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The climate impact caused by the shipping industry has increased over the past decades despite attempts to
improve the energy efficiency of vessels and lower induced emissions. A tool in reducing climate and other
environmental impacts is new low emissions propulsion technologies. These new technologies need to
reduce harmful emissions not only in the tailpipe but also over the entire life cycle. This study uses life
cycle assessment to investigate the life cycle environmental impact of a propulsion concept currently
under development: the HyMethShip concept. The HyMethShip concept combines electro-methanol
energy storage, an onboard pre-combustion carbon capture system, and a dual fuel internal combustion
engine. The concept aims for an almost closed CO, loop by installing CO, capture onboard. The CO; is
unloaded in port and converted into electro-methanol which is used to fuel the ship again. This is made
possible by a pre-combustion process converting electro-methanol to hydrogen and CO,. The
assessment is conducted from well-to-propeller and focuses on ship operation in the North Sea in 2030.
The results indicate that this technology could be an alternative to reduce the climate impact from
shipping. The results show a lower impact on acidification, climate change, marine eutrophication,
particulate matter, photochemical ozone formation, and terrestrial eutrophication compared to internal
combustion engines run on either marine gas oil (0.1% sulphur content), biogenic methanol, fossil
methanol, or electro-methanol. Electricity with low climate and environmental impact is likely required
to achieve this, and low NO, emissions from combustion processes need to be maintained. A potential
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the local, regional and global environment.>*° Although
decarbonizing international shipping has been the focus of
much work during the past decades,>”"*"** the absolute emis-

1. Introduction

The transport sector is an integrated part of today's global

economy." Ships carried around 70% of the world trade value in
2017 (ref. ?) and shipping is one of the cheapest ways to trans-
port goods and people.* While sea transport is important for the
economy, it also has a significant impact on the environment.
The maritime sector is estimated to be responsible for around
3% of the global anthropogenic carbon dioxide (CO,) emis-
sions.** Together with other emissions, such as sulfur oxides
(SO,), nitrogen oxides (NO,) and particulate matter (PM), ship-
ping has an established negative impact on human health and
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sions from the shipping sector have increased since 1990.* With
the expected increase of globalization and world trade, the
quantity of emissions from ships is expected to rise even
further.?

With few exceptions, today's ships use fossil fuels, which
cause an increased net contribution of CO, to the atmosphere
when combusted. The main fuels used are heavy fuel oil (HFO),
liquified natural gas (LNG), and marine gas oil (MGO). Ships are
almost exclusively propelled by internal combustion engines
(ICE:s). Two-stroke and four-stroke diesel engines are the
dominating technologies in today's shipping fleet.* Reducing
the environmental impact from the shipping industry will likely
require a combined introduction of alternative marine fuels,
energy efficiency measures, and/or new propulsion technolo-
gies.”" New solutions may include electric propulsion,**!
hybrid solutions,* fuel cell driven propulsion,*?® carbon
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capture technologies,”® alternative fuels,'***** sailing, and
wind/wave/solar assisted vessel operation.**™° All proposed
systems have different environmental performance, technical
limitations, and economic prerequisites. Moreover, combina-
tions of new systems will be required to reach the global envi-
ronmental targets’” proposed by the International Maritime
Organization (IMO). Hence, finding the best option between
these technologies is not paramount, rather the importance lies
in establishing if the technology leads to lower emissions
compared to current conventional options and assessing the
long-term potential of the options. It is therefore imperative to
investigate the potential of each technology to assess under
what circumstances they can contribute to lower environmental
impact from the shipping industry.

Hydrogen propulsion is a promising future propulsion
option, with low tailpipe emissions of CO,, NO,, and environ-
mentally harmful organic compounds, such as volatile organic
compounds (VOC).***** Hydrogen (H,) can be produced by using
water electrolyzers with renewable electricity. However, the
infrastructure required to distribute H, at large scales is not yet
available and the introduction of H, as fuel will require large
investments. Another challenge with using H, to propel ships is
the space required for onboard storage, as H, has an energy
density of 8 MJ liter ' (ref. **) when stored in liquid form,
compared to 44 MJ liter " of conventional marine gas oil
(MGO), thus requiring larger storage space. H, tanks also
require more space. To increase the energy density of the stored
fuel, and to simplify infrastructure requirements, a hydrogen
carrier such as methanol could be an option.

Methanol is a simple alcohol which is currently used to
propel vessels.”> The fuel has an energy density of 15.6 M] lit-
er ',* is liquid at atmospheric pressure and is biodegradable if
leaked to the marine environment.*” Methanol can be produced
from natural gas or biomass,™ but also from water, electricity
and CO,,* so called electro-methanol.f The environmental
performance of the fuel mainly depends on the feedstock.” In
the shipping industry solutions without carbon emissions, i.e.
zero emissions shipping, have gained increasing interest and
combining electro-fuels with onboard carbon capture, can be an
interesting zero carbon emission alternative.

This study investigates if one such alternative: the HyMeth-
Ship concept,*® see Fig. 1, can be an environmentally beneficial
concept for shipping. In the HyMethShip concept the ship is
bunkered with electro-methanol, the first time produced using
CO, captured from the atmosphere® and thereafter produced
using recycled CO, unloaded from the ship in port. To be able to
close the carbon loop, the electro-methanol is separated into H,
and CO, in a pre-combustion carbon capture process. The CO,
is stored onboard, unloaded onshore and reused to produce
new electro-methanol, thereby creating a closed carbon loop. H,
propel the vessel in a dual fuel internal combustion engine
(ICE). Although fuel cells could reduce the tailpipe emissions

1 The definition of electro-fuels varies in the literature and can sometimes be
referred to as synthetic fuels, power-to-gas/liquids/fuels or e-fuels.?**7#107105 In
this work electro-fuels are defined as any synthetic hydrocarbons produced
from CO, and water using electricity as the primary energy source.
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further, the duel fuel ICE is preferred over a fuel cell, in the
HyMethShip concept, due to the heat requirements of the pre-
combustion process which the ICE can meet.

