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Abstract: Ferry electrification has gained attention in the last decade as a potential path to reduce
greenhouse gas emissions. This study, conducted by APS LABS at Michigan Technological University
for the Mackinac Economic Alliance (MEA) and funded by the Michigan Economic Development
Corporation (MEDC), looked at the feasibility and potential benefits of electrification of a particular
vessel that is part of a ferry service from Mackinaw City, Michigan, USA, to Mackinac Island,
Michigan, USA. The study included a comprehensive analysis of the feasibility of retrofitting the
current configuration of the ferry into an all-electric ferry based on the availability of components
in today’s market. A life-cycle assessment was conducted to compare the emissions between the
baseline ferry rebuilt with new internal combustion engines and an all-electric ferry to understand
the potential environmental benefits of ferry electrification and find the most sustainable solution for
propulsion. The final prong of the three-pronged approach to this project consisted of estimating the
difference in expenditures and profits for a rebuilt internal combustion (IC) engine versus electric
configurations for a company operating the ferry. The analysis indicated that in the current scenario,
electrification of the Mackinac Island ferry is not beneficial, and replacing the ferry’s current diesel
engines with modern diesel engines is the preferred solution.

Keywords: Mackinac Island ferry; electrification; electric ferry; emissions; economics

1. Introduction

With the increasing energy demand globally, environmental pollution and greenhouse
gas (GHG) emissions are challenges faced by every transportation sector. Water-based
transport is not devoid of the issue of increasing emissions. Without changes to the current
emission policies, the total maritime emissions are estimated to increase from 29 billion tons
in 2009 to 43 billion tons in 2035 [1]. In order to curb GHG emissions from ships and ferries,
the International Maritime Organization (IMO) set a goal in April 2018 to reduce GHG
emissions by at least 50% by the year 2050, with emissions from 2008 as the baseline [2]. In
response to the goal set by the IMO, many countries have implemented policies to push
‘green ships’, as these are seen as the best path to reduction of emissions [3]. To meet the
emission regulations set by countries, there has been a significant push for electrification
and hybridization of ships in the last few years [4,5].

Of the well documented electrification/hybridization projects up to the year 2018,
the country of Norway leads the way with 7 ships/ferries from a total of 26 [6]. The
26 electrified ferries make up approximately 2% of global passenger ferries and 0.3%
passenger ships [7], but that number is bound to rise in the years to come. The push for
electrification in Norway is logical, as over 99% of Norway’s electricity generation is from
renewable sources of energy [8], as shown in Figure 1. Even if all the inefficiencies of
electricity transmission, battery charging, battery discharging, and the onboard electronics
are taken into consideration, the electrification of ferries still leads to a significant reduction
in CO, emissions.

Sustainability 2024, 16, 4297. https:/ /doi.org/10.3390/su16104297

https:/ /www.mdpi.com/journal/sustainability


https://doi.org/10.3390/su16104297
https://doi.org/10.3390/su16104297
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://doi.org/10.3390/su16104297
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su16104297?type=check_update&version=1

Sustainability 2024, 16, 4297

20f24

Electricity Generation in Norway in 2021
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Figure 1. Distribution of energy generation in Norway for the year 2021.

However, this is not the situation in all regions and countries. For example, the
renewable/non-renewable energy split in the United States of America (USA) is shown
in Figure 2. According to 2021 data [9], 60% of the electricity generation in the country is
using conventional non-renewable sources of energy like coal and natural gas (NG), which
leads to significantly more CO; emissions per unit of electricity on the grid. (The most
recent reliable grid data for Norway and the United States while the project was ongoing
was for the year 2021. At the time of writing the manuscript, grid data for the year 2022
are available. However, as there is not a significant difference in the distribution of energy
generation for the two years, the authors decided to go with the data used in the analysis
of the project.).

Electricity Generation in USA in 2021

= Renewable Energy  m Non-renewable Energy

Figure 2. Distribution of energy generation in the United States for the year 2021.

The electricity generation in the state of Michigan resembles the national picture, with
coal and natural gas power plants supplying approximately 62% of the state’s energy as
shown in Table 1 [10]. The remaining 38% comes from nuclear and renewable sources
of energy. In this scenario, CO, reduction through electrification/hybridization is not as
straightforward of a solution as it is in Norway. Because of CO, emissions at the source
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of electricity generation, a fully electrified ferry charged from the grid could potentially
lead to an increase in CO, emissions. For this reason, to obtain a complete picture for the
most sustainable configuration, the emissions at the power plants needs to be taken into
account while conducting the analysis of whether electrification can be beneficial from the
standpoint of reducing GHG emissions.

Table 1. Distribution of electricity generation in Michigan in June 2022 [10].

Type Electricity Generation (GWh) Percentage
Natural gas 3523 35.6%
Coal 2984 30.1%
Nuclear 2296 23.2%
Renewable 1104 11.1%

Figure 3 shows the distribution of diesel consumption for non-road sources in the
United States from 2010 to 2020 [11]. Although ships and boats only make up 8% of the non-
road diesel consumption, this is not an insignificant number and provides an opportunity
for a reduction in CO, emissions.

>

® Ships and Boats
= Construction /
Mining Equipment

» Agricultural
Equipment

m Other

Figure 3. Distribution of diesel consumption for non-road sources in the United States from 2010
to 2020.

This research study provides an engineering analysis on the potential electrification
of a ferry that travels between Michigan’s Mackinaw City and the Mackinac Island State
Park located in Lake Huron. The ferry under consideration, the Voyager (name changed for
anonymity purposes), is one of the ferries in the fleet operated by a prominent Mackinac
Island ferry company (name not mentioned for anonymity purposes). The paper looks
into the goals and motivation for this analysis, takes a deep dive into the methodology
deployed in conducting the analysis, explores the results, and wraps up with discussion
and conclusions based on the results.

