Significant reductions
of 73% for PM,s, 51% for NOy and 27% for CO, were observed with the hybrid
technology. The bulk of the overall reductions were found to occur in the transit mode.
The hybrid tug’s energy management system that directs the use of auxiliary power for
propulsion was found to be the primary cause for emission reductions as opposed to the
energy storage device. The CO, reductions were in good agreement with the eight month

fuel savings measured by the tug owner. The activity and emissions based model
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developed in this research can be used to estimate the benefits of various scenarios,

including retrofits of existing tugs.

5.2 Introduction

Modern mobile sources are required to simultaneous reduce criteria pollutants, toxics and
green-house gas emissions thereby addressing the issues of air quality, energy
sustainability and global climate change. One prevalent technology solution to achieve
this goal is the use of two or more propulsion sources also known as hybrid technology.
A common application of hybrid technology today is passenger vehicles. Hybrid diesel

4124

electric systems have been used in submarines as early as 1904°“". More recently several

125-129

emerging hybrid technologies that harness power from water, wind and sun are

being implemented on boats and even large ships.
Calculating the emissions benefits of a hybrid technology is quite challenging®*™** as
they operate quite differently from conventional technology. Test protocols developed for

conventional systems have to be adapted appropriately based on application™****,

Several researcherst*®**°

are evaluating hybrid systems in their real world applications
instead of engine dynamometers. The common thread in developing new test protocols is

to ensure that energy used from multiple sources is properly accounted for.

The goal of this research was to develop and implement an activity based approach that

quantifies the benefits of using diesel electric hybrid system on a tug boat using a three
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step process. First the in-use activity of the conventional and hybrid tug boat was
established and engine histograms and weighting factors were identified for each tug.
Secondly, the gaseous (nitrogen oxide NOy and carbon monoxide CO,) and particulate
matter (PM2s) emissions from the main and auxiliary engines on the tug boats was
measured to: a) verify that each engine met the EPA Tier 2 standard during typical
operation and b) determine the emissions profile for these engines. Finally, the activity
and emissions data were combined to determine the differences between total emissions

from the hybrid and conventional tug boat.

5.3 Experimental Methods

5.3.1 Test Boats

Two tugs were chosen, one conventional and the other hybrid, operating in the San Pedro
bay ports (Table 5-1). Both tug boats have four EPA Tier 2 certified diesel engines - two
main propulsion engines and two auxiliary generators (Tables 5-2 and 5-3). Besides
these, the hybrid tug has two soft-gel lead acid battery arrays. Each array has sixty-three

batteries with a total energy capacity of 170.1kW-hr at full charge.
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Table 5-1 Tug Boat Specifications

Tug Boat Conventional Hybrid

Gross Ton 144 144

Length 78’ 78’

Breath 34’ 34’

Height 14° 14

Rated Horsepower 5,580 5,000

Bollard Pull 134,000 124,000

Propeller Two US 205 FP Rolls Two Rol!s Royce US_205
Royce ASD Azimuthing Stern Drives

Main Engines Two CAT 3512 C Two Cummins QSK50

Auxiliary Engines Two JD 6081 Two Cummins QSM11

5.3.1.1 Conventional tug (CT)

Both 1902 kW main engines are connected by a mechanical drive shaft to a single
propeller. Therefore, both main engines must be operated to move and maneuver the tug.
The 195 kW auxiliary engines provide power for the winch motor and other hotelling
requirements.

Table 5-2 Engine Specifications for Conventional Tug

Main Engine Auxiliary Engine
Manufacturer /Model CAT 3512C John Deere 6081 AFM75
Manufacture Year 2008 2008
Technology 4-Stroke Diesel 4-Stroke Diesel
Max. Power Rating 1902 kW -
Prime Power - 195 kw
Rated Speed 1800 rpm 1800 rpm
# of Cylinders 12 6
Total Displacement 58.6 lit 8.1 lit
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Table 5-3 Engine Specifications for Hybrid Tug

Main Engine Auxiliary Engine
Manufacturer /Model Cummins QSK50 M Cummins QSM11
Manufacture Year 2007 2007
Technology 4-Stroke Diesel 4-Stroke Diesel
Max. Power Rating 1342 kW -
Prime Power - 317 kWm
Rated Speed 1800 rpm 1800 rpm
# of Cylinders 16 6
Total Displacement 50 lit 10.8 lit

5.3.1.2 Hybrid Tug (HT)

Energy from the main engines, auxiliary engines and batteries can be used for propulsion.
As a result the main engines have a 29% lower power rating and the auxiliary engines
have a 63% higher power rating when compared to the CT. A schematic of the drive-train
on the HT is provided in Figure 5-1. Briefly, the main engines on the HT are linked
mechanically to the propellers. One motor-generator unit is mounted between the shaft of
each engine and propeller. These units allow the use of battery and auxiliary power for
propulsion. They also provide regenerative power from freewheeling propellers and main

engines for charging batteries, operating the winch motor and hotelling.

The batteries during these tests were predominately charged by the auxiliary engines.

(They have the capability of being charged by shore power; however, during this test
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program sufficient shore power was not available.) The HT has an energy management
system that determines which power sources to use during tug operation. The captain on
the HT uses a switch in the wheelhouse to communicate the tug operating mode (dock,

transit, standby or assist) or load requirements to the energy management system.

5.3.2 Activity and Emissions Based Approach
An activity and emissions based approach was developed to determine the in-use
emission benefits of the HT. A step by step description of the approach is provided

below.

The emission benefits of a hybrid tug is calculated as follows

TE.~TEp
TE,

Emission Reduction % = x 100 Equation 5-1

where, TE. is the total in-use emissions for CT in g hr* and TE, is the total in-use

emissions for HT in g hr™.

The total in-use emissions TE of any gaseous or particulate matter species in g hr?, is
calculated as a linear combination of the weighting factors on emissions for each

operating mode:

TE = Yi—q[W; Xj241(Ey)] Equation 5-2

where, n is the total number of tug operating modes, m is the the total number of engines

on the tug, W; is the weighting factor for it" tug operating mode (Equation 3) and E;;is
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the total in-use emissions in g hr* from the jt* engine for the it" tug operating mode

(Equation 4).

The modes of operation of a typical tug were determined as follows:
Shore Power: The tug is at dock plugged into shore power for its utilities. None of the

engines are operating during this mode.

Dock: During this operation the tug is at dock with one auxiliary engine powering the
lights and air-conditioning. The HT switches between the auxiliary engine and batteries

during this mode. The state of charge of the batteries arrays are maintained above 60%.

Standby: In this mode the tug is idling in the water waiting for a call to start or transit to a
job. The CT operates two main and one auxiliary engine during while the HT switches

between the batteries and one auxiliary engine.

Transit: This mode refers to the movement of the tug between jobs and to and from
different docks. The CT boat operates two main and one auxiliary engine. The HT uses
batteries and one auxiliary engine for slow speeds (<6.0 knots) and two auxiliary engines

for higher speeds.

Ship Assist and Barge Moves Tug boats typically perform two kinds of jobs in the ports:

1) assisting ships from berth to sea and vice-versa and 2) moving barges from one

83



location to another. The CT operates two main and one auxiliary engine while the HT

operates all four engines for a job.

The weighting factor for each tug operating mode is calculated as follows:

t;

Wi:

Equation 5-3

total

where, W; is the weighting factor for the it" tug operating mode, ¢t; is the time spent by

the tug in the i*" tug operating mode and t,,.; is the total sample time for the tug.

To determine the total in-use emissions from each engine on the tug the following

equation can be used:

Eij = X¢_[WLix ELy)] Equation 5-4
where, E;; is the total in-use emissions in g hr! from the jt" engine for the it tug
operating mode, p is the total number of operating modes for the j* engine. These
modes are based on the % of maximum engine load: off, 0 to <10%, 10% to <20%, 20%
to <30%, and so on until 90% to <100% and 100%, WL,jy, is the fraction of time spent by
the jt" engine at its k" operating mode during the i* tug boat operating mode (obtained

from the engine histogram) and ELj,, is the emissions in g hr for the jt" engine at its kt"

operating mode (obtained from the engine’s emission profile).