To determine the effects on health and the environment
from using a new technology, the full life cycle of the technology
needs to be investigated,*>> from electricity production and
water management, to vessel operation and end-of-life treat-
ment. The results need to be benchmarked against conven-
tional technologies, to give insight to the order of magnitude of
the impact, and if there is a trade-off between different impacts
from the technologies studied. Knowledge on how shipping
technologies affect human health has been brought into focus
in recent years,* but assessments of health impacts from the
production and use of electro-fuels are not commonly available
in the scientific literature with only few studies performed.>*~>®
Some studies are available which quantifies environmental
impacts from use of electro-fuels in the transport sector.””*
However, these studies focus on road vehicles and no studies
have been published assessing electro-fuels used in shipping
from a life cycle perspective. The authors are not aware of any
papers which quantify the environmental or health impact from
onboard carbon capture systems for shipping vessels. There-
fore, the aim of this paper is to compare the health impacts and
environmental performance of the HyMethShip concept with
today's conventional propulsion technologies (ICE using MGO
and/or methanol produced from different sources) through life
cycle assessment (LCA) and thereby establish whether or not
uptake of the HyMethShip concept could lead to lower envi-
ronmental pressure and health impact from the shipping
industry.

The paper begins with a description of the concept in Section
2. This is followed by an outline of the goal and scope of the LCA
(Section 3), in which the setting and limitations of the study is
presented. In Section 4 data used for the assessment is pre-
sented. Section 5 presents and discusses the results of the LCA,
including a sensitivity analysis. A discussion around the appli-
cability of the study is presented in Section 6. Finally, the
findings are summarized in Section 7.

2. The HyMethShip concept

The HyMethShip system is a new emerging propulsion tech-
nology currently under development. The HyMethShip concept
refers to the onboard HyMethShip system used together with
electro-methanol in a closed carbon loop. The electro-methanol
is first time produced using CO, from direct air capture
(thereafter from recycled CO,) and hydrogen from water elec-
trolysis. The methanol is stored at the production facility and
then transported to the harbor where it is stored until utilized.
The fuel is then bunkered and stored onboard the vessel. Two
propulsion modes are possible onboard, either the engine can
be run on methanol directly (back-up system) or the methanol is
pumped to the pre-combustion system (reformer). In the
reformer the methanol and water are converted into H, and
CO,. This reformer technology currently being developed within
the HyMethShip project funded by European Union's Horizon
2020 research and innovation program under grant agreement

This journal is © The Royal Society of Chemistry 2021
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Fig.1 Outline of the HyMethShip concept. The HyMethShip concept combines a reformer, storage systems for CO, and methanol, as well as an
ICE into one system (www.hymethship.com). Hydrogen produced from an electrolyzer is used together with captured carbon to produce
methanol. The produced electro-methanol is used as a hydrogen carrier stored on the vessel until required for propulsion. A reformer splits the
methanol into hydrogen, which is used to propel the vessel, and carbon dioxide, which is captured and liquified, brought to shore and utilized in
the electro-methanol production. The orange colored processes occur onboard the vessel. The pink system boundary shows the main
processes included in this work and the grey system boundary marks the re-circulated CO,.
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Scheme 1 Reformer functionality and reaction, including feedstocks
and primary material flows. The system achieves a complete reaction
due to recirculation of reactants and heat supplied from the engine
exhaust gas.

no. 768945 is a central part of this onboard carbon capture
concept. More information about the technology is available in
Wermunth et al.*® The H, is utilized to propel the vessel and the
CO, is cooled until liquefied and stored onboard. When in port
the liquid CO, is unloaded and stored until it can be trans-
ported to an electro-methanol production facility. The recycled
CO, is then substituting CO, from direct air capture (DAC) in
the electro-methanol production. In this way the concept allows
for a ship propulsion system with an almost closed CO, loop
while utilizing the reliability of proven technologies.§

The reformer converts methanol and water into H, and CO,
through an endothermic process (see Scheme 1). Waste heat
from the ICE when it combusts fuel (heat from the exhaust gas)
is used in the reformer to run the endothermic process. From
energy balance calculations of the current design of the
HyMethShip concept it is assumed that all heat required in the
reformer can be provided by the ICE. As a result, the total
system efficiency of the HyMethShip onboard system is slightly
higher than the engine efficiency. As heat is needed to run the

§ Note that during the methanol operation phase/phases no CO, can be captured
by the system.

This journal is © The Royal Society of Chemistry 2021

reformer reaction, an initial phase of operation where the
engine is run on methanol is required until the engine is warm,
referred to as the start-up phase. When the reformer is heated
the vessel shifts to hydrogen propulsion.

The HyMethShip concept is a fossil free system which can be
used onboard vessels in the not so distance future, and it can
also use methanol from other sources than electro-methanol.
Using fossil methanol leads to some reductions in climate
impact compared to conventional crude oil-based options,*>*
but combined with carbon capture and hydrogen propulsion
the climate impact can be reduced further. Combining the
onboard system with fossil and biogenic methanol is not the
primary focus of this study, but a sensitivity analysis including
these system configurations can be found in the ESL}

3. Life cycle assessment

The LCA was performed following the 1SO14044 standard® and
the recommendations for carbon capture and utilization related
LCA studies provided by van der Assen et al.** and Miiller et al.®
LCA is used to assess the environmental impact of a product or
technology by mapping all material and energy flows from each
process in the life cycle.”® The flows are then linked to impacts
on the environment through characterization methods. In this
way, the environmental impact of similar options can be
quantified and compared.

This study was conducted as a comparative prospective
attributional LCA study and the impact assessment was based
on the International Reference Life Cycle Data Systems' (ILCD)
recommended characterization methods.®® Calculations were
performed in the open-source tool openLCA. In the following
chapter, the goal and scope of the LCA are outlined.

3.1. The functional unit

LCA assesses different technologies or products based on their
function. This is done by establishing a quantifiable unit within

Sustainable Energy Fuels, 2021, 5, 2753-2770 | 2755
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Table1l Operation phases of the case study vessel during a voyage from Gothenburg harbor to Kiel harbor and back again. Aggregated onboard
measurements from a RoPax vessel operating on a fixed route. Data collected in collaboration with a shipping company. The voyage consists of
four main phases: hotel load while at berth (anchored), maneuvering out of harbor, an open water phase where the vessel operates at sea, and
maneuvering into harbor. KWh requirement in Gothenburg harbor (while anchored) is provided by shore electricity

Anchored Maneuvering phase Travelling at sea Maneuvering phase

Engine Engine  Engine Engine  Engine Engine  Engine Engine

work Speed load work Speed load work Speed load work Speed load

(kw h)  (knots) (%) (kw h)  (knots) (%) (kw h) (knots) (%) (kw h)  (knots) (%)
Gothenburg-Kiel 16 740 0 0 5600 0-12 25 192 000 18 80 5600 0-12 25
Kiel-Gothenburg 16 740 0 25 5600 0-12 25 192 000 18 80 5600 0-12 25

the system, a so-called functional unit, which is then used as
a basis.*” The functional unit used in this study is a voyage with
a RoPax vessel traveling from Gothenburg harbor, Sweden, to
Kiel harbor, Germany, and back again. During operation, the
ship enters four main phases as outlined in Table 1. The data on
engine operation were collected from the current ICE system
installed on a RoPax vessel in operation between Gothenburg
and Kiel. The aggregated data is assumed to be representative
for the current engine set up as well as a situation where
a similar vessel is using a different engine system on the same
route.