2. Goal and Motivation

Mackinac Island is one of the most popular tourist destinations in Michigan during
the summer months. It is estimated that around one million people make the trip from the
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mainland to the island each summer with each ferry making approximately 1400 round
trips every season (discussions with the Mackinac Island ferry company). Even if there is a
slight reduction in emissions and cost from electrification per ferry trip, the overall impact
for the entire season can be sizable.

The Voyager was commissioned by the ferry company in question in 1991, and by
making over 1000 trips per season, it has accrued significant hours on the propulsion
system. Over the years, the operators have observed a reduction in cruising speed for a
given relative load (fuel rate), thus indicating a reduction in the operating efficiency of the
vessel. In addition to that, a Detroit Diesel 12V71 engine was installed a few years ago to
keep the ferry operational at the required speeds. The company was considering replacing
the propulsion diesel engines of the ferry, making it an appropriate time to investigate
whether the benefits of retrofitting the ferry into a battery electric vehicle (BEV) outweigh
those of replacing the engines.

The analysis conducted as a part of this study included assessing the feasibility of a
retrofit electric Mackinac Island Ferry with respect to the following:

e  Technological readiness—Is it physically possible to convert the Voyager into a battery
electric vehicle based on the current commercially available technology?

e  Environmental impact—Does it benefit the environment to convert the Voyager into a
BEV? Will electrifying the ferry be a net benefit in terms of long-term sustainability?

e  Economics—Is it economical for the ferry company to convert the Voyager into a BEV?

To put it succinctly, the goal of this study was to conduct an engineering analysis to
determine what was the better choice for the Voyager:

(1) Replace the ferry’s diesel engines with modern diesel engines.
(2) Convert the ferry to a BEV.

3. Methodology

At the onset of this project, the constraints were very clearly defined by the stakehold-
ers (the Mackinac Island ferry company and Mackinac Economic Alliance). This method
was very effective at minimizing the scope-creep that often occurs with research projects.
The following are the major constraints that were utilized in the project:

e  The comparison had to be between petroleum diesel IC engine propulsion and pure
BEV propulsion. Hybrid electrified configurations were outside the scope of this
project, as were alternative and low-carbon fuels. Analyzing these potential alterna-
tives is, however, recommended for future work.

e  The speed of the BEV configuration had to match that of the IC engine configuration,
so that trip time was not impacted.

e  The hydro-jet, which is a unique feature of the ferry company’s fleet, was to be included
in the analysis of both the ICE and BEV configurations.

To understand the operation of the ferries traveling to and from Mackinac Island,
and to establish a well-defined operating cycle for the analysis, the authors traveled to
Mackinaw City to ride the ferries and collect data first-hand. Extensive interviews with
the captains, crew, and maintenance staff regarding speeds and loads, weather patterns
throughout a season, and how the weather affects the energy consumption, passenger and
cargo loading and unloading, maintenance schedules, docking, etc., of the ferries shed
further light on the questions at hand.

GPS data were logged to obtain speed vs. time data for the ferries. A representative
data set depicting the route is shown in Figure 4.
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Figure 4. Ferry route from Mackinaw City to Mackinac Island captured using the Strava application.

Travel from Mackinaw City to Mackinac Island and back is approximately a 25 km
(15.6 mile) route. The logged drive cycle starts from Mackinaw City, docks at Mackinac
Island, and then returns to the mainland. The speed vs. time data for this drive cycle for
the Voyager and the Liberty II (names changed for anonymity purposes), which are two of
the ferries in the ferry company’s fleet, are shown below in Figure 5. The two ferries are
similar in length and passenger capacity. For all parts of the drive cycle, the fuel flow rate
displayed on the captain’s control panel was noted.

The drive cycle data sheds light on the fact that the Voyager cannot cruise as fast as
the Liberty II even with an additional engine, because of the deterioration of its engines.
Hence, while determining the total fuel and energy consumption for a drive cycle, the
Liberty II data were used. The engines used in the Liberty II are shown in Figure 6. This is
the proposed configuration for the Voyager if it is to be rebuilt with new engines.
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Liberty Il and Voyager Drive Cycles (Mackinaw City to Mackinac Island and
Back)
14
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Figure 5. Speed vs. time data for Voyager and Liberty II ferries from Mackinaw City to Mackinac

Island and back.
60 Series
16V2000 Detroit 16V2000
6-Cylinder
M70 Inline M70
1050 kW 390 kW 1050 kW

-l

Propeller 1

Hydro-jet

-l

Propeller 2

Figure 6. Engines used in the Liberty II.

The Liberty II has two MTU 16V2000 M70 diesel propulsion engines. A third Detroit
Diesel Series 60 6-cylinder engine is used to power the hydro-jet at the back of each ferry.
The hydro-jet does not contribute to the propulsion of the ferry. Rather it creates a unique
decorative feature which has become synonymous with the brand image of the company.
As noted earlier, in scoping the project with the ferry company, it was stated that the

hydro-jet must remain part of the rebuilt Voyager.