Based on guidelines provided in the hybrid electric vehicle testing protocols of the
Society of Automotive Engineers** (SAE) and California air resources board*** (CARB),

the state of charge of the batteries at the end of each sample period, used for developing

84



engine histograms of the HT, was returned to original state of charge at commencement
of the sample period. This helps to eliminate biases in emissions caused by the use of the

auxiliary engine for charging the batteries.

To use this activity based approach, testing was performed in two stages. The first stage
involved one month of data logging on each tug to establish tug operating mode
weighting factors and engine histograms. The second stage was two phase in-use
emissions testing program of engines on the tugs to determine their emissions profiles.

Details of the testing procedures and calculations are provided in the following sections.

5.3.3 Data Logging Procedure

A Labview program was developed to interface with four electronic control modules
(ECMs), a GPS and batteries to continuously retrieve and store engine operating
parameters. Table 5-4 lists the details of the devices used for interfacing between the
power sources and the data logger along with the parameters that were logged.
Schematics of the data-logging setup are provided in Figures 5-2 and 5-3. Briefly, the
data logger was placed on the workbench in the engine room. Data from the main and
auxiliary engine ECMs were obtained using four Dearborn Protocol Adapters. These
Dearborn adapters were powered by engine startup batteries. A Garmin GPS was
installed on the top of the mast on the tug boat to provide data on location and speed of
the tug. An event logger (a circular switch with an analog output) that provides

information on the operating mode of the tug was installed in the wheelhouse of the CT.
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Table 5-4 Details of Data Logger

CT | HT | Devices Used Parameters Logged

GPS v V' | e Garmin GPS 18 PC receives wireless signal from satellite | Date, Time, Latitude, Longitude, Speed,

and transmits it through a serial port to the data logger Course
Two main | V V' | o 4 Dearborn Protocol Adapters Model DG-DPAIII/i that | Engine speed (rpm), Engine load (% of
propulsion receives J1939 signal from the engine’s electronic control | max load at the engine speed),
engines module (ECM) instantaneous fuel flow rate (cc min™),
and two e 4 Dearborn Protocol Adapter cables (DG-J1939-04- inlet manifold temperature (°F) and
auxiliary QABLE) that convert the J1939 signal to serial/RS232 pressure (kPa)
engines signal, . L

e One USB2-4COM-M that receives 4 serial signals and

transmits them through one USB port to the data logger
Event v x| @ Omega’s USB-1608FS box that receives five analog from | Operating modes: Dock, Standby, Slow
Logger the event logger located in the wheelhouse and transmits | Transit, Fast Transit and Assist

them through a single USB cable to the data logger
Wheel x V| 5 Philmore 86-124 (24 vDC, 10 A) SPDT relays convert | Operating Modes: Shorepower, Dock,
house the signals from wheelhouse switch to digital voltage Standby, Transit, Fast Transit, Assist
Switch signals.

e Omega’s USB-1608FS box receives these five digital

signals from the relays and transmits them through a

single USB cable to the data logger.
Battery X N e Omega’s USB-1608FS box that receives six analog State of charge, voltage in volts and current
Arrays signals from the battery arrays and transmits them in amps for each battery array.

through a single USB cable to the data logger.

CT: Conventional Tug, HT: Hybrid Tug
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Captains were provided with instructions on operating the switch. As mentioned in the
earlier the HT had a wheelhouse switch that communicates the operating mode to the
energy management system. Signals from this switch were transmitted to the data logger.
Also analog signals indicating the voltage, current and state of charge of the battery
arrays were obtained from the energy management system. Remote access to the data-
logger using VNC server and client application was provided by the tug company. The
port engineer uploaded the CSV data files and scanned copies of the tug’s paper logs on a

weekly basis to a FTP site.

Table 5-5 shows the test matrix for the data-logging procedure. Activity data was
collected for a total time of ~34 days on the CT, ~48 days on the HT and ~1.5 days on the

HT with the batteries disconnected from the drive train.

Table 5-5 Test Matrix for Data Logging

Tug Boat Start Time End Time

Conventional 1/8/2010 17:04:41 2/12/2010 13:10:22

3/4/2010 17:24:32 3/21/2010 4:59:58

3/26/2010 14:45:40  4/2/2010 10:30:53

Hybrid 4/30/2010 8:19:46 5/11/2010 11:53:23

5/19/2010 9:52:13 5/24/2010 8:14:29

6/8/2010 10:02:04 6/17/2010 12:22:25
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5.3.4 Calculating Operating Mode Weighting Factors

Using the paper logs, GPS data and engine data the operating mode signals from the
even-logger switch on the CT and the wheelhouse switch on the HT were verified and
corrected wherever necessary. A Python 2.6 code was written to read the corrected CSV
data files and calculate the total time spend by each tug in the different operating modes.
Following Equation 4-3 from the main article the weighting factor for each tug operating

mode was calculated as the ratio of the time spent in that mode to the total sample time.

5.3.5 Calculating the Engine Load

The CSV data files obtained from the data logger had information on engine speed in rpm
and engine load as a percentage of the maximum load at that engine speed. The auxiliary
engines are constant speed engines, so the percentage load obtained from the ECM was
multiplied by the maximum rated power of the engine to determine the engine load. The
main propulsion engines are variable speed engines. For these engines the percentage
load obtained from the ECM was multiplied by the maximum load at that engine speed.
This maximum load was obtained from the lug curves provided by the respective engine

manufacturers.

Engine ECMs do not measure the actual load on the engine. They use an algorithm to
estimate the load. This proprietary algorithm varies from one manufacturer to another.
Engine ECMs typically provide good load estimates at high loads and deviate from actual
numbers at lower loads. This is particularly true for marine engines whose ECMs are not

regulated.
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The ratio of the carbon-dioxide (CO,) emissions to the load on the engine is an indication
of its thermal efficiency. Since this efficiency tends to be relatively constant across the
entire range of engine operation, we would expect a straight line relationship between the
engine load and the CO, emissions. Significant deviations from a straight line

relationship will be indicative an errors in the ECM load readings.

Figure 5-4 show plots of engine ECM load versus the measured CO, emissions in kg hr*
(from Emissions Testing Phases 1 & 2) for one auxiliary and one main engine on each
tug. A good straight line correlation is observed for all but one engine. Therefore a load

correction was applied to this engine, details of which are provided below.

5.3.5.1 Load Correction for Main Engine on Conventional Tug

In the case of emissions testing Phases 1 and 2, the engine load for the main engine on
the CT for the low loads <25% of the maximum rated power were calculated using the
measured CO, emissions in g hr and the equation for fit to the ECM load versus CO,

emissions provided in Figure 5-4 A.

The data-logger however, collects only engine speed and percentage load data from the
ECM and not real-time CO, emissions data. Therefore the equation of the straight line fit
cannot be used to correct activity data. Corrections to the activity data can be made only
based on the engine speed. So, a correlation was developed between the CO; corrected

engine load and engine speed (Figure 5-5) was used to calculate the load on the CAT 3512
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main engines for speeds below 1300rpm. For all higher speeds, the percent load obtained

from the ECM was used.
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5.3.6 Developing Engine Histograms
The calculated loads of the main and the auxiliary engines were then split into twelve

bins as shown below:

Bin Off Engine is Off
Bin 1 0 to <10%
Bin 2 10 to <20%
Bin 3 20 to <30%
Bin 4 30 to <40%
Bin 5 40 to <50%
Bin 6 50 to <60%
Bin 7 60 to <70%
Bin 8 70 to <80%
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Bin 9 80 to <90%
Bin 10 90 to <100%

Bin 11 100%

A Python 2.6 code was written to calculate the total time spent by the engine in each bin
for each operating mode. The fraction of time spent by the engine in any bin for a
particular operating mode was calculated as the ratio of time spent in that bin to the total
time spent by the boat in that operating mode. These fractions were then plotted to get the
engine histograms at each operating mode. While calculating the engine histograms for
the HT care was taken to ensure that the state of charge of the battery at the start and end

time of each sample period was the same.

5.3.7 Calculating the Average Load required for a Tug Operation

For the CT, the total energy used in kW-sec for each operating mode during the data
logging period was obtained by summing up the kWs on all four engines for every
second of time spent in that operating mode. This value was then divided by the total
time spent in that operating mode to get the average load needed to perform that

operation.