3.2. Assessed concepts

The results from the life cycle assessment of the HyMethShip
concept is compared to 6 conventional systems with similar
infrastructure and vessel requirements. An outline of the life
cycle and included technologies for each concept can be viewed
in Fig. 2. The investigated technological options are based on 4
engine systems and 4 fuel production pathways (see Table 2). As
of 2021 IMO has restricted the allowed emission levels of NO,
from new engines in the NECA region® (including the Baltic
and North Seas). To show a plausible future MGO propulsion
concept NO, abatement technology is assumed to be used on
the vessel, noted as scenario G in Fig. 2. This results in 7
different concepts (see Fig. 2 and Table 2).

As this is an LCA study aimed at comparing different main
engine systems, auxiliary engines and boilers are assumed to be
the same for all alternative systems and are therefore excluded
from the analysis. All engines are assumed to be medium speed
engines.

3.3. System boundaries

The time perspective considered in this study is until 2030. The
study object is a well-to-propeller system of the fuel life cycle.
The studied system includes the acquisition of raw materials,
production and transportation, bunkering, onboard storage,
and fuel combustion in the engines (see Fig. 2 for details on
each scenario). The geographical boundary for the ship opera-
tion is set to the north European SECAs (the English Channel,
the North Sea and the Baltic Sea). Extraction, production, and
processing of the fuels are in most cases taking place in Europe,

2756 | Sustainable Energy Fuels, 2021, 5, 2753-2770

except for the MGO production were the data represents
a global average®® (see scenarios E-G in Fig. 2).

Some infrastructure processes are included in the back-
ground data sets, but no additional infrastructure was consid-
ered. As of now the project partners expects no changes to the
hull or operational pattern between a vessel with the HyMeth-
Ship system and a vessel run on a conventional ICE. The fuel
cycle of the system is thus better known and expected to influ-
ence the results to a higher degree. Differences in emissions
from the engine production, required harbor infrastructure, etc.
will contribute to the full impact of the system,” and large
differences might affect the LCA results.

3.4. Primary emissions

Most emissions from the shipping sector are released as
exhaust gases and these emissions have an acknowledged
impact on the environment’7”* leading to effects on the climate,
human health and the marine environment among other. Since
emissions to air are the most important emissions the fore-
ground system is limited to the emissions to air. Emissions to
water, soil and noise emissions have thereby been excluded.
Included primary emissions can be seen in Table 2.

3.5. Impact assessment

The International Reference Life Cycle Data System (ILCD) set of
impact assessment methods is commonly used in LCAs per-
formed in a European setting. All flows entering or leaving the
life cycle of the different engine technologies are characterized
based on their impact relative to a reference emission on the
selected environmental impact categories. The total impact on
the category (indicator result, IR,) is given by:

IR, = ZCFCS X Mg

where CF. is the characterization factor which connects the
mass of substance emitted () with the impact category (c). All
emitted substances (s) impacting a specific impact category,
such as climate change, is thereby aggregated into a total
number represented by a mass of equivalents (i.e. emission
equivalents). The characterization in this study has been done
at “midpoint level”, meaning that the categories are not based
on end effects in the environment or on human health, but

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Life cycles of the 7 assessed concepts. The notation on the left side of the figure corresponds to the abbreviation used for the different
concepts in the text. The top panel (A) shows an outline of the HyMeth concept as it is assessed in this paper. Panel (B) shows an outline of
a scenario where an ICE is run on electro-methanol directly without using an onboard carbon capture system. Biogenic methanol from willow is
used in the concept outlined in the green panel (C). (D) and (E) shows to concepts where fossil methanol is used in two different engine systems.
In panel (D) pure methanol propulsions is used and in panel (E) a pilot fuel setup is used. In the two bottom panels (F) and (G) you can see the life
cycle of two MGO based options, where in the yellow panel (G) additional abatement technology is used. Grey box text show processes based on

data gathered from databases.

collected in relation to less aggregated categories such as
climate change or acidification. For example, effects on climate
change over the next 100 years are estimated based on the
aggregated global warming potential measured in CO,
equivalents.

The impact categories included can be viewed in Table 2. To
not exclude relevant environmental impacts that could be

This journal is © The Royal Society of Chemistry 2021

assessed in this work all impact categories included in the
International Reference Life Cycle Data System (ILCD) was
considered for the study. For Climate change, both GWP100
and GWP20 are assessed as they are directly affected by the
primary pollutants covered in this study and central to future
environmental regulations. In ILCD at midpoint, phosphate is
assumed to be the limiting substance for eutrophication in

Sustainable Energy Fuels, 2021, 5, 2753-2770 | 2757
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Functional unit

1 voyage with a case study vessel from Gothenburg harbor to Kiel harbor and back to Gothenburg harbor

Time horizon 2030
Geographical boundaries

System boundaries

North European SECAs (the English channel, the North Sea and the Baltic Sea)
Cradle to propeller of the fuel life cycle from one functional unit. The ship life cycle is not included.