The main takeaways from the Liberty II drive cycle are as follows:

e  For the majority of the drive cycle, the ferry cruises at around 12 m/s (26.8 mph or

23.3 knots).

e A total of 90% of the trip’s fuel consumption happens during the cruise portion.
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o  The ferry is quick to accelerate from 0 speed to cruising speed (approximately 2 min
when leaving from Mackinaw City and 4 min when leaving from Mackinac Island).

e  The ferry company uses a ‘turn n” burn” approach, where docking time is consistently
6 to 8 min. This approach helps them reduce the wait times for passengers at the dock.

e Based on the data collected from the drive cycle of the Liberty II, the fuel consumption
was calculated to be 320 L (84.6 gallons) per round trip to and from the island. This
included fuel used by the two propulsion engines as well as the hydro-jet engine. The
ferry is fueled once at the end of each day and does not require refueling in the middle
of operations.

3.1. Battery Sizing

Based on the fuel consumption, the lower heating value (LHV) of the off-road diesel
fuel, and the brake specific fuel consumption (BSFC) of the propulsion engines, the total
energy requirement of the ferry for one trip was calculated to be 1642 kWh. Interstate
Power Systems provided the BSFC curve for the engine which was used with the drive
cycle data (engine speed and relative load) to estimate a cruising BSFC of 205 g/kW-h. The
Brake Thermal Efficiency of the engine at that operating condition is approximately 41%.

The BSFC data of the hydro-jet engine were unavailable. An assumption was made
about the hydro-jet engine having similar efficiency numbers as the propulsion engines,
as it was run at a similar speed and load condition. A schematic of the process of battery
sizing is shown in Figure 7.

Onboard Usable
Efficiency, Capacity,

Fuel BSFC Energy for one ‘
consumption ] ferry trip

FOS

\4

Battery size

* Battery discharge efficiency
* Power electronics efficiency
* Propulsion motor efficiency

Figure 7. Schematic of the battery sizing process.

Based on the energy requirement deduced from the drive cycles, an aggressive factor
of safety (FOS) of 1.2, a battery depth of discharge (DoD) of 80%, and onboard efficiencies,
the battery required for a BEV ferry was sized to 2379 kWh. The parameters used in the
energy calculation and battery sizing are included in Table 2. The battery was sized based
on Equation (1).

(Fuel Consumption per Trip x Density of Fuel x LHV of Fuel)
Engine Brake Thermal Efficiency

(Onboard Efficiency x Depth of Discharge)

Battery Size = x FOS (1)

where

Onboard Efficiency = (Battery discharge efficiency x Power electronics efficiency x Propulsion motor efficiency)

An 80% DoD indicates that the battery is charged from 10% to 90% of its full capacity.
This is performed in order to extend the life of the battery. Additional details regarding the
selection of the DoD are provided in Section 4.1.

The factor of safety as used here is intended to provide sufficient onboard energy to en-
sure the vessel can make 1 round trip on a fully charged battery. The FOS accounts for such
variations as the impacts of wind, waves, and cargo mass on resistance; delays in docking
due to backed up vessel traffic; delays in departing the dock due to loading/unloading
complications; routing deviations; variation in hotel loads including cabin HVAC; and
potential impacts of cold weather on battery efficiency (the vessels run until ice begins
forming on the lake). The authors felt the assumed 20% FOS is likely to be too aggressive
for comfort (part of which being range anxiety) in a mass adoption scenario. However, it is
acceptable for a proof of concept as is considered here. In this case, a larger battery size
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impacts the passenger carrying capacity of the ferry because the increased weight reduces
the total number of passengers allowed on a trip.

Table 2. Parameters used for sizing the battery for a fully electric ferry.

Parameter Value
Engine BSFC (g/kWh) 205
Fuel lower heating value MJ /kg [12] 42.6
Battery discharge efficiency (%) (discussions with Spear Power Systems) 96.9

Power electronics efficiency (%) (no sources were found for these
parameters for this application specifically; values have been chosen based 95
on other current projects being conducted at APS LABS)

Propulsion motor efficiency (%) (discussions with Spear Power Systems) 90
Electric vehicle supply equipment (EVSE) efficiency 95

Usable capacity/depth of discharge (%) 80

Factor of Safety 1.2

3.2. Motor Sizing

The sizing of motors for the BEV configuration was based on the criteria that the electric
ferry would have to traverse the drive cycle shown in Figure 4 at the same speeds as the
Liberty II shown in Figure 5. Thus, electric propulsion motors with similar speed/torque
characteristics to the MTU 16V2000 M70 engines would be required. At its maximum
cruising speed, the ferry demands a torque of 11,500 Nm at 950 RPM from each of the
two propellers.

The availability of the required motors was confirmed through meetings with Interstate
Power Systems and ABB. The cost and weight of the motors was used for further analysis.

4. Results

The results are divided into three subsections, based on the goals of the project men-
tioned in Section 2. The first subsection will deal with the feasibility of retrofitting the
Voyager into a BEV, the second will look at the environmental impact of the two scenarios
by comparing the emissions for the IC engine and electric configurations, and the third will
estimate the difference in revenue for the ferry company for the two configurations over
five years.

4.1. Technological Readiness and Feasibility of Retrofit

In the previous section, the battery size required for an electric ferry was estimated
at 2379 kWh. APS LABS had multiple meetings with Spear Power Systems, a company
specializing in maritime batteries. Spear Power Systems confirmed that the required
battery would not be available off the shelf but could be custom manufactured for the
ferry. The proposed battery chemistry was NMC. The 80% DoD used in the analysis was
decided such that the battery would last for 1400 trips (one season) to and from the island
(1400 charge—discharge cycles). Reducing the depth of discharge would unnecessarily
increase the battery mass, battery cost, and the CO, emissions from battery manufacturing.