On the HT, the energy from the batteries was also taken into account. The following

equation was used to calculate the energy in kW-sec drawn from each battery array.

Epattery = (SOCgpqre — SOCopng) X 170.1 X 3600 Equation 5-5
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where, Epqttery IS €nergy drawn from or into the battery array, SOCsq, is state of charge

of the array at the start of the chosen sample time, SOC,,,4 is state of charge of the array
at the end of the chosen sample time, 170.1 is the total energy content of the battery array

in KW hr and 3600 is the number of seconds in an hour

The average load required to perform a particular operating mode on the HT was
calculated as the sum of the total energy drawn from all four engines and two battery

arrays during that operation divided by the total time spent in that operating mode.

5.3.8 Emissions Testing

Each tug has two main and two auxiliary engines. Since the main engines on each tug
were the same make, model and manufacture year only one main engine on each tug was
tested for emissions. The same was done for the auxiliary engines, only one auxiliary
engine was tested on each tug. The engine specifications of the test engines are provided
in Tables 5-2 and 5-3. All four test engines were operated on the normal fuel of
operation, red dye ultra low sulfur diesel during emissions testing. Table 5-6 provides
selected properties of fuel samples obtained from the tugs. Emission testing was
performed in two phases (Test Matrix Table 5-7). Schematics of the sampling systems for

each phase are provided in Figures 5-6 and 5-7.
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Table 5-6 Selected Fuel Properties

API Gravity @60 °F ASTM D4052 38.2 38.7
Specific Gravity @50 °F ASTM D4052 0.8338 0.8316
Density @ 15.525 °C (kg m™) ASTM D4052 0.8333 0.8311
Sulfur, ppm ASTM D 2622 9.2 17.4
Carbon wt% ASTM D 5291 86.14 86.02
Hydrogen % ASTM D 5291 13.56 13.60

Table 5-7 Test Matrix for Emissions Testing

Tug Boat

Conventional

Engine Date Engine Speeds (rpm)/ Load (% max)
Emissions Testing Phase 1 |

JD 6081 01/14/10  RT &ISO:  75%,50%,25%, 10%

CAT 3512C 01/15/10 RT & I1SO:  100%,75%,50%,25%, Idle

Hybrid

Cummins QSM11  03/03/10 RT & ISO:  75%, 50%, 25%

Cummins QSK50  03/04/10 RT & I1SO:  100%, 75%, 50%, 25%, Idle

Emissions Testing Phase 2

Conventional

RTP: 1780, 1655, 1542, 1434, 1301, 1142,

CAT 3512C 07/08/10 1000, 900, 800, 700, Idle

Hybrid

Cummins QSM11 06/08/10  RTP: 75%, 60%, 50%, 40%, 25%, 20%

RTP: 1780, 1700, 1600, 1525, 1424, 1300,

Cummins QSK50  06/08/10 1142, 1050, 950, 850, 750, Idle

Note: RT- Real Time Monitoring and Recording of Gaseous Emissions, 1SO- Filter Samples taken in
accordance with ISO 8178-4 E3/D2 cycles, RTP- Real Time Monitoring and Recording of Gaseous and

PM Emission
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5.3.8.1 Emissions Testing Phase 1

The goal of Phase 1 of testing was to establish if the engines meet the EPA Tier 2
standard when in-use. For this purpose gaseous (CO, and NOy) and particulate matter
(PM_5) emissions measurements were made based on the ISO 8178-1 protocols. The
main engine was tested following the load points in the ISO 8178-4 E3 while the
auxiliary engine was tested based on the 1SO 8178-4 D2 cycle. The steady state load
points on the main engines of both tugs and the auxiliary engine of the HT were achieved
by pushing against a pier. The auxiliary engine on the CT typically operated at a load of
10-12% of its maximum rated power. A load bank was used for testing the higher load
points. Due to practical considerations the actual load on the engines could differ by +5%
from the target load. Also some loads in the test cycles could not be achieved.

Details of sampling and measurement of the gaseous and PM, s measurement methods are

provided elsewhere? 2. A brief description is given below for convenience.

Gaseous Emissions: A Horiba PG-250 five gas analyzer was used for sampling CO,, NOy
and CO in the raw and dilute exhaust. A three point calibration was performed on the gas
analyzer at the start and end of each day of testing. Details of the analyzer are provided in

Table 5-8.
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Table 5-8 Details of Horiba PG-250

Component Detector Ranges

Nitrogen Oxides (NOX) Heated Chemiluminescence  0-25, 50, 100, 250, 500, 1000,

Detector (HCLD) & 2500 ppmv
. Non dispersive Infrared 0-200, 500, 1000, 2000, &
Carbon M de (CO )
arbon Monoxide (CO) Absorption (NDIR) 5000 ppmv

Non dispersive Infrared

Carbon Dioxide (CO,) Absorption (NDIR)

0-5, 10, & 20 vol%

. Non dispersive Infrared 0-200, 500, 1000, & 3000
Sulfur Dioxide (SO . ’ ’ ’
ulfur Dioxide (SO2) Absorption (NDIR) ppmv
Oxygen(O,) Zirconium oxide sensor 0-5, 10, & 25 vol%

PM,s Emissions: A partial dilution system with a single venturi was used for PM
sampling. Dilution ratio was calculated as the ratio of the CO, concentration in the raw
exhaust to that in the dilution system. This dilution ratio was verified to be within 10% of
the dilution ratio calculated from NOy concentrations. PM,s mass was sampled on two
parallel filters - 2um pore 47 mm Teflo® filters (Pall, Ann Arbor, M1) and 47mm 2500

QAT-UP Tissuquartz filters (Pall, Ann Arbor, Ml).

The Teflo® filters were used for gravimetric analysis. Net weight on the these filters was
determined using a Mettler Toledo UMX2 microbalance following the guidelines in the
code of federal regulations®®. Before and after sampling, filters were conditioned for at
least 24 hours in an environmentally controlled room (RH = 40%, T = 25 C) and weighed

daily until two consecutive weight measurements were within 3 pg.
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The Tissuquartz filters were preconditioned for 5 hours at 600°C and stored at
temperatures <4°C before and after sampling and analysis. Elemental Carbon (EC) and
Organic Carbon (OC) analysis of these filters was performed according to the NIOSH

method® using Sunset Laboratories Thermal/Optical Carbon Aerosol Analyzer.

5.3.8.2 Emissions Testing Phase 2

The goal of this phase was to determine the emissions profile of the test engines over
their entire operating range. The auxiliary engine on the CT always operated at a steady
load of ~12%. Since this load point was already tested during phase 1 this engine was
not tested again. The other three engines were tested at several steady state loads
including the ones from Phase 1 to a good idea about the varying of gaseous and PM; s
mass emissions as a function of engine load. As in the case of Phase 1, the load points
were achieved while pushing against the pier. Gaseous measurements were once again

made using a Horiba PG-250.

A simple partial dilution system (Figure 5-7) was used for measuring the real-time PM
emissions using TSI’s DustTrak. The ratio of the CO, concentrations in the raw versus
the dilute was used to determine the dilution ratio for these PM measurements. The
DustTrak provides a real-time mass concentration measurement based on 90° light
scattering principle. It is typically calibrated by TSI using Arizona road dust. A 2.5um

impactor was connected to the inlet of the DustTrak to ensure that the PM sampled in this
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instrument matches that collected in Phase 1 of testing. Since the DustTrak is not a
reference method, these real-time PM,s measurements were used only to determine the

trends in the PM concentration as a function of load.

5.3.9 Determining Exhaust Flow Rates

5.3.9.1 Intake Air Method

This method is widely used for calculating exhaust flow rates of diesel engines. It
assumes that the engine is an air pump, so the flow of air into the engine will be equal to
the exhaust flow out of the engine. The flow rate of intake air is determined from engine
speed, inlet air temperature and pressure and the engine displacement. Engine speed and

inlet air temperature and pressure are obtained from the engine ECM.

5.3.9.2 Carbon Balance Method

The method is used when the fuel flow rate is known. Since almost all the carbon in the
fuel goes to CO, emissions, we can assume that all of the carbon in the fuel is converted
to CO, in the exhaust. The exhaust flow rate can be calculated using the fuel flow rate

readings from the ECM along with the measured CO, concentrations.