Capital goods manufacturing not included

Allocation
Impact categories®®

System expansion
Acidification

Climate change, GWP20%°
Climate change, GWP100°°
Freshwater ecotoxicity
Human toxicity, cancer effects

Human toxicity, non-cancer effects

Marine eutrophication
Ozone depletion
Particulate matter

Photochemical ozone formation

Terrestrial eutrophication
Black carbon

Carbon dioxide (CO,)
Carbon monoxide (CO)
Nitrogen oxides (NO,)
Nitrous oxide (N,O)
Sulphur dioxide (SO,)
Methane (CH,)
Ammonia (NH;)
Formaldehyde (CH,0)
Particulate matter (PM;,)

Included primary
pollutants

Non-methane volatile organic compounds (NMVOC)

Normalization
Fuels included

CI ICE using MGO, per case

Biogenic methanol (BioMeOH) produced with biomass (willow) as main feedstock

Fossil methanol produced by steam reforming natural gas (NGMeOH)
Electro-methanol (eMeOH) produced using direct air capture (DAC) and electrolysis driven by wind

power
MGO
Engine systems included

Dual fuel spark ignited ICE combined with the HyMethShip reformer

Spark ignited ICE (SI ICE) optimized to run on methanol
Conventional compression ignition ICE (CI ICE)
Running on methanol using MGO as a pilot fuel

CI ICE optimized for MGO propulsion

Compared concepts

HyMethShip using electro-methanol from DAC and wind power (HyMethShip-baseline)

SI ICE using electro-methanol (ICE-eMeOH)

SI ICE using biomethanol (ICE-BioMeOH)

SI ICE using fossil methanol (ICE-NGMeOH)

CI ICE using fossil methanol and pilot diesel (CI ICE-NGMeOH)

CI ICE using marine gas oil (CI ICE-MGO)

CI ICE using MGO and selective catalytic reduction (CI ICE + SCR-MGO)

freshwater. As this is the assumption done in the methodology,
and phosphate is mainly emitted to soil and water rather than
through emission to air, the impact category Freshwater
eutrophication was excluded from this paper. The impact
categories ionizing radiation, ionizing radiation E (interim),
land use, mineral, fossil and renewable resource depletion, and
water resource depletion are not linked to the primary, pollut-
ants of this LCA study®® and were therefore excluded. The
primary pollutants affect several different impact categories,
but they do not cover the full inventory of emissions affecting
each impact category. The inventory for climate change impacts
is the most comprehensive. However, to exclude impact

2758 | Sustainable Energy Fuels, 2021, 5, 2753-2770

categories which are affected by the accounted pollutants could
hide potential trade-offs between environmental issues. The
validity of each impact category result is discussed in the result
section.

3.6. Sensitivity analysis

(1, 2, 3, 4) 4 different sensitivity analyses where preformed to
validate the robustness of the result, see Table 3. First, the
impact of varying electricity source for electro-methanol
production was analyzed. The electricity sources were selected
to represent a range of CO, intensities.

This journal is © The Royal Society of Chemistry 2021
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Table 3 Sensitivity analysis performed on the HyMethShip concept
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Different sensitivity analyses of

the HyMethShip concept Parameters adjusted

Cases, parameter adjusted to

(1) Varying electricity source in the

fuel production production

(2) Monte Carlo simulation of
uncertainties in assumptions of
technical performance

(3) Varying the fuel production
pathway
produced using other fuel
pathways
(4) Expanded life cycle inventory
to include tail pipe emissions of
metal from MGO combustion

bases on”?

Electricity used in the fuel

Technical system uncertainties

All electro-methanol required to
be produced with DAC is instead

Emissions added to inventory

(i) Photovoltaic ground mounted power plant

(if) Nuclear power plant based on a pressure water
reactor

(iii) Hard coal IGCC power plant

(iv) Lignite power plant

(i) CO, loss when unloading CO, in port

(if) Hy loss

(iii) Electrolyzer electricity consumption

(iv) DAC electricity consumption

(i) Biogenic methanol from willow used onboard
(ii) Natural gas-based methanol used onboard

(i) Additional scenario from CI ICE-MGO including
emissions of metals in combustion process

Table 4 Uncertainty parameters used in the Monte Carlos simulation. Uniform distribution was used for electricity consumption uncertainties.

Triangular distribution was applied for hydrogen loss and carbon dioxide

loss. OpenLCA's Monte Carlo simulation tool was used for the analysis

and 5000 runs were performed. Base case estimates used for the base case "HyMethShip” is noted as reference. Numbers without source
originate in estimates done by project members with technical expertise

Parameter Base case Low range High range
CO, loss when unloading CO, in port 2% 0.5% 5%
H, loss 0% 0% 2%

57 kW h per kg H, (ref. *°)
1.1 MJ per kg CO, (ref. *°)

Electrolyzer electricity consumption
DAC electricity consumption

Secondly, a Monte Carlo simulation was performed to
investigate the influence of uncertainties in technology devel-
opment.” The technologies in focus in this paper are under
development and the assessment therefore includes assump-
tions around how the technologies will develop over time.” The
parameters varied in the Monte Carlo simulation and their
uncertainty ranges were selected based on estimates from

40 kW h per kg H, (ref. **)
0.3 MJ per kg CO, (ref. )

84 kW h per kg H, (ref. *%)
3.2 MJ per kg CO, (ref. *)

experts as well as literature data on estimated future perfor-
mance (see Table 4).

Third, as the feasibility of DAC technology and its future
performance are highly uncertain,”®”® alternatives to use DAC
was investigated. This was done by assuming that BioMeOH
and NGMeOH were bunkered onboard the vessel instead of
eMeOH. By doing this the DAC is bypassed. The CO, captured

Table 5 Life cycle inventory data of emissions from methanol fuel production. Presented for the primary pollutants of the study per MJ fuel
produced (cradle-to-gate). Includes emissions from background data processes

Emission Unit eMeOH BioMeOH NGMeOH
Black carbon kg MJ " fuel 0 0 0

Carbon dioxide (CO,) kg MJ " fuel —0.065 —0.06075 0.0267
Carbon monoxide (CO) kg MJ " fuel 1.2 x 107° 2.71198 x 107° 4.97 x 10°°
Nitrogen oxides (NO,) kg MJ " fuel 6.1 x 10°° 3.56 x 10° 8.8 x 10°°
Nitrous oxide (N,O) kg MJ " fuel 0 1.26 x 107° 0

Sulphur dioxide (SO5) kg MJ ! fuel 7.75 x 10°° 2.1 %1077 7.9 x 1077
Methane (CH,) kg MJ " fuel 4.4 x 10°° 1.55 x 107° 1.4 x 1077
Ammonia (NH;) kg MJ " fuel 3.3 x1077 3.5 x10°° 2x107°
Formaldehyde (CH,0) kg MJ " fuel 1x10°° 4.0 x 1078 4.4 x 10"
Particulate matter (PM,) kg MJ ! fuel 7x10°° 5.4 x 1077 7.4 x 1077
Non-methane volatile organic compounds kg MJ " fuel 1.6 x 107° 9.3 x 107° 0.00025

(NMVOC)

This journal is © The Royal Society of Chemistry 2021
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onboard was then used to produce new electro-methanol. The
circular carbon loop is thus maintained. The results of this
analysis can be viewed in chapter 7 of the ESI.} Lastly, addi-
tional known metal emissions were added to the CI ICE-MGO
inventory to evaluate the potential influence of missing inven-
tory data.