Based on the propulsion power of the engines in the Liberty II, Interstate Power
Systems obtained a single-line diagram (SLD) of a fully electric Voyager from Danfoss
using commercially available technology. The SLD of the Voyager has been included in
Appendix A with permission from Danfoss.
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For charging with a 1C rate, a charging capacity of 2.4 MW will be necessary and will
fully charge the battery in 48 min (for an 80% DoD), so that the BEV ferry can complete one
round trip every two hours. The required charge time is based on Equation (2).

Depth of Discharge
C —rate

Battery Charge Time = (2)

Although bad for battery life, charging can be completed in less time with higher
C rates. Commercially available EVSE in this power level is not yet mainstream, but
it is available. The mainland ports operated by the ferry company today would need
significant infrastructure upgrades as there is very minimal infrastructure required to sell
tickets and muster passengers. However, these levels of power are frequently found at
large factories and other industrial facilities, so the transformers, switchgear, cabling, etc.,
are available. Verifying zoning (for example, current ports are not in industrial zones),
easements, proximity to substation, etc., was outside the scope of this study.

The overarching conclusion in terms of the feasibility of retrofitting an existing ferry
into a BEV was that the technology required for retrofitting the Voyager into a fully electric
ferry exists and is available for purchase.

4.2. Environmental Impact
4.2.1. Carbon Dioxide (CO,) Emissions

The major reason behind the push for electrification is the reduction in GHG emis-
sions. As shown in Figure 1, for a country like Norway that generates a majority of its
electricity from renewable sources of energy, electrification is a viable means of reducing
carbon emissions. However, in a country like the United States, where a majority of the
electricity is generated using fossil fuels, a comprehensive analysis is necessary to derive
concrete conclusions.

To compare emissions for the IC engine ferry and the fully electric ferry, the emissions
at the source for each of the configurations need to be considered. The following factors
have been taken into account:

e ICEngine Ferry

" Emissions from the combustion of fuel in the engine [13].
n Emissions from the extraction of the crude oil, the refining process, and the
transportation of the finished product (well-to-tank emissions) [14].

o  Electric Ferry

. Emissions from the burning of fuel at the power plants (coal and natural gas
power plants) using the energy mix in the geographical region that the ferry is
operated [13].

. Emissions from extraction of the fuels used in the power plants (well-to-tank
emissions) [14].

. Emissions in the extraction of the materials used in the manufacturing of the
Lithium-ion battery [14,15].

" Emissions in the manufacturing of the Lithium-ion battery [14,15].

In both the ICE and BEV scenarios, CO, emissions from the manufacture of the
engines, motors, and inverters were intentionally not considered primarily because the
carbon intensity of these components are all similar enough to cancel each other out.

A schematic of the emission considerations for the two configurations is shown
in Figure 8.
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Figure 8. Emission considerations for the IC engine and BEV configurations of the Mackinac
Island ferry.

Throughout the literature on life-cycle assessment (LCA) of Li-ion batteries, a wide
range of CO,-equivalent kg/kWh values for batteries have been reported. Mining the raw
materials and assembling a Li-ion battery is an energy intensive process, and the amount of
CO;-eq emissions depends on the location where the battery is assembled. For this study;,
the 162 kg CO,-eq per kWh value used was an average of the numbers reported by a study
by the Ford Motor Company [15] and those available in GREET 2020 [14].

The exact values used in the GHG emissions are provided in the table in Appendix B.

The total electricity required to fully charge the battery (2176 kWh) was calculated
based on the battery size and the charging efficiency for a C-rate of 1C, which was provided
by Spear Power Systems. The energy required to fully charge the battery was calculated
using Equation (3).

Total Battery Capacity x Depth of Discharge
(EVSE Eff. x Onboard Eff. x Charging Eff.)

Battery Charging Energy = 3)

The EIA estimates the average electricity transmission losses across the United States
at 5% [16]. Using the transmission efficiency and overall thermal efficiency of natural gas
and coal power plants [17] and the distribution of electricity generation in Michigan shown
in Table 1, the total CO, emissions per ferry trip were calculated. The CO, emissions per
trip for both ferry configurations are stated below:

(1) IC Engine Ferry—955 kg CO; per ferry trip to and from Mackinac Island.
(2) Fully Electric Ferry—1103 kg CO; per ferry trip to and from Mackinac Island.

The estimated CO, emissions for the two ferry configurations as a function of the
number of ferry trips are shown in Figure 9. (The emissions in the manufacturing of
Li-ion batteries are CO;-eq emissions, whereas emissions from all other sources used in the
analysis are CO, emissions.) When comparing the emissions for an IC engine ferry with
a fully electric ferry running from Mackinaw City to Mackinac Island, the BEV ferry has
higher emissions on a per trip basis. The reason for this is the mix of energy generation in
Michigan, which includes carbon-based fuels, primarily natural gas and coal. The energy
generation for the BEV takes place a long way away from the ferry, and by the time it
is used to propel the ferry, it has undergone multiple losses, which compound the CO,
emissions. In the case of the IC engine ferry, the combustion occurs on the ferry itself
and the energy is put to use for propulsion right away. Over 5000 ferry trips, which is
approximately 3.5 seasons, the BEV configuration will have 48% higher CO, emissions
than the IC engine configuration.
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CO, Emissions for Engine and Battery Propelled Ferries
10,000
9000 —IC Engine Ferry
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Figure 9. CO; emissions for BEV and IC engine configurations of the Mackinac Island ferry.