The engine ECMs of the auxiliary engine on the HT (Cummins QSK11) and main
engines on both tugs (CAT 3512C, Cummins QSK50 M) provided engine speed and
intake air temperature and pressure readings. Therefore exhaust flow rates for these

engines were calculated using the intake air method. The calculated exhaust flow rates for
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the main engines were found to be in good agreement with that provided by the engine
manufacturer. Personal communication with the engine manufacturer revealed that the
calculated flow rates for the auxiliary engine on the HT were significantly larger than the
manufacturer’s numbers due to issues with the intake air pressure readings. Therefore, for
this engine alone the exhaust flow measurements provided by the manufacturer were

used.

The data-logger was unable to retrieve the intake manifold temperature and pressure data
from the ECM of the auxiliary engine on CT. Only engine speed, load and instantaneous
fuel flow data were obtained. Since, the engine manufacturer did not provide any exhaust
flow data; exhaust flow calculations for this engine were performed following the carbon

balance method.

5.3.10 Calculating of Emissions in g hr

Mass emissions of CO, and NOy in g hr* were calculated using the calculated exhaust
flows and the measured concentrations in the exhaust. In the case of PM,s mass
emissions, the concentration in the dilute exhaust was calculated as a ratio of the
measured filter weight to the total sample flow through the filter. This was then converted
to a concentration in the raw exhaust by multiplying with the CO, dilution ratio. This raw
PM,s concentration was used along with the exhaust flow to determine the mass

emissions in g hr.
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5.3.11 Calculating Modal and Overall Weighted Average Emission Factors

The emission factor at each mode is calculated as the ratio of the calculated mass flow (g
hr'!) in the exhaust to the reported engine load (kW). An overall single emission factor
representing the engine is determined by weighting the modal data according to the I1SO
8178 E3 or ISO 8178 D2 cycle requirements and summing them. The equation used for
the overall emission factor is as follows:

A _ Yi1(gixWFy)
wM — Yie1(PixWF;)

Equation SI-2

Where Ay, is the overall weighted average emission factor in g kW™ hrt, n is the total
number of modes in the ISO duty cycle, g; is the calculated mass flow in g hr* for the it"
operating mode, WF; is the weighting factor for the for the i*" operating mode and P; is

the engine load in kW for the i" operating mode

5.4 Results and Discussion

5.4.1 Tug Operating Mode Weighting Factors

Figure 5-8 shows the observed individual and average tug operating mode weighting
factors. Individual weighting factors for all operating modes were similar (Tables 5-9 and
5-10). On an average the dolphin class tug spends about ~54% of its total operating time
at dock (including shore power), ~7% in standby, ~17% in transit, ~17% in ship assist
and ~5% making barge moves. The HT spends a third of its time at dock plugged into

shore power compared to the CT which spends 1% plugged in.
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Figure 5-8 Weighting Factors for Tug Operating Modes

Table 5-9 Weekly Variation in Weighting Factors for Operating Modes of Conventional Tug

Sample Time (Days) 8.7 8.7 8.7 8.7 Average
Shore Power + Dock 57% 54%  52%  55% 55% + 2%
Standby 6% 7% 8% 6% 7% = 1%
Transit 16% 15% 15% 19% 16% £ 2%
Barge Move 2% 3% 8% 7% 5% + 3%
Assist 19% 20% 17%  13% 17% + 3%

Table 5-10 Weekly Variation in Weighting Factors for Operating Modes of Hybrid Tug

Sample Time(Days) 9.4 7.1 6.8 111 49 8.8 Average
Shore Power 19% 23% 16% 14% 20% 20% 19% £3%
Dock 38% 32% 36% 38% 34% 28% 34% *4%
Standby 8% 6% 6% 6% 5% 7% 6% + 1%
Transit 15% 18% 19% 18% 19% 19% 18% +1%
Barge Move 5% 5% 6% 6% 4% 6% 5% + 1%
Ship Assist 15% 16% 15% 17% 19% 20% 17% +2%
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5.4.2 Engine Histograms

5.4.2.1 Conventional Tug (CT)

For all operating modes (except shore power), the conventional boat has one auxiliary
engine operating at 10%-12% of its rated power and the other auxiliary engine off. The
main engines on the CT are off when the tug is at dock and at 5% of their maximum rated
power when the CT is at standby. Figure 5-9 shows engine histograms of both main
engines for other operating modes. The average load required on the CT was found to be
718 kW for transit, 608 kW for ship assist and 754 kW for a barge move. Typically two
to three tugs help maneuver the ship, during a ship assist, along with the ship’s main
propulsion engine. Barges (no propulsion engines) are typically moved by a single tug

leading to the larger average load requirement for a barge move than a ship assist.

5.4.2.2 Hybrid Tug

The HT required a load of ~28 kW for hotelling power at dock. When not plugged into
shore power, this tug was powered by batteries (~78% of the time at dock) or one
auxiliary engine (~22% of time at dock). Figures 5-10 and 5-11 show the engine
histograms for all four HT engines at the other operating modes. During standby mode
we find that the HT is powered by only batteries ~30% of the time, one auxiliary engine
~53% of the time, and more than one auxiliary engine ~17% of time. The HT uses two
auxiliary engines when transiting at speeds >6.0 knots (~30% of time). The main engines
are generally operated only for a ship assist or barge move. However, we find that they

are sometimes on during standby and transit modes; e.g, the five minute main engine cool
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down periods after a job or for safety concern like dense fog when captain chooses to
keep all engines on. The average load required for the HT to transit (~278 kW) is 39%
lower than that required by the CT because the HT’s energy management system directs
use of auxiliary and battery power for propulsion during transit. The average load
required for ship assist and barge moves for the HT were similar (508 kW and 507 kW,

respectively), lower than the CT due to significant use of auxiliary engines on the HT.

The HT was operated for a period of ~1.5 days with the batteries disconnected from the
diesel electric drive train to determine the effect of the energy management system versus
the energy storage device (batteries). The tug performed four ship assists and six barge
moves during this time. Figures 5-12 and 5-13 show engine histograms for the HT

operating without batteries.

Table 5-11 provides average load requirements for each operating mode for the CT and
the HT with and without the batteries. This data shows that >46% of the reduction in
load at the standby, transit, barge move and ship assist modes occur due to the diesel

electric drive train.
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Table 5-11 Average Load Requirements for Each Operating Mode

. Average Load (kW)

Operating Conventional Hybrid Tug

Modes Tug without Batteries Hybrid Tug
Dock 22 34 29
Standby 184 111 74
Transit 718 409 278
Assist 608 476 508
Barge Move 754 641 507

Overall, we find that the average loads on the main and auxiliary engines of the CT are
16% and 12% of the maximum rated power; for the HT average loads of main and
auxiliary engines were 12% and 34% of the rated power. These are well below the load
factors of the standard ISO duty cycles. The engines on the HT are still operating in their
inefficient zone suggesting the need for a larger energy storage system and smaller main

engines in the next generation of hybrid tugs.

5.4.3 Emissions Profiles

Table 5-12 shows the modal and overall weighted average emission factors of CO,, NOy
and total and speciated PM, s mass from emissions testing Phase 1. This table also lists
the manufacturer’s published emission factors and the EPA Tier 2 standard for each test
engine family. Duplicate/triplicate measurements were made at steady state test modes
with a range/standard deviation of <5% for gases and <11% for PM;s mass emissions.
Figure 5-14 shows a comparison of PM,5 mass emissions in g hr* made by two separate
methods — gravimetric measurements of Teflo® filters and total carbon analysis of

Tissuquartz filters. The total carbon measurements were 3% to 19% greater than the
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gravimetric measurements attributable to the positive artifact associated with sorption of
semi-volatile gases to Tissuquartz filters.