4. Life cycle model and data
inventory

The life cycle inventory consists of the accounted mass and
energy information for all flows leaving and entering the life
cycle system for the 7 different concepts. The mass and energy
contents are collected and analyzed for the fuel production and
vessel operation in Section 4.1 and 4.2 respectively. In Section
4.3 original sources for data used as input to the primary
analysis is presented. For full details see ESIf.

4.1. Production phase: fuel production pathways

The inventory data for the electro-methanol production
pathway investigated is based on Aspen Plus process simula-
tions™ as no published measurement data have been found.
The electro-methanol case is based on production near Goth-
enburg harbor, where H, and CO, are captured in connection
with the methanol synthesis (see scenarios A and B in Fig. 2). As
a result, there is no need for transport of the products and the
storage need is considered negligible. All heat used to produce
electro-methanol are assumed to come from electric heating
and all electricity is assumed to be offshore wind power. The
heat required is assumed to be provided through electric boilers
with a 98% efficiency.

The H, gas is assumed to be produced via an alkaline elec-
trolyzer.*® When producing H, using renewable energy a proton
exchange membrane electrolyzer may be preferable since it can
react more quickly to fluctuations in the energy production.®*
However, this technology has a high investment cost compared
to alkaline electrolyzers and are still in the development phase.
The CO, is captured using DAC based on a theoretical
calculation/process as presented by Lackner.*® CO, captured in
the DAC process are considered as negative carbon emission,
and the carbon emissions are therefore viewed as coming from
fossil origin in the calculations. Details on each process can be
found in Section S3 of the ESI.§ Over the entire life cycle the CO,
supply from DAC corresponds to 5.5% of the total CO, required.
No benefits to the system have been given based on the addi-
tional heat and oxygen produced in the electrolyzer. This
together with the air capture as sources for CO, leads to that no
further allocation is required in the electro-methanol
production.

The methanol produced from biomass is modelled after
willow, produced in southern Sweden, which is pretreated and
turned to methanol through a syngas reaction (see scenario C in
Fig. 2). Four major processes are included: collection of wil-
low,*” transportation,®* pre-treatment®® and the methanol
synthesis.** The methanol synthesis goes via syngas and the pre-
treatment process only uses electricity to dry the biomass. To

2760 | Sustainable Energy Fuels, 2021, 5, 2753-2770

Table 6 Emission factors for combustion of fuel in different ICE technologies. Presented as g per kW h engine work at 80% engine load (cruising) and 25% engine load (maneuvering). Emission

factors are adjusted for engine efficiency from original source. Emissions not listed are assumed O for all engine technologies

HyMethShip

CI ICE-MGO

CI ICE-NGMeOH

SI ICE
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estimate the amount of carbon fixed in the willow mean carbon
concentration values of 490 mg g~ was used.® Ash created in
the methanol synthesis was assumed to release its carbon
content to the atmosphere over time. This production pathway
does not represent large production quantities and might have
limited scale-up potential; however, it is a data set which
includes the full life cycle of fuel production. The inventory
results can be viewed in Table 5.

The methanol from a fossil source considered in this
assessment is methanol produced using natural gas through
stream reforming (see scenario D and E in Fig. 2). The case
investigated is based in Norway, where the natural gas is
extracted and produced on an offshore facility, brought to shore
and then methanol is produced on shore. CO, capture has not
been considered in the production steps for NGMeOH nor
BioMeOH. For detailed process information see Section S6 in
the ESI.T The main part of the methanol produced today is used
as chemical base material, and the production is mainly done
through steam reforming of natural gas.*®

Data for MGO production was collected from a European
platform on life cycle assessment (ELCD) data set including
cradle to gate data, from crude oil to light fuel oil containing
0.1% Sulphur.®® The LCI data sets include all material require-
ments and energy requirements over the full life cycle of the
technology. The data set used is based on several subprocesses,
but in this analysis aggregated data for the whole production
chain per MJ fuel is used and no adjustments have been made
to the original data.

4.2. Use phase: vessel operation and combustion processes

The propulsion of the RoPax vessel is in all assessed cases
created by a combustion process in an ICE. The input and
output flows to the combustion processes in the different cases
are dependent both on the engine technology and the fuel
used.® The energy output combined with the engine efficiency
has been used to calculate the fuel consumption. The assumed
emission factors for the combustion phase for all loads, pro-
pulsion technologies and fuels can be seen in Table 6.

As more onboard measurements from vessels using meth-
anol and low Sulphur MGO becomes available the emission
factors used here should be updated.

The exhaust emissions from an ICE is dependent on the
engine load factor.*” The three different operating modes out-
lined in Table 6 are assumed to correlate to two different engine
loads: 80% MCR when the vessel is travelling at sea (cruising)
and 25% when maneuvering and operating the vessel in harbor
(see Table 1). The expected possible future efficiencies of the
dual fuel ICE used in the HyMethShip concept have been
assessed within the project and as these efficiencies are in
accordance with current reported figures for ICEs.*>***° For
a load factor of around 25% an engine efficiency of 36% was
used, and for a load factor of 80% we used an engine efficiency
of 40%. The same efficiencies are assumed for the different
technologies. The dual fuel ICE is optimized for hydrogen
operation resulting in a lower fuel efficiency during methanol
operation (see Table 6).

This journal is © The Royal Society of Chemistry 2021
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The emission factors for CO, and SO, are in all cases derived
from the carbon and sulphur content of the fuel. The emission
factors are adjusted for engine efficiency. The CO, emissions
are adjusted for carbon emitted in the form of CO. As the vessel
operates in the Baltic sea region the sulphur content of the MGO
is assumed to follow the 0.1% sulphur content SECA limit for
2020.* Methanol is assumed to be free from sulphur.