There is an offset for the CO, emissions of the BEV ferry at 0 ferry trips. This represents
the emissions created during battery manufacturing. After every 1400 trips, there are
vertical increases in the BEV ferry emissions to represent an end-of-life replacement of
the Li-ion battery. In one season, a ferry makes approximately 1400 round trips to the
island, which is what the battery has been designed for. In meetings with Spear Power
Systems, the depth of discharge (usable capacity) was decided such that the battery would
not require changing for an entire season. If the battery life is lower than a season, the ferry
company will have to take the ferry out of commission for battery replacement. A longer
lasting battery will increase battery weight, which will further reduce passenger capacity,
and it would not be possible to make a 2-year-life battery due to the size and mass of the
required battery. Hence, a 1-year-life battery was chosen. Emissions associated with battery
removal and recycling/reuse were not included in this analysis.

Figure 10 shows the emissions for the two configurations but only considers the in-use
operation of the ferry. In this scenario, the well-to-tank emissions and the emissions in
battery manufacturing have not been included. The CO, emissions only from the operation
of the ferry for the two configurations are stated below:

(1) IC Engine Ferry—811 kg CO; per ferry trip to and from Mackinac Island.
(2) Fully Electric Ferry—1057 kg CO; per ferry trip to and from Mackinac Island.

It is interesting to note that even when excluding battery manufacturing, the BEV ferry
shows higher CO, emissions as compared to the IC engine ferry. The CO, emissions from
the energy used to propel the BEV ferry are 30% higher than those of the IC engine ferry for
the same number of trips. The reason for this is that the majority of the fuel consumed in
the ICE vessel (90%) is consumed under cruising conditions when the engine is operating
quite efficiently (~41%), which results in a net carbon production rate lower than is possible
when charging the BEV ferry in this region of the country.
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CO, Emissions for Engine and Battery Propelled Ferries (Only from
Operation of the Ferry)
10,000

9000 —ICEngine Ferry
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Figure 10. CO, emissions from ferry operation for BEV and IC engine configurations of the Mackinac
Island ferry.

4.2.2. Nitrogen Oxides (NOx) and Sulphur Dioxide (SO,) Emissions

The method applied to calculate CO, emissions was also used for calculating NOy
and SO, emissions. For the IC engine ferry, NOy and SO, emissions were chosen based on
Tier 4 standards for marine compression ignition engines [18,19]. Michigan power plant
emission data for these two pollutants were available through the EIA [20]. The compar-
ative results for NOy and SO, emissions as a function of ferry trips have been shown in
Figures 11 and 12, respectively. (It should be noted that the emission levels for NOy and SO,
were taken based on the tier 4 regulation limits for CI marine engines. The actual emissions
for the engines may not be as high, as manufacturers need to develop engines to emit less
than the regulatory limits to provide some FOS to ensure all engines are operating below
the limit).

NO, Emissions from Operations of the IC Engine Ferry and
Electrified Ferry
35,000
% 30,000 —IC Engine Ferry —Electric Ferry
=
2
§ 25,000
2
£ 20,000
w
OK
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Figure 11. NOx emissions for BEV and IC engine configurations of the Mackinac Island ferry.
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SO, Emissions from Operations of the IC Engine Ferry and
Electrified Ferry
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Figure 12. SO, emissions for BEV and IC engine configurations of the Mackinac Island ferry.

The NOy emissions for the BEV ferry are lower than the IC engine ferry by approxi-
mately 78%.

The SO, emissions are higher for the BEV ferry, owing to ultra-low-sulfur diesel
(ULSD) used in the IC engine ferry. The most recent regulations for marine diesel have
sulfur limits at 15 ppm.

4.3. Economic Analysis
While conducting the economic analysis, the following costs were considered:

e Initial capital—This includes the cost of engines for the IC engine ferry and cost of
the battery, motors, power electronics, and charging infrastructure for the BEV ferry.

e  Running costs—Running costs include cost of fuel and electricity. For the IC engine
ferry, it includes yearly engine maintenance and oil changes. For the BEV ferry, it
includes regular battery changes.

Multiple sources were contacted to obtain reasonable estimates of all the components
involved in getting the two configurations (upgrading to new engines vs. retrofitting to
BEV) fully commissioned. The detailed costs are shown in Appendix C in Tables A2 and A3.
With the estimated battery size, the approximate cost of a battery for the fully electric
Voyager is USD 1.66 million. The cost is this high as the battery is not an off-the-shelf part
and will need to be specifically made for the Voyager.

The comparison in operating costs is shown in Figure 13. The cost of operation of
the BEV ferry is significantly higher as compared to the IC engine ferry. Even though the
cost of diesel used per trip (approx. USD 317) is higher than the cost of electricity per trip
(approx. USD 237), the additional costs of the initial infrastructure, demand charges due
to the high-power charging, and regular battery changes increase the overall operating
costs of the electrified ferry significantly. The vertical step changes that are shown for the
BEV ferry correspond to annual battery changes. The IC engine cost analysis does include
annual maintenance (oil changes, fuel filters, air filters, oil filters, valve and injection system
adjustments, etc.); however, these costs are in the thousands of dollars and are nearly
undetectable with the y-axis resolution shown in Figure 13.
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Cost of Operation for Engine and Battery Propelled Ferries
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Figure 13. Cost of operation for BEV and IC engine configurations of the Mackinac Island ferry.

Figure 13 shows costs only. When accounting for potential revenue, it is important
to include the effect of the change in passengers the ferry can carry. Although a battery
is available with enough energy capacity, it will be heavy enough to cause significant
changes in the vessel’s stability and passenger capacity because of the energy density
of the Li-ion battery as compared to diesel. The APS LABS met with the United States
Coast Guard (USCG). The USCG estimates that a detailed study will be required on the
stability of the ferry, and experimental validation could be necessary to determine the exact
allowable maximum passenger count of the BEV ferry. However, as this level of analytical
and experimental study is far outside the scope of this project, the USCG agreed that for
this feasibility study, an assumption that the passenger capacity (by weight) will decrease
linearly with an increase in battery weight is appropriate.