Table 5-12 Emission Factors in g kW™ hr'* from Emissions Testing Phase 1

ngggt "T_‘:g:g' NO, CO, PM,s EC OC
Main Engine on the Conventional Tug CAT 3512 C
Idle 7% 175 704 0.045 0.012 0.038
25% 30% 8.5 704 0.164 0.034 0.161
50% 52% 7.8 682 0.195 0.090 0.105
75% 75% 6.6 705 0.068 0.038 0.036
100% 100% 7.4 697 0.091 0.036 0.064
Wit. Avg. 7.1 701 0.097 0.047 0.059
Manf. Wt Avg. Nominal 6.31 657 0.10 n.a n.a
Manf. Wt Avg. NTE 7.57 n.a 0.12 n.a n.a
EPA Tier 2 Std 7.2* n.a. 0.20 n.a n.a
Auxiliary Engine on the Conventional Tug JD 6081
10% 11% 59 771 0.38 0.19 0.19
25% 26% 7.3 774 0.20 0.11 0.13
50% 40% 8.9 773 0.20 0.05 0.14
75% 71% 7.3 746 0.24 001 021
Wt Avg 7.7 772 0.24 0.09 0.15
EPA Tier 2 Std 7.2* n.a 0.20 n.a n.a
Main Engine on the Hybrid Tug Cummins QSK50 M
Idle 7% 11.0 792 0.101 0.077 0.049
25% 26% 7.7 756 0.028 0.018 0.020
50% 49% 8.2 823 0.075 0.055 0.033
75% 75% 7.9 799 0.058 0.039 0.029
100% 99% 7.7 812 0.041 0.022 0.028
Wit. Avg. 7.8 798 0.053 0.034 0.026
Manf. Wt Avg. 6.53 n.a 0.09 n.a n.a
EPA Tier 2 Std 7.2* n.a 0.20 n.a n.a
Auxiliary Engine on Hybrid Tug Cummins QSM11
25% 27% 7.0 765 0.116 0.078 0.048
50% 51% 7.4 725 0.050 0.026 0.034
75% 73% 7.5 749 0.039 0.021 0.028
Wt. Avg. 7.41 744 0.058 0.034 0.034
Manf. Wt Avg. 6.289 n.a 0.134 n.a n.a
EPA Tier 2 Std 7.2* n.a 0.20 n.a n.a

Note: EC Elemental Carbon fraction of PM, 5, OC Organic Carbon fraction of PM, 5
Manf. Wt Avg. Manufacturer’s Weighted Average, NTE Not to Exceed
* Standard if for the sum of nitrogen oxides and total hydrocarbon emissions
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Figure 5-14 PM,s Mass Balance for A)Main Engine Conventional Tug CAT
3512 C B)Auxiliary Engine Conventional Tug JD 6081 C) Main Engine Hybrid
Tug Cummins QSM50 D) Auxiliary Engine Hybrid Tug Cummins QSK11 M

The overall weighted average NOx emission factors for these engines range from 7.1 to
7.8 g kW hr. These factors are just below (for CAT 3512 C) or above the EPA Tier 2

standard (NOy plus total hydrocarbon (THC) emissions of 7.2 gkW™ hr). The overall
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weighted average PM,s mass emission factors, for three out of the four engines, were
well below the EPA Tier 2 standard of 0.20 g kW™ hr'’. The measured emissions factors
for the CAT 3512 C engine are comparable to the manufacturer’s published values. For
the Cummins engines, we find that the measured NOy emission factors are larger and

PM, 5 emission factors smaller than the manufacturer’s numbers.

Figure 5-15 shows the emission profiles of all four engines. Data for the auxiliary engine
of the CT are obtained from Phase 1, for other three engines from Phase 2. In Phase 2
several steady state load points, including the ones in Phase 1, were tested. A three to five
minute average of the real time gaseous and PM,5 mass emissions were made. The
standard deviation in the CO, measurement at each test mode was <2%. A comparison of
the load, gaseous emissions and PM, s concentrations from Phase 1 and 2 are provided in
Figures 5-16 through 5-18. Gaseous measurements in Phase 2 were found to be slightly
greater than that of Phase 1 due to an overall increase in engine load. TSI’s DustTrak was
used for PM, s measurements in Phase 2 to aid extrapolation of PM filter measurements
between load points. Since the DustTrak is not a reference method, results from Phase 2
were used only for determining PM versus load trends in PM concentrations. (See

Figures 5-16 through 5-18).
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5.4.4 Overall In-Use Emissions

The engine histograms were coupled with the emission profiles (Equation 4) to determine
the total emissions of PM,5, NOy and CO, emissions for each tug at every tug operating
mode (Table 5-13). The emissions for the shore power mode for each tug were calculated
as the product of its load requirement at dock (Table 5-11) and the emission factors of a
conventional natural gas fired steam plants with selective catalytic reduction (SCR) for
NOx control and with no CO catalyst (Table 5-14). The total in-use emissions from each
tug (calculated using Equation 2) based on individual and average tug operating mode

weighting factors are shown in Table 5-15.

The overall reductions of PM, 5, NO, and CO, emissions with the HT were found to be
73%, 51% and 27% respectively. The CO, reductions are in good agreement with the fuel
savings of 25-28% observed by the tug owner over an eight month period. The transit
mode was found to be the largest contributor to the overall emission reductions ~50% for
PM,5, ~53% for NOy, ~78% for CO,. In this mode the HT was powered by one or two

auxiliary engines and batteries while the CT used one auxiliary and two main engines.

The emission reductions results for the HT operating without batteries show that the bulk
of the emission savings (97% for PM;s, 95% for NOy, 70% for COy) is a result of the
diesel electric drive train and not the batteries. The diesel electric drive train allows the
use of auxiliary and battery power for propulsion thereby reducing the load requirements

for each tug operation.
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Table 5-13 In-Use Emissions of the Hybrid and Conventional Tug at each Tug Operating Mode

Operating PM,s (g hr) NO, (g hr™) CO; (kg hr)
Mode
Con. Hyb NB Hyb. Con. Hyb NB Hyb. | Con. Hyb NB Hyb.
Shore Power | 0.0009 0.0013 0.0012 | 0.0011 0.0017 0.0015 | 0.014 0.021 0.018
Dock 51 3.2 1.1 156 309 89 16 33 10
Standby 26.6 8.7 7.3 3757 832 677 176 83 68
Transit 114.8 16.9 155 7633 2683 2371 530 276 240
Barge Move 133.1 42.1 36.4 7666 5588 4659 555 569 457
Ship Assist 82.0 36.4 38.3 6452 4270 4541 424 423 450
Table 5-14 Emission Factors for Shore Power4#143
Emission Factor
Lbs (10%scf)*  Lbs MW™hr'*  gkw!hr!

PMzs 76 0.087 29

NO, 10 0.117 74

CO, 120000 1371 278

?heating value of natural gas = 1,050 Btu scf”, power generation heat rate = 12,000 Btu kW™ hr*




Table 5-15 Overall In-Use Emission for the Conventional and Hybrid Tugs
PMys NOy CO,
g hrt Reduction  ghr? Reduction ghr® Reduction
Actual Emissions Based on Individual Operating Mode Weighting Factors

Conventional Tug 441 n.a. 3088 n.a. 208 n.a
:Ztki:r?;“g without 155 70% 1676 46% 169  19%
Hybrid Tug 121 73% 1528 51% 153 27%
Actual Emissions Based on Average Operating Mode Weighting Factors
Conventional Tug 45.2 n.a. 3153 n.a 213 n.a
:;’g:r?;”g without 15 6 70% 1708 a6% 173 19%
Hybrid Tug 122 73% 1523 52% 152 29%
Retrofit Scenario 1 Emissions Based on Average Operating Mode Weighting Factors
Conventional Tug 42.1 3238 n.a 215 n.a.
:;’ﬁ;?;”g without 557 51% 2160 33% 165  23%
Hybrid Tug 17.6 58% 1966 39% 145 32%
Retrofit Scenario 2 Emissions Based on Average Operating Mode Weighting Factors
Conventional Tug 44.1 n.a. 3088 n.a. 208 n.a.
:;’3;?;”9 without 504 54% 2132 31% 162 22%
Hybrid Tug 17.5 60% 1976 36% 146 30%

5.4.4.1 Retrofit Scenarios
Since the CT and the HT have engines from different engine manufacturers with different

power ratings a couple of retrofit scenarios were modeled.
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Retrofit Scenario 1: This scenario assumes that both tugs have the same set of engines -
CAT 3512 C main engines and Cummins QSK11-M auxiliary engines. For this scenario
the reductions in the overall in-use emissions calculated based on average weighting
factors was found to be 58%, 39%, 32% for PM,s, NOy and CO, respectively (Table 5-
15). The reductions in NOx and PM,s increased while that of CO, increased when
compared to the actual numbers. The bulk of the reductions still occur in the transit
mode. Also most of the reductions are a result of the diesel electric drive train rather than

the batteries.