In this study the emission factors for MGO are primarily
collected from Sofiev et al.,** which in turn are based on emis-
sion models presented in J. P. Jalkanen, L. Johansson and ]J.
Kukkonen.”* In today's literature emission factors for MGO
from Goldsworthy and Goldsworthy® are primarily used, which
are instead partly based on the emissions factors established in
Cooper and Gustafsson.”” However, Sofiev et al.** presents
specific emission factors for MGO with 0.1% sulphur and is
therefore preferred for the scope of this LCA.

In the additional case the Tier III (retrofitted engine)
requirements are met using a selective catalytic reduction system
(SCR). The SCR used for NO, abatement is assumed to only
reduce NO, emissions and the data are based on the work per-
formed by Winnes et al.® The process uses urea which react with
NO in the exhaust gas and forms CO,, H,O and N,. The urea is
assumed to be produced within Europe and the consumption is
based on the required reduction of NO, emissions. It is assumed
that the ammonia slip is below 0.01 g kW * h™*.

4.3. Additional processes

Life cycle electricity production data developed in the New
Energy Externalities Developments for Sustainability (NEEDs)
project®™ was used. The LCI data sets include all material
requirements and energy requirements over the full life cycle of
the technology. Table S6 in the ESI{ summarizes all used data
gathered from databases.

5. Environmental impacts of the
HyMethShip concept

Environmental impacts from hotspots in the system are in focus
in Section 5.1. In Section 5.2, we compare the impacts of the
HyMethShip concept life cycle to six alternative propulsion
concepts.

5.1. Life cycle analysis of the HyMethShip concept's life cycle

Fig. 3 shows the relative contribution of each process in the
HyMethShip system to the total impact for each environmental
impact category. Two different types of processes account for
the main impact in most impact categories: (1) combustion
processes (travelling at speed and maneuvering with hydrogen/
methanol) for the propulsion of the vessel and (2) the electricity
production processes. The main emission source impacting
climate change is CO, emissions in the electricity production.
87% of the electricity used in the life cycle is needed for the
electrolyzer process (see Table 7). The CO, losses when
unloading the stored CO, in port results in around 17% of the
total impact on climate, when 2% CO, loss is assumed. The CO,
loss from bunkering, CO, emitted in the methanol combustion

Sustainable Energy Fuels, 2021, 5, 2753-2770 | 2761
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Fig. 3 The contribution to each impact category presented per
process in the life cycle of the HyMethShip concept as described in
Section 2 and scenario A in Fig. 2. Combustion processes for pro-
pulsion include travelling at speed, maneuvering with hydrogen, and
maneuvering with methanol. Electricity for fuel production includes
electricity production from offshore wind power used in direct air
capture, methanol synthesis, and electrolysis.

and greenhouse gas emissions from the electro-methanol
production are all in the same order of magnitude.

The combustion processes (travelling at speed, maneu-
vering, and start-up) are the main drivers of the impact on

Table 7 Electricity demand and efficiency of fuel production
processes in the HyMethShip life cycle. Presented per round trip
between Gothenburg and Kiel on a RoPax vessel. DAC numbers are
from added carbon when recirculating CO, captured onboard the
vessel

Electricity Electricity Process
demand demand of efficiency
per functional total electricity (based on
Process unit (MJ) consumption (%) LHV) (%)
Methanol synthesis 725 000 11 73.47
Hotel load 60 200 0.97 99
Electrolyzer 5430 000 87 58.3
DAC 8350 0.13 N/A
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Fig. 4 The contribution to each impact category presented per
process in the life cycle of the HyMethShip concept without back-
ground electricity production processes. The results are for scenario A
in Fig. 2.

acidification, eutrophication, and photochemical ozone
formation. The travelling at speed process stands for 94% of the
total engine energy usage and therefore contribute to a higher
degree to the total impact compared to maneuvering and start-
up. The acidification and eutrophication categories are first and
foremost affected by NO, emitted when H, is combusted
onboard. For the photochemical ozone formation NO, emis-
sions stands for the largest emission equivalents, however also
formaldehyde, SO,, NMVOC, and CO emissions from combus-
tion processes, as well as liquid methanol emissions in the
wastewater from the methanol synthesis process, contribute.
These methanol emissions occur when methanol is solved in
wastewater from the separation boiler, which then evaporates,
and the methanol is emitted to the air.

The particulate matter impact category is as well affected by
NO, emissions, but also particulates of various sizes and SO,
emissions originating in electricity production has a significant
impact. These emissions appear to mainly come from fuel
combusted by vessels and vehicles used in the construction and
maintenance of the wind power plant.** NO, emissions thereby

This journal is © The Royal Society of Chemistry 2021
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have a significant impact on several of the impact categories
and maintaining low NO, emission levels in the ICE combus-
tion process should be considered in the design of the engine
system.

The main influencing factors for the toxicity impact cate-
gories are materials used in the construction of the offshore
wind power construction. Contributing emissions are hex-
avalent chromium (chromium VI), metal emissions and
a variety of metal ions. Hexavalent chromium is the main
contributor for both human toxicity cancer effects and the
freshwater ecotoxicity. How hexavalent chromium should be
considered in LCAs and USEtox is still discussed and explored
in the scientific literature.®® The applicability of these results is
therefore limited; however, the results are analyzed in this
paper as the HyMethShip concept is using electricity to a higher
degree than other technologies and this can be a potential

This journal is © The Royal Society of Chemistry 2021
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trade-off between concepts. As the assessment of metal toxicity
is deemed uncertain, these categories are presented separately
in the comparative analysis. A minor contributor to the human
health, cancer effect category is the methanol emissions from
the methanol synthesis.

Fig. 4 presents the results without the contribution from
electricity production, as the electricity background data
affects the results significantly and can hide contributing
impacts from other processes. For the particulate matter
impact category emissions of CO, NO, and particulates all
contributes to the end effects. NO, emissions stand for 68%
of the total impact and particulates of various sizes for 31%.
Acidification, marine eutrophication, and terrestrial eutro-
phication are all primarily affected by NO, (as earlier), and
human health cancer effects is mainly affected by formalde-
hyde emissions. The human toxicity non-cancer impact is
affected to almost 70% by the methanol synthesis (Fig. 4)
mainly due to the negative health impacts of emitting
methanol, indicating that accidental emissions of methanol
also in other parts of the value chain will contribute to this
impact. Therefore, producers, users, and designers should
aim at reducing fuel leakage throughout the life cycle.
However, methanol is quickly degraded in the ecosystem
compared to diesel®® and is estimated to be in a similar range
of human toxicity, indicating that limiting fuel leakage is
influential for all fuel pathways. Freshwater ecotoxicity is also
affected by the methanol emissions from the synthesis
process.