Figure 14 shows the reduction in passenger capacity with increase in battery mass.
The mass of an adult was taken as 84 kg (184.8 pounds), based on the report by the U.S
Department of Health and Human Services [21]. The graph is made with the assumption
that the ferry’s dead weight remains the same. The mass of components removed and
added has been considered, the details of which can be found in Appendix C in Table A4.

The current maximum capacity of the Voyager is 330 passengers. As the battery
mass increases, the passenger capacity decreases and goes to zero for a battery mass of
approximately 30,000 kg. Based on the detailed conversations with Spear Power Systems,
the mass of the battery required based on current technology will be close to 23,500 kg. This
is with a battery gravimetric density of 0.101 kWh/kg, which is the number for Spear Power
Systems’ current battery “Trident Versa’, and includes all auxiliary systems as well the
hardware required to hold the battery in place. With the current technology, the maximum
passenger capacity of the Voyager will be reduced to 73 passengers.
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Maximum Passengers Based on Battery Mass
400
o Considering mass of engines, gearboxes and fuel removed
350 S~ - and propulsion motors and power electronics added
« 300 Te
S ~
()] S S
[=T4] ~
S 250 Current .
2 200 maximum "o
e capacity (330) S~ -
£ Sso Trident Versa
g 150 L SR
= DT
§ 100 N N
50 | N
0 T~
0 4000 8000 12,000 16,000 20,000 24,000 28,000
Mass of Battery (kg)

Figure 14. Change in maximum passenger capacity of the Voyager with increase in battery mass.

The reduction in maximum passenger capacity will affect the BEV vessels revenue
generation. The ferry runs from April to October, with peak season lasting from May to
August. From conversations with the ferry company, the authors were able to gauge that
even during peak season, the ferries are only occasionally full to maximum capacity. The
exact data for the number of travelers were not available to the APS LABS, so an estimate
was made for the average travelers on weekdays and weekends for every month of the
season based on the few days of data made available by ferry company. The data are shown
in Table 3. The number of passengers in the fully electric ferry were adjusted based on
battery mass and the reduction in maximum passenger capacity. Based on the numbers in
Table 3 and the price of ferrying a passenger to and from the island, a highly simplified
prediction of the profits for the two configurations was made for a period of five years. The
profile comparison is shown in Figure 15 (IC engine economic analysis in Figure 15a and
BEV economic analysis in Figure 15b). In 2022, the cost of a ticket to and from the island
was USD 34 (discussions with the prominent Mackinac Island ferry company).

Table 3. Estimated average passengers on the IC engine ferry and BEV ferry.

IC Engine Ferry Electric Ferry
Average Weekday Average Weekend Average Weekday Average Weekend
Passengers Passengers Passengers Passengers
35 50 35 50
70 100 70 73
95 150 73 73
95 150 73 73
95 150 73 73
70 100 70 73
35 50 35 50
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Figure 15. (a) Revenue, cost, and profit for the IC engine configuration over 5 years. (b) Revenue,
cost, and profit for the BEV configuration over 5 years.

Over a 5-year period, the IC engine-powered ferry rebuilt with new engines will have
a much higher profit potential than the BEV ferry. The BEV ferry has significantly higher
initial and running costs, as shown in Figure 15b (annual battery replacement costs shown
in Figure 13 are amortized throughout the year in Figure 15), but the revenue of the BEV
ferry also suffers due to reduced passenger capacity. Based on the approximate travelers to
the island shown in Table 3, the BEV ferry has a revenue 23.5% lower than the IC engine
ferry. The combined effect of higher operating costs and lower revenue culminates in the
BEV ferry being more economically challenging than its IC engine counterpart.

It should be noted that the availability of government grants for electrification projects
has not been considered in the economic analysis. The reason for this is that money from
grants is not always a given. However, if available, it will ease the financial burden of the
capital investment required for the electrification of the ferry.

5. Discussion

The current analysis regarding the potential electrification of the Voyager, a ferry
operating between Mackinaw City and Mackinac Island, points to the fact that full electri-
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fication is not the most sustainable solution based on the currently available technology.
Retrofitting the ferry into a BEV may not be beneficial from an environmental nor from an
economic standpoint. Furthermore, the increase in CO, emissions per trip and reduction in
maximum passenger capacity per trip will increase the CO, emissions per passenger per
trip by almost five times, as shown in Figure 16. There may be other carbon ramifications if
the number of passengers going to the island is to be held constant. For example, additional
ferry trips (either on BEV ferries or ICE ferries) will be required, thus leading to additional
vessel maintenance and/or additional vessels needing to be manufactured, additional dock
space needing to be constructed, etc.

CO, Emissions Per Person Based on Maximum Passenger Hauling
Potential

E 16
1]
: .
o 14 @ IC Engine Ferry
©
2 12
2
s 10 B BEV Ferry
S~
oo
£ 3
"
c
L2 6
2
£ 4
w
o

(]

IC Engine Ferry BEV Ferry
Ferry Type

Figure 16. CO, emissions per passenger per trip for maximum passenger capacity for the Mackinac
Island ferry.

