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Abstract: This review paper examines the applicability of biogas and biomethane as potential
maritime fuels and examines issues of these fuels from a supply chain perspective (from production to
end use). The objectives are to identify: (1) the latest research, development, and innovation activities;
(2) issues and key barriers related to the technology readiness to bring biogas/biomethane to market;
and (3) commercialisation issues, including cost parity with natural gas (the main competitor). A
survey of the literature was carried out based on research articles and grey literature. The PESTEL and
SWOT analyses identified opportunities for these fuels due to the relevant regulations (e.g., Fit for 55;
the recent inclusion of the Mediterranean Sea as a SECA and PM control area; MPEC 79), market-based
measures, and environmental, social, and governance strategies. The potential of biomass feedstock
is estimated to have a substantial value that can satisfy the energy needs of the maritime industry.
However, production costs of biomethane are high; estimated to be 2—4 times higher compared to
natural gas. The market is moving in the direction of alternative drop-in fuels, including liquefied
and compressed biomethane (LBM and CBM) and biogas. In terms of potential market penetration,
LBM can be used as a marine drop-in fuel for the existing fleet that already combust LNG and LPG
due to similar handling. Currently, these vessels are LNG and LPG tankers. However, in newly
built vessels, LBM can be also supplied to container ships, vehicle carriers, and bulk carriers (about
20% of newly built vessels). Provided that compressed natural gas infrastructure exists, CBM can be
exploited in vessels with low energy needs and low space requirements and shore-side electrification,
because investments in retrofits are lower compared to constructing new infrastructure.

Keywords: decarbonisation; alternative maritime fuels; advanced biofuels; biogas; biomethane
upgrading; dual-fuel engine; dual-fuel combustion; compressed biomethane (CBM); liquefied
biomethane (LBM); market-based measures; Fit for 55; PESTEL and SWOT analysis

1. Introduction

Decarbonisation of the maritime industry is a complex problem and the solutions
will require interdisciplinary collaboration between various fields combined with inno-
vation, the engagement of stakeholders, and regulatory, legislative, and even financial
incentives [1,2]. Biofuels are considered to be the most promising option for lowering