5.2. Results from the comparative LCA

In Fig. 5 the results on GWP100 can be viewed for the 7 assessed
concepts. The HyMethShip concept shows the lowest impact.
The main contributing emission to the climate change impact
categories for the non-HyMethShip concepts are CO, emissions
from the combustion processes. These emissions are mitigated
when onboard carbon capture is used. The lower demand for
DAC makes HyMethShip-Base case preferable to ICE-eMeOH.
Only slight changes appear between the GWP100 and GWP20
impact categories (see Fig. 6).

For the concepts using eMeOH and BioMeOH negative
emissions are presented (see “DAC” and “Willow collection”).
This is due to the accounting methodology used, where CO,
captured from air is accounted for as negative emissions both
when DAC is used and when the willow grows. The carbon
captured this way become emissions to the environment
when they leave the system boundary. Over the whole life
cycle all carbon entering the system is also emitted. The
negative emission from ICE-BioMeOH are larger than for the
eMeOH concepts due to the stochiometric carbon require-
ments. Methanol contains less carbon per hydrogen unit
than the carbon/hydrogen ratio in the biomass. Only around
55% of the carbon in the cultivated willow is converted to
methanol.

The accumulated impact on climate change from the ICE-
BioMeOH concept mainly derives from carbon emissions in the
electricity production and N,O released from fertilizers used in

Sustainable Energy Fuels, 2021, 5, 2753-2770 | 2763
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the cultivation of the willow. Currently N,O emissions stand for
less than 20% of the total impact. However, these emissions
vary between different biomass sources. The impact caused by
the N,O could potentially be removed if the biomass used for
production of methanol comes from uncultivated sources such
as forest residues, but the availability of biogenic waste prod-
ucts is restricted.'®

To use an SCR to purify the exhaust gas from the CI ICE
leads to a slight increase in climate impact due to additional
CO, formed in the exhaust gas and production of consum-
ables. For the ICE-NGMeOH and CI ICE-NGMeOH concepts
carbon and methane emissions from the natural gas
production and methanol synthesis have significant impacts
on the result. Emissions from natural gas-based fuels used
here are taken from official numbers and does not include
emissions from accidents or unreported leakage. This means
that calculated amount of methane emissions in the life cycle
might be underestimated.

The results for all investigated impact categories, combus-
tion technologies and fuels can be viewed in Fig. 6 and 7. The
HyMethShip concept shows a better environmental perfor-
mance than today's conventional MGO system, the ICE using
NGMeOH concept and the ICE using BioMeOH concept in all
but three categories. The HyMethShip concept performs better
than the ICE using eMeOH in all categories.

The three impact categories where the HyMethShip concept
contributes to more than five times that of ICE using MGO are
“human toxicity, cancer effects”, “human toxicity, non-cancer
effects” and “freshwater ecotoxicity”. The main influencing

2764 | Sustainable Energy Fuels, 2021, 5, 2753-2770

emissions are only accounted for in the background data set,
and as the BioMeOH and fossil fuel concept require less elec-
tricity per unit fuel produced they are unlikely to influence these
pathways. Today's state of the art technology for renewable
electricity requires more building materials, such as steel, per
produced energy unit compared to oil or nuclear options. This
additional material requirements appears to be the main
emissions source driving these results. All concepts have
a similar magnitude of impact if no background data is incor-
porated in the results.

In five impact categories (Acidification, Eutrophication,
Ozone depletion, Particulate matter, and Terrestrial eutrophi-
cation) the bio-methanol based concept has a higher impact
than the electro-methanol and fossil-methanol counterparts
(see Fig. 8). The eMeOH and NGMeOH concepts shows a similar
level of impacts in these categories. Most of the emissions
related to the impact categories occurs in the combustion
phases (which are equal for all fuel pathways), but for the
eMeOH and NGMeOH no other significant emission sources
can be found in other parts of the fuel life cycle. For BioMeOH
additional emissions hotspots can be identified: the main
influencing emission on ozone depletion is N,O from the
biomass cultivation, which only occurs in BloMeOH production
For the other four categories the ICE-BioMeOH concept is
influenced by the electricity grid mix used in the biogenic
methanol production. The European electricity mix contains
fossil-based energy, which contributes significantly to acidifi-
cation, PM and eutrophication.®® The BioMeOH production is
assumed to be located across Europe due to production

This journal is © The Royal Society of Chemistry 2021
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indicates the same values for both sides of the graph, where 1 = Cli
ICE-MGO.

constrains whereas eMeOH can be produced at the harbor, due
to land use requirements for biogenic methanol production.
These results are in line with earlier work on biofuels in the
shipping sector.”®'* Between 5 and 16% of the total environ-
mental impact for the ICE-BioMeOH concept in the acidifica-
tion, marine eutrophication and particulate matter categories
originate from cultivation and treatment processes.

5.3. Sensitivity analysis

Some of the technologies included in the LCA are under rapid
development or are expected to be optimized further in the
coming years.'®” Fig. 9 shows that besides the wind power-based
scenario and nuclear scenario all electricity generators fall out
as the worst option in one or more of the impact categories and
the most beneficial option varies between impact categories.
This is in line with results from previous studies on electro-
fuels.***”"** No direct comparison of how large this reduction is
can be done, as the degree of reduction depends on the system
boundaries of the assessment.

The results of the Monte Carlo simulation (2) show that the
uncertainties of the parameters presented in Table 4 has an
impact on all impact categories (for full results see Fig. S3 in the
ESIt). However, the results do not change the relationship
between todays fossil fuel option and the HyMethShip case in
any of them. The results of sensitivity analysis (3) show a lower
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particulate matter, and terrestrial eutrophication from the HyMethShip
and SI ICE concepts. Presented per round trip between Gothenburg
and Kiel on a RoPax vessel. Normalized per impact from CI ICE
propelled with MGO.

impact from using the HyMethShip system regardless of the
initial raw material used for fuel production. This indicate that
the onboard carbon capture system as such is beneficial rather
than in combination with electro-methanol. When further
known metal emissions from combusting MGO in an engine (4)
are included in the LCI the results the toxicity impact increases.
For human toxicity, non-cancerous effects the difference
between the CI ICE-MGO concept and the HyMethShip concept
is reduced significantly (see Fig. S10 in the ESI{) and for the
freshwater ecotoxicity the relationship between the categories
changes, but the same impact is not seen for the human toxicity
caner effects. This indicates that the indicated trade-off might
be relevant also when more emissions are included. Currently
no available data on metal content of eMeOH, BioMeOH, and
NGMeOH was found in the scientific literature and emissions to
air of metals from the exhaust gas etc. could therefore not be
included in this study.