While this work points out that retrofitting the Voyager into a BEV is not advantageous
right now, that might not be the case in the future. Technological advancements in batteries
and BEV infrastructure in general are likely to improve energy storage density, cost, and
overall system efficiency. The Michigan electricity grid has been moving away from CO,
emissions, and likely will continue. However, this study does not account for improvements
in engine efficiency or utilization of lower-carbon-intensity fuels. In fact, although the
vessels operate the engines at high efficiency today, they do not operate at true minimum
BSFC while cruising. Thus, with nothing more than some simple operational changes,
the IC engine carbon intensity could be further reduced today. The ferry company that
operates the Voyager repowers a vessel in their fleet every three years. The authors
believe the analysis conducted for this study should be repeated every time a ferry is up
for rebuilding, and electrification should be recommended when the environmental and
economic numbers for a BEV ferry are better than those for an IC engine ferry.

As a thought experiment, the CO, emissions for a similar comparison are shown in
Figure 17 for a hypothetical case in which Mackinac Island exists in Norway (assuming that
the 1% thermal power is from coal-fired power plants). The CO, emissions for the BEV in
this scenario are much lower than those for the IC engine ferry. The point of showing this
is to bring light to the fact that turning to electrification for a reduction in GHG emissions
requires a nuanced view, and a one-size-fits-all approach can be detrimental. What is
beneficial in one scenario may not be a good solution in another one. A recent study [22]
showed the suitability of 12 ferries in Norway for battery electric propulsion. A major
factor in that is the renewable nature of Norway’s electric grid, as shown in Figure 1.
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CO, Emissions for Engine and Battery Propelled Ferries in Norway
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Figure 17. CO, emissions for BEV and IC engine configurations of the Mackinac Island ferry if the
ferry were operating in Norway:.

The Mackinac Island ferry covers a significant distance in one trip (25 km or
15.6 miles). The ferry also travels at a top speed of 26.8 mph, or 43.1 kmph. The losses
incurred by a sea faring vessel increase exponentially with speed [23]. Because of these
factors, the Mackinac Island ferry requires a lot of energy to complete one trip from the
mainland to the island and back. This works against a BEV configuration, as a bigger bat-
tery is required because of the significantly lower energy density of a Lithium-ion battery as
compared to diesel fuel. A bigger battery means more CO, emissions in battery production.
However, for a route where the distance is smaller and the ferry’s top speed is not as
high, a BEV configuration could be more suited. This has been shown for a catamaran in
Belgium [24] that traverses a distance of 350 m one way at a top speed of 18 kmph. The
fully electric ferry produces only 25% CO, emissions as compared to its diesel counterpart.
It is, of course, helped by the fact that Belgium has a cleaner electric grid than the United
States [25], with nuclear being the highest source of energy for electricity generation. But
the short route and slower speed are key factors for making the electric catamaran viable.

Electrification is not the only path to lower emissions and more sustainable water-
based transportation. Other methods such as using a supercapacitor [26] or fuel cells [27]
as the main source of onboard energy in ferries have been successfully deployed. In future
projects, these methods, along with a hybrid approach and alternative fuels (hydrogen,
ammonia, natural gas, and alcohol-based fuels), should be taken into consideration as well
to find the most sustainable solution for a particular scenario.

6. Conclusions

A feasibility analysis for electrification of the Mackinac Island Ferry was conducted
with three major points in consideration:

1.  Technological feasibility
2. Environmental impact
3. Economic analysis

e Technological feasibility—It is possible to retrofit the current IC engine ferry into an
electric ferry. The required components currently exist in the market. This assumes
that the charging infrastructure required for the electrification of the ferry can be made
available at the location.

e  Environmental impact

O Electrification will increase the CO, emissions of the ferry, due to the mix of
power generation in Michigan and the energy intensive Li-ion battery manu-
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facturing process. Over 5000 ferry trips (3.5 seasons), the BEV ferry will have
48% higher CO, emissions than the IC engine ferry.

@) From a decarbonization perspective, full electrification of the ferry is not the
most sustainable solution.

O There is an 80% reduction in NOyx emissions with electrification but a significant
rise in SO, emissions.

O Recyclability /reusability of the spent Li-ion batteries were not within the scope
of this project.

e  Economic analysis

@) Based on a simplistic model and without the including the potential govern-
ment grants, an electrified ferry is unlikely to be as profitable as an ICE-powered
ferry due to increased costs of demand charge, regular changes to the Li-ion
battery, initial infrastructure costs, and reduced passengers.

O The revenue from the BEV ferry will be 23.5% lower than that of the IC
engine ferry.

O Battery mass will have a significant impact on passenger count and, in turn,
the overall revenue and profit.

Taking the complete picture into consideration, it would be better to replace the diesel
engines of the Voyager with new and modern diesel engines instead of electrifying the
ferry. However, this picture may change in a few years with improved battery technology
and a cleaner Michigan electric grid.

7. Potential for Future Work

There are multiple pathways towards decarbonization. While electrification might not
be the best solution in the particular scenario explored in this study, there is potential for
future work regarding the Mackinac Island ferry.

e The analysis conducted in this study should be repeated every few years. With
technological advancements and decarbonization of the grid, there is a possibility of
the scales tipping in favor of electrification in the future.

e A similar analysis should be conducted for alternative configurations such as ultraca-
pacitors, fuel cells, or a hybrid approach.

e  Alternative fuels such as hydrogen, natural gas, and low-carbon fuels should be
considered for the IC engine configuration of the ferry for reducing CO, emissions.
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Abbreviations

BEV Battery Electric Vehicle

BOM Bill of Materials

BSFC Brake Specific Fuel Consumption
CO, Carbon Dioxide

DoD Depth of Discharge

EIA Energy Information Administration
Eff. Efficiency

EVSE Electric Vehicle Supply Equipment
FOS Factor of Safety

IMO International Maritime Organization
MEA Mackinac Economic Alliance

MEDC  Michigan Economic Development Corporation
GHG Greenhouse Gas

GREET  Greenhouse Gases, Regulated Emissions, and Energy use in Technologies
ICE Internal Combustion Engine

LCA Life-cycle Assessment

LHV Lower Heating Value

NG Natural Gas

NOy Oxides of Nitrogen

SLD Single-Line Diagram

SO, Sulfur Dioxide

USCG  United States Coast Guard

ULSD  Ultra-Low-Sulfur Diesel

USA United States of America

Appendix A
The SLD for the fully electric Voyager is shown in Figure A1.
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Appendix B

Table A1 shows the exact values used in the calculation of GHG emissions for the two
ferry configurations.