Retrofit Scenario 2: Conventional tugs typically have auxiliary engines with a lower
power rating (e.g., the JD 6081 tested in this work). Therefore, a more realistic scenario
might be: Conventional tug powered by CAT 3512 C main engines and the JD 6081
auxiliaries; Hybrid tug powered by CAT 3512 C main engines and the Cummins QSK11-
M auxiliaries. The reductions in the overall in-use emissions seen in Retrofit Scenario 2

were similar to that of Retrofit Scenario 1 (Table 5-15).
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Table 5-16 In-Use Emissions of the Hybrid and Conventional Tug at each Tug Operating Mode for Retrofit Scenario 1
Assumption: Both tugs have CAT 3512 C main engines and Cummins QSK11 auxiliaries

Operating PMs (g hr) NO, (g hr™) CO; (kg hr?)
Mode

Con. Hyb_NB .Hyb Con. Hyb_NB Hyb. Con. Hyb_NB Hyb.
Shore Power | 0.0009  0.0013 0.0012 | 0.0011  0.0017 0.0015 | 0.014 0.021 0.018

Dock 1.9 3.2 11 241 309 89 18 33 10
Standby 235 8.7 71| 3842 1127 886 178 84 69
Transit 111.6 244 19.0 | 7718 3021 2679 531 270 235
Barge Move | 130.0 75.7 553 | 7751 7289 6421 557 534 435
Ship Assist 78.8 59.8 604 | 6537 5934 6197 426 394 422

Table 5-17 In-Use Emissions of the Hybrid and Conventional Tug at each Tug Operating Mode for Retrofit Scenario 2
Assumption: Conventional tug has CAT 3512C mains and JD 6081 auxiliaries; hybrid tug has CAT 3512 C mains and Cummins QSK11 auxiliaries

Operating PM;,s (g hr) NO, (g hr) CO; (kg hr)
Mode

Con. Hyb NB Hyb. Con. Hyb NB Hyb. | Con. Hyb NB Hyb.
Shore Power | 0.0009 0.0013 0.0012 | 0.0011  0.0017 0.0015 | 0.014 0.021 0.018

Dock 5.1 3.2 11 156 309 89| 16.0 32.8 9.9
Standby 27 9 7| 3757 1127 886 | 176 84 69
Transit 115 24 19| 7633 3021 2679 | 530 270 235
Barge Move 133 76 55| 7666 7289 6421 | 555 534 435

Ship Assist 82 60 60 | 6452 5934 6197 | 424 394 422
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6 Conclusions and Recommendations

The goal of this research was to develop and implement protocols that characterize the
effectiveness of several existing and emerging control technologies on a variety of in-use
marine diesel engines. Overall, four control technologies for marine engines on ocean-

going vessels and two for those on harbor-craft were evaluated.

A WFE unit installed on a low-speed two-stroke marine propulsion engine of a PanaMax
class vessel was tested during a voyage from Los Angeles to Dutch Harbor. The
reduction in weighted average NOy emissions was found to be ~12% with 20% water to
fuel ratio and ~23% with 33% water to fuel ratio. This reduction is lower than the
estimates of 1% reduction for every 1% increase in the water to fuel ratio used by other
researchers*” °. In general the total PM,s mass increased with the water addition. The
PM,5s mass increase can be attributed predominantly to the 1.8 to 3.5 factor increase in
organic carbon fraction and to some extent to the 0.8 to 4.8 factor increase the elemental
carbon. Overall the WFE changed the speciation of the PM,s mass from 0.2% EC, 4%
ash, 8% OC, 93% hydrated sulfate to 0.6% EC, 3% ash, 22% OC, 66% hydrated sulfate.
A caveat to these findings is that only one measurement was made for each test load on a
single vessel. Therefore the results from this study should be verified with additional

measurements.

Three controls were evaluated on a series of large four-stroke medium-speed auxiliary

engines operating on two Post PanaMax class container vessels at berth: cleaner burning
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fuels, low NOx mode and selective catalytic reduction (SCR). Switching from high sulfur
HFO to lower sulfur marine distillate oil resulted in PM, s reductions of up to 83% due to
significantly lower emissions of sulfate and OC particles. Minor reductions in NOy were
also observed. Operating in the low NOx mode reduced NOy emissions by 32% and
nearly doubled the EC emissions. However, the total PM,s emission factors were
unchanged since the EC emission factor is only ~5% of the total PM;s mass. The
selective catalytic reduction unit reduced the NO, emission factor to < 2.4 g kW™ hr,
but increased the PM,s emissions by a factor of 1.5 to 3.8. This increase was a direct
consequence of the conversion of SO, to sulfate particles over the SCR catalyst. The EC

and OC fractions of PM, s were reduced across the SCR unit.

IMO regulates NOy emissions from ships. Current technology solutions that help attain
the Tier 2 standard that comes into effect in 2011 include low NOx mode and WFE. The
most promising control technology available to attain the Tier 3 NOy standard is SCR.
Results from these studies show that WFE and SCR control increase PM,s mass
emissions and also change the PM speciation. These findings suggest the need for
implementation of a mix of PM;,s control methods like cleaner burning fuels in
conjunction with the NOy controls to prevent increase in global and regional ship PM;s
emissions. Total and speciated PM, s mass emissions from ships have significant effects
on chemical composition of the atmosphere, climate and human health. Results from
these studies should be used to model changes in these effects resulting from the

penetration of these technologies into current and future fleets.
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No in-use emissions data on the effect of SCR on low-speed two-stroke main propulsion
engines are currently available. Since SCR is the only viable technology solution for
attaining the IMO Tier 3 NO standard, there is a additional need to establish the effect of

SCR on total and speciated PM; s mass emissions from these engines.

Biodiesel blends are known to reduce PM,s mass emissions along with minimal increase in
NOy emissions. No significant change in NO, emissions were observed with ULSD/biodiesel
blends (B20, B50) on a four-stroke high-speed modern marine propulsion engine. PM, s mass
emissions were reduced by ~16% and ~25% with B20 and B50 blends, respectively.
Speciation of the PM emissions showed increased OC to EC ratios with the B50 blend.
An increased formation of nucleation mode particles and a smaller mass mean diameter
was observed with increasing ratios of biodiesel to diesel fuel. Studies™?*** on health
effects of nanoparticles suggest that smaller particles have increased biological activity
because of larger specific surfaces; the findings of this study show that the size and
nature of the PM emitted by biodiesel are different from diesel indicating a need for
further research on the nature and health effects of particles formed by the combustion of

diesel versus biodiesel fuels.

The California Air Resources Board is assessing the need for the development of a vessel
speed reduction (VSR) program that requires ocean going vessels to reduce their speed to 12

knots during arrival and departure from ports'*. This program is expected to significantly
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reduce emissions of CO,, NO,, SOy and PM. Results from the biodiesel study show
significant effects of bay/ocean currents on engine load and emissions. Six-fold increase in
PM_s mass emissions and three-fold increases in NO, and CO, emissions were observed
for the ferry sailing against versus along the bay current. This finding presents the need for
the development of a model that calculates the engine load and emissions from marine
engines based on vessel/engine type and frictional/residual resistances due to waves, ocean
currents and wind speed. Such a model will help accurately predict the emission benefits of
the VSR program. In-use emissions data from a range of large ocean-going vessels operating
at low speeds of 10 to 15 knots during various ocean and wind conditions is required to

validate the model.

The final phase of this research involved the development and implementation of an
activity and emissions based model that estimates the overall in-use emission reductions
of a complex hybrid system (four engines and an energy storage device: batteries) on a
tug boat. Significant emission reductions were observed: 73% for PM, s, 51% for NOy
and 27% for CO,. The primary cause for these reductions was the energy management
system on the hybrid tug that directs the use of auxiliary and battery power for
propulsion. The observed CO, reductions were in good agreement with the eight month

fuel savings measured by the tug owner.