6. Discussion

The results of this paper indicate that using the “Hydrogen-
Methanol Ship propulsion system with onboard pre-
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from NEEDs data set based on today's technologies.

combustion carbon capture” concept on a RoPax vessel might
lead to lower greenhouse gas emissions, acidification, particu-
late matter impacts, marine and terrestrial eutrophication, and
photochemical ozone depletion compared to today's conven-
tional propulsion technologies. However, the work presented
here is a prospective LCA based on a technology in its early
design phase. The HyMethShip concept is in an early stage of its
development and technical decisions on design and function-
ality are still being made. The results therefore include large
uncertainties and one purpose of the work is to inform the
developers about important processes and other interest of the
potential implications of the technology.

In development processes decisions are consciously taken
on how to design the technology.'® Initially few choices have
been made and a lot of design freedom remains, however as the
technology matures fewer decisions can be changed without

2766 | Sustainable Energy Fuels, 2021, 5, 2753-2770

stepping back in the design process.’* This duality creates
a scenario where information required to perform a full LCA is
available at later stages in the design process, while decisions
made early could be optimized for higher environmental
performance if information on what would affect this were
available.®® The study was therefor designed to inform on early
decision-making, and whether the concept is of further interest
to the maritime community. This initial assessment shows that
there is potential for the system to be competitive regarding
environmental performance compared to ICE options and gives
an insight to which design measure that could improve this
further. One such conclusion is the impact of NO, emissions
from the H, combustion in the ICE. Health impacts from NO,
and particulates (soot) have been in focus in discussion on
health impacts from shipping.** Achieving low NO, emissions
leads to lower overall impact on a system level in several impact

This journal is © The Royal Society of Chemistry 2021
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categories and the amount of emitted NO, is in part a result of
the engine design. The high impact from NO, on particulate
matter is in line with results presented by Deutz et al,*
however, they assessed diesel options in the land vehicle fleet.
Marine engines have overall higher emissions of NO, than
engines used in other transport modes.

The limited life cycle inventory data is a limitation of this
study. If more data on emissions from the life cycle are included
the robustness of the study would increase. However, emission
measurements are often limited due to time and cost restric-
tions. We have chosen to include categories where we find that
the emissions data available can give an indication of the
impact from the scenarios. The data used in this assessment is
based on state of the art for emission measurements from
engines and the scope is mainly limited based on emissions
measured at the tail pipe. This leads to most robust results in
some impact categories, such as climate change, but less certain
results for toxicity. Including all emissions affecting all impact
categories could change the results presented in this study, but
this not currently possible due to limited access to data.

We have in this assessment shown that the HyMethShip
concept could lead to lower impact on particulate matter, but
the results also indicate that human toxicity impacts might
increase as a trade-off. However, as the characterization factors
for metals are considered highly uncertain'® this is not fully
established. To investigate the impact on toxicity further the
scope of the study should be broadened to also include infra-
structure as toxic material are potentially used in several steps
in the electro-fuel production, such as the electrolyzer,'® and
development of more robust characterization factors is likely
needed.

If the HyMethShip technology is used at a large scale some
further issues arise. It might not be sustainable to build electro-
methanol production plants in every harbor, but this could
decrease the dependency on oil and the local product might
have geopolitical benefits in some regions. The technology also
has a limited range of operations, as the energy density of the
fuel is lower than today's MGO and HFO. However, this limi-
tation is not as strict as for other alternative technologies such
as battery electric propulsion. Carbon sources should not be
a limiting factor if HyMethShip circular carbon loop concept is
used. The increased electricity need might become a technical
issue as well as have high spatial requirements, but the effect of
this will depend on each production site. We have not in this
LCA identified any increased impact on the environment if the
HyMethShip concept where to be used at an extensive scale
besides additional emissions from construction of new power
plants, but other alternative technologies might be preferable.

To decarbonize the shipping industry radical technology
shifts are likely required,"” and the HyMethShip concept is not
the only emerging maritime propulsion technology. Electrifi-
cation mitigates energy losses from conversion from electricity
to fuel and from fuel to engine power, and emissions from the
combustion phase are bypassed entirely by technologies such as
hydrogen fuel cells. As this paper aims at assessing if
HyMethShip could lower the emission levels compared to
established technologies, comparisons with future technologies

This journal is © The Royal Society of Chemistry 2021
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are outside the current scope. However, as we conclude that the
HyMethShip concept could lead to lower emissions, further
research comparing the concept to other emerging technologies
is of interest. However, this comparison should include
a broader scope of emissions, include infrastructure and
manufacturing of the vessel, and assess several impact cate-
gories as there might be trade-offs between health and envi-
ronmental impacts.

7. Conclusions

The results show that use of the onboard carbon capture
concept HyMethShip has the potential to reduce environmental
impacts. The HyMethShip concept can, under the conditions
established in this study, lead to reduced acidification by 92%,
climate change (GWP20, GWP100) by 98%, marine eutrophi-
cation by 93%, particulate matter by 88%, photochemical ozone
formation by 92%, and terrestrial eutrophication by 90%
compared to ICE using marine gas oil, as well as reductions
compared to ICEs using methanol. Low NO,. emissions from the
ICE and use of renewable energy is important factors to reach
lowered impacts. Minimizing leakage of methanol to the envi-
ronment is also relevant, as well as efficient processes in the fuel
production.

All investigated toxicity impact categories show relatively
high impact from the HyMethShip concept. This is due to
emissions from electricity used in the fuel production. We need
more detailed information on emissions of metals and other
toxic substances to show if this is the case over the full life cycle.
This data is currently lacking in the literature. The electricity
sources in the fuel production is shown to impact the result for
all impact categories investigated.
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