Table Al. Values used in the calculation of GHG emissions for IC engine and BEV configurations of
the Mackinac Island ferry.

Parameter Value

Li-ion battery manufacture emissions (kg

COy-eq/kWh) [14,15] 162
NG power plant efficiency (%) [17] 44
Coal-fired power plant efficiency (%) [17] 32
CO; emissions from the combustion of 1 kg 29937
diesel (kg) [13] ’
CO, emissions from 1 kWh of electricity on the 0.4090
grid from combustion of NG (kg) [13] ’
CO;, emissions from 1 kWh of electricity on the 1.0487
grid from combustion of coal (kg) [13] ’
Well-to-pump emissions from 1 kWh energy on 0.0419
the grid from natural gas (kg) [13] ’
Well-to-pump emissions from 1 kWh energy on 0.0171

the grid from coal (kg) [13]

The CO, emission values for 1 kWh of electricity on the grid for NG and coal power
plants are very similar to the values reported by Burton et al. [28].

Appendix C

Tables A2 and A3 show the costs used in the calculation of the initial and operational
costs for the IC engine and BEV configurations of the Mackinac Island ferry.

Table A2. Costs used in the economic analysis of the IC engine ferry.

Parameter Cost (USD)

Cost of new engines (two engines) (discussions with Interstate

Power Systems) 600,000
Cost of offroad diesel per gallon (purchased in bulk) (discussions

. 3.75
with Interstate Power Systems)
Yearly cost of engine maintenance for the IC engine ferry 10.000
(discussions with Interstate Power Systems) !
Yearly cost of oil changes for the IC engine ferry (discussions with 5000

Interstate Power Systems)
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Table A3. Costs used in the economic analysis of the fully electric ferry.

Parameter Cost (USD)
Cost of a battery per kWh (discussions with Spear Power Systems) 700
Commercial electricity cost in Mackinaw City and St. Ignace per kWh [29] 0.1089
Demand charge in Mackinaw City and St. Ignace per kW 16.4
Battery engineering cost (discussions with Spear Power Systems) 100,000

Propulsion engineering cost (discussions with Principal Investigators from

current and previous APS LABS projects) 100,000

Control engineering cost (discussions with Principal Investigators from

current and previous APS LABS projects) 50,000

High voltage system engineering cost (discussions with Principal

Investigators from current and previous APS LABS projects) 50,000

Cost motors (for propulsion) (emails with ABB) 200,000

Cost of motor (for the tail jet) (discussions with Principal Investigators

from current and previous APS LABS projects) 23,000

Cost of inverters and power electronics (discussions with Principal

Investigators from current and previous APS LABS projects) 200,000

Cost of shore power upgrades (discussions with Principal Investigators

from current and previous APS LABS projects) 1,530,000

Shipyard costs for retrofitting the ferry (discussions with Interstate

Power Systems) 1,000,000

Table A4. Mass of Mackinac Island ferry components.

Component Mass (kg)

Battery mass (discussions with Spear Power Systems) 23,553

Mass of propulsion motors (two motors) (discussions

with Interstate Power Systems) 5000

Mass of propulsion power electronics (discussions with

Interstate Power Systems) 2822

Mass of motor (tail jet) (discussions with Interstate

Power Systems) 190

Mass of power electronics for charging (discussions with
Interstate Power Systems)

Mass of 16V92 [30] 2200
Mass of 12V71 [31] 1610
Mass of fuel [12] 4163

1740

Appendix D

In Section 3.1 (Battery Sizing), the parameters for battery sizing are detailed in Table 2.
However, the authors could not find concrete values for the power electronics efficiency,
propulsion motor efficiency, and EVSE efficiency for the hardware that would need to be
used for electrifying the Voyager. The values were chosen based on previous and current
projects being conducted at APS LABS.

An argument can be made that if the chosen efficiency values are lower than what is
possible with today’s technology, the analysis might yield different results. To cover all
bases, the CO, emissions for the fully electric ferry were calculated with all three of the
efficiencies in question assumed to be 100%. The results are shown in Figure A2.
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Even with the assumption of zero losses, the BEV ferry still has higher CO, emissions
than the IC engine ferry, and the conclusions drawn do not change. This is due to the
electricity generation mix in Michigan, losses at the power plants, transmission losses,
charge and discharge efficiencies of the battery, and the emissions in battery manufacturing.

CO, Emissions for Engine and Battery Propelled Ferries
10,000
9000 —IC Engine Ferry Power electronics efficiency, propulsion
— 8000 motor efficiency and EVSE efficiency
w
] - assumed to be 100%
€ 7000 BEV Ferry
8
~ 6000
g
© 5000 Battery change after 1400
a charge-discharge cycles
£ 4000 . By
e 3000
o
© 2000
1000
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Ferry Trips

Figure A2. CO; emissions for BEV and IC engine configurations of the Mackinac Island ferry
assuming power electronics efficiency, propulsion motor efficiency, and EVSE efficiency to be 100%.
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