The energy storage device on the hybrid tug provides supplemental power during high
acceleration periods allowing the load on the engines to increase gradually. This

eliminates the puff or sudden increase in the PM,s mass emissions associated with
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accelerations. The model developed for the evaluation of the hybrid system uses engine
histograms and discrete in-use emissions data to estimate emission benefits. Therefore
savings in PM;s mass due to elimination of the puff are not captured by the model. This
presents a unique opportunity for developing a complex model similar to that presented
by Feng et. al. 1995 that provides a better estimate of the total emission reductions of

the hybrid technology.

The primary goal of energy storage devices on hybrid systems is to supply excess energy
needed during accelerations and all energy during low load operations, thereby allowing
the use of a smaller engine that operates predominantly in its efficient zone. The hybrid
system employed on the tug boat was the first of its kind. Activity data collected during
this study shows that the hybrid system increased the average operating load on the
auxiliary engines of the tug from 12% to 34% of its maximum power rating. However,
the average load on the main engines of the hybrid tug was found to be only 12%. These
main engines are still operating in inefficient zone suggesting the need for a larger energy

storage system and smaller main engines in the next generation of hybrid tugs.

During the hybrid study activity data was collected from a total of eight engines on two
tugs: a conventional and a hybrid one. Data revealed that the average operating load of
engines on the conventional tug were 73% to 77% less than those specified in the
standard 1SO duty cycles. On the hybrid tug the average operating load of the main and

auxiliary engines were ~83% and ~28% lower. Most regional and global emission
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inventories are calculated based on the load factors of standard duty cycles. The load
factors obtained in this study can be used to improve the accuracy of these inventories.
Also the data logger developed in the study can be employed on other marine vessels to
determine the activity of those engines to establish accurate load factors that can be used

for improving emission inventories and air quality models.

Overall this research highlights the need for characterizing emerging control technologies
in the pilot phase. Some control technologies though effective for the target pollutant,
increase the emissions of other pollutants. Analyses of these technologies at an early
stage can help rectify such issues before large scale implementation. This work also
shows the importance of in-use measurements and the need to develop in-use duty cycles
that are representative of the real world emissions from marine engines. The activity and
emissions based model developed within this dissertation for estimating real world

emission benefits of hybrid systems can be employed on other emerging hybrid systems.
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Appendix A Determining Particulate Matter Losses in Raw Gas Heated
Transfer Line

A.1 Introduction

The 1SO 8178-1 protocol® allows the use of a heated line up to 5 m long to transfer raw
emissions from a stack to the dilution tunnel for sampling PM;s mass emissions from an
engine operating on a fuel with a sulfur content <0.8% mass/mass (m/m). ISO also
requires that the temperature of the gas at the exit of the transfer line (TL) should not be
less than 87% of the inlet temperature, thereby ensuring that the thermophoretic losses in
the line are <5%. However, marine engines on ocean going vessels operate on high sulfur
heavy fuel oil with sulfur content of up to 4.5% m/m. Significant losses (Chapter 3) in
PM,s mass of ~30% and ~40% were observed in the TL while testing some marine
auxiliary engines on Post Panamax class container vessels that were operating on fuels
with sulfur contents 0.16% m/m and 3.3% m/m. These losses were found to occur
primarily in the sulfate fraction of the PM with additional losses in the organic carbon

(OC) fraction.

This study is aimed towards investigating the losses associated with the use of a heated
transfer line during PM,s mass sampling from diesel engines. Towards this goal two
engines were tested on a variety of fuels with a range of sulfur contents with and without
the use of a TL. The TL was also operated at several different temperatures. This section
includes a description of the experiments conducted and a preliminary analysis of the

data obtained from these experiments. Further analyses are required to develop a
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theoretical model to estimate PM losses in the TL as a function of line length,

temperature of operation, PM composition, size distribution and PM concentration.

A.2 Experimental Details

A.2.1 Transfer Line

To investigate the influence of a heated transfer line on emission measurement a 20 ft (6
m) long transfer line with an 8.1 mm inner diameter was used. This TL is similar to
Technical Heaters, Inc model 212-6-15 (San Fernando, CA) but with a core inner tube
comprised of slightly flexible stainless steel tube. This tube is covered by a high density
stainless over-braid, heating element, electrical insulation, thermal insulation and external

jacket as shown Figure A-1.

Figure A-1 Picture of Transfer Line

The TL was equipped with five thermocouples (A through E) along its length as shown in
Figure A-2, which were used to monitor the temperature profile of the TL during the
experiments. The thermocouple closest to the exit (E) of the transfer line was connected
to a temperature controller to set the desired temperature of operation. Table A-1 details

the recorded temperature profile of the transfer line during the experiments.
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Figure A-2 Schematic of Thermocouple Positions (A to E)

Table A-1 Temperature Profile of the Transfer Line

Exhaust Temperature Profile (°C)
Campaign Fuel Temp
(°C) A B C D E
346 | 336 | 325 | 316 | 316
ULSD 380 302 | 267 | 242 | 221 | 214
273 | 211 | 168 | 137 | 118
Soiked ULSD 343 | 336 | 268 | 319 | 311
pike
#1 500ppm S 380 310 | 277 | 250 | 229 | 216
276 | 218 | 174 | 143 | 121
_ 344 | 340 | 332 | 324 | 313
Sp'kgod/o%'-SD 378 | 303 | 270 | 243 | 225 | 214
270 | 210 | 167 | 139 | 119
ULSD 194 237 | 273 | 303 | 314 | 314
Spiked ULSD 239 | 275 | 303 | 314 | 315
o 195
#2 0.8% S 154 | 142 | 133 | 126 | 121
Spiked ULSD 240 | 276 | 305 | 316 | 314
0 194
2% S 155 | 142 | 133 | 127 | 121

Note: The Thermocouple E is the set-point
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A.2.2 Test Engines

Two diesel engines were chosen: one with EC rich PM (4-stroke) and the other OC rich
PM (2-stroke). The 4-stroke CAT 3406 C back-up generator was operated at 50% of its
maximum rated power using a load bank. The 2-stoke Detroit 12V-71TI marine
propulsion engine was operated on an engine dynamometer at 25% of its maximum load

to ensure a high OC to EC. Table A-2 lists engine specifications.

Table A-2 Engine Specifications

Engine Model CAT 3406 C Detroit 12V-71TI
Technology 4-stroke 2-stroke
Rated Speed 1800 rpm 2030 rpm
Rated Power 350 kW 515 hp
# of Cylinder 6 12
Engine Displacement 14.6 liter 17 liter

A.2.3 Test Fuels

One of the parameters hypothesized to affect the behavior of the transfer line is the
composition of the PM. The OC to EC ratio was varied by choice of engine; the PM
sulfur content was varied by operating each engine on fuels with varying sulfur levels.
CARB ULSD fuel was spiked with appropriate quantities of methyl-disulfide to obtain
fuels with sulfur contents of up to 2% m/m. Table A-3 lists selected properties of the test

fuels. The ULSD fuel was used as the base fuel for testing in all three campaigns.
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Table A-3 Test Fuel Properties

API Specific Densit Sulfur
Test Date Fuel Sample | Gravity Gravity @155 ‘)’/C Content
@ 60 °F @ 60 °F ' (ppm)
Campaigns
ot ULSD 38.0 0.8346 0.8340 13.2
. Spiked ULSD | 5, 0.8376 0.8371 509
Campaign #1 500 ppm S
April 2010 i
P Spiked ULSD | 50 0.8429 0.8324 20097
206 S
. Spiked ULSD | 5/ ¢ 0.8367 0.8362 8597.6
Campaign #2 0.8% S
June 2010 i
Sp'kg‘;)%"SD 37.0 0.8397 0.8392 19702.7

A.2.4 Emission Measurements

The transfer line was tested in two campaigns (Table A-4). The sampling methods
followed the 1SO 8178-1 protocol® except for TL. Figure A-3 shows a schematic of the
sampling system. Briefly a partial dilution system (primary dilution) with a venturi was
used for PM sampling. This dilution system was connected to the raw gas sampling probe
with and without the transfer line to determine effects of the transfer line. A secondary
dilution using an ejector dilutor was used to obtain particle size distribution using
scanning mobility particle sizers (SMPS). An exhaust gas analyzer measured the CO, and
NOy concentrations in the raw, primary and secondary dilute exhaust. Primary dilution
ratio was determined from the concentrations of CO, and was verified to be within 10%
of the NOy dilution ratio. NOy concentrations were used for determining the secondary
dilution ratio since the CO, concentrations were too low. Details of the gas sampling and

PM mass and size distribution sampling are provided in the subsequent sections.
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Table A-4 Test Matrix

Test_ Test Engine Fuel T_ransfer TL Temperature # of Filter
Campaign Line (TL) Set Point (°F) Samples
X n/a 5
ULSD y 600 5
(<15 ppm S) N 425 5
\/ 250 4
X n/a 5
Campaign #1 | CAT 3406 C | Spiked ULSD V 600 5
April 2010 | @50% load | (500 ppm S) N 425 5
V 250 5
X n/a 5
Spiked ULSD v 600 5
(2% S) v 425 5
V 250 5
ULSD X n/a 2
(<15 ppm S) N 600 2
Detroit Spiked ULSD - a 2
. i
C?ﬂza;%qu 12V-71VI | (0.8% ppm S) j 228 ;
@25% load
Spiked ULSD 3 gé% z
(@%9) \/ 250 2
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Figure A-3 Schematic of Sampling System

A.2.4.1 Gaseous Measurements

A Horiba PG-250 five gas analyzer (Table A-5) was used for sampling CO,, NO, and CO

in the raw exhaust and the primary and secondary dilution systems. A three point

calibration was performed on the gas analyzer at the start and end of each day of testing.

Table A-5 Details of Horiba PG-250

Component Detector

Ranges

Nitrogen Oxides Heated Chemiluminescence Detector
(NOx) (HCLD)

0-25, 50, 100, 250, 500,
1000, & 2500 ppmv

Carbon Monoxide  Non dispersive Infrared Absorption

0-200, 500, 1000, 2000, &

(CO) (NDIR) 5000 ppmv
Carbon Dioxide Non dispersive Infrared Absorption ] .
(COy) (NDIR) 0-5, 10, & 20 vol%
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A.2.4.2 Particulate Matter Measurements

PMs mass was sampled from the primary dilution system on two parallel filters a 2um
pore 47 mm Teflo® filters (Pall, Ann Arbor, MI) for gravimetric and sulfate analysis and
a 47mm 2500 QAT-UP Tissuquartz filters (Pall, Ann Arbor, MI) for elemental and

organic carbon analysis. The dilution ratio ranged from 4 to 8.

Net weight on the Teflo® filters was determined using a Mettler Toledo UMX2
microbalance following the guidelines in the code of federal regulations®. Filters were
conditioned for at least 24 hours in an environmentally controlled room (RH = 40%, T =
25 C) and weighed daily until two consecutive weight measurements were within 3 pg.
After completing the gravimetric analysis, these filters were extracted in 5ml of ultrapure
water (conductivity = 18uQ). Two drops of isopropyl alcohol were used to wet filter
surface and aid in ion extraction. This extract was analyzed for sulfate ions using an ion

chromatograph Dionex ICS 1000.

The Tissuquartz filters were preconditioned for 5 hours at 600°C and stored at
temperatures <4°C before and after sampling and analysis. EC/OC analysis of these
filters were performed according to the NIOSH method® using Sunset Laboratories

Thermal/Optical Carbon Aerosol Analyzer.
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A.2.4.3 Particle Size Distribution

Particle size distribution (PSD) was measured using Scanning Mobility Particle Sizers
(SMPSs). A fast Scanning Mobility Particle Sizer (fSMPS) was used while testing the 4-
stroke engine and a cylindrical SMPS was used for the Detroit 2-stroke engine. Details of
the design and operation of the fSMPS and SMPS are provided elsewhere® **°. During
this test program the fSMPS was operated in the size range of 7 to 188nm with a five
second scan time. The cylindrical SMPS measured particles in the size range 20 to
441nm over a one minute scan time. Both instruments were calibrated for size and
number using polystyrene latex (PSL) particles. The secondary dilution system used for

PSD sampling provided an overall dilution of 17 to 34.

A.3 Results and Discussions

A.3.1 4-Stroke Engine

Figure A-4 compares the measured concentrations of PM,s mass and its components
(EC, OC and hydrated sulfate) for the 4-stroke engine tested with and without the transfer
line for each fuel. A reduction in the total measured PM, s mass of 18% for TL at 600 °F,
23% for TL at 425°F and 25% for TL at 250°F were observed for ULSD when compared
to the measurement without the TL. However, no statistically significant change was seen

in EC and OC measurements for ULSD.

Total measured PM; s mass did not change with the use of TL for 500ppm S diesel fuel.
A look at the speciated data shows no change in EC and a 29% to 44% reduction in OC at

lower TL temperatures (425°F and 250°F).
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A 39% reduction was observed in measured total PM; s mass with the use of TL at 250°F
for the 2% S diesel. Speciated PM, s mass results show a 33% to 43% increase in EC at
higher TL temperatures (600°F and 425°F), a 47% to 56% reduction in OC with TL and
an 8% to 12% increase in hydrated sulfate for all but the 250°F TL temperature, where a

44% decrease was observed.

Figure A-5 shows the mass balance for the 4-stroke engine. A good correlation between

the sum of the individual components and total PM, s was observed for all fuels.

Figure A-6 shows the particle size distributions measured on the 4-stroke engine for all
test conditions. No significant change was observed in the PSD with the use of TL for
ULSD and the 500ppm S diesel. However, the use of a TL resulted in formation of
nucleation mode particles in the 40nm range for 2% S diesel fuel when operated at higher
temperatures (600 °F and 450°F). This could be a result of increased formation of
hydrated sulfate particles as seen in the speciation data. At 250°F TL temperature we see
a smaller nucleation mode at ~20nm along with decreased number concentration in the
accumulation mode. This finding when coupled with the observed reductions seen in OC
and sulfate suggests significant thermophoretic losses of these species in the TL for all

fuels.
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157



A.3.2 2-Stroke Engine

Figure A-7 shows the total and speciated PM measurements with and without the TL for
a 2-stroke diesel engine operating at 25% of its maximum load. A 42% to 66% reduction
in PM,s mass measurements were observed with the TL when compared to
measurements made without the TL for all three fuels (ULSD, 0.8% S diesel, 2% S
diesel). These reductions can be attributed to 34% to 68% reduction in OC (for all fuels)
and 34% to 41% reduction in EC (for ULSD and 0.8% S diesel). Results of hydrated
sulfate fraction are not available for this engine. The difference in total measured PM
mass and the sum of EC and OC fractions provides an estimate of the hydrated sulfate
concentrations (Figure A-8). This data indicates a 60 to 75% reduction in sulfate fraction

with the use of TL for 0.8% S and 2% S fuels.

Figure A-9 shows the particle size distribution seen with and without the TL for the 2-
stroke engine. Significant reductions in both size and number concentration of particles
were observed for the use of the TL at 600°F (315°C). This TL line temperature was
chosen to maintain consistency between the tests for the 4-stroke and 2-stroke engines.
However, it is 61% greater than the 2-stroke engine’s exhaust temperature of ~195°C
(Table A-1). As a result, it is expected that some of the OC particles evaporated and
moved into the gas phase resulting in the large reductions in total PM,s mass. No change
was observed in the particle diameter for the TL temperature of 250°F; though a

significant reduction in number was observed for all three fuels. This indicates
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thermophoretic loss of PM mass in the TL similar to that seen in the 4-stroke engine. The
2% S diesel showed formation of nucleation mode particles for the 250°F TL

temperature.

A.4 Conclusions

The results from this study show that PM, s mass measurements are extremely sensitive to the
TL temperature (relative to the exhaust temperature) and the composition of PM (OC rich or
sulfate rich). PM losses of up to 55% for 2% S fuel and up to 66% for fuels with <0.8%S
were observed with the use of TL. This indicates a need to eliminate the use of transfer line
and adopt direct coupling of the dilution tunnel to the sampling probe for measuring PM
emissions from marine engines. However, sufficient space may not be available near the
sampling port for direct coupling of the dilution tunnel to the sampling port. In such cases the
only option may be the use of a heated transfer line. Therefore it is recommended that a
theoretical model to predict transfer line losses be developed using in part the data collected

from this study.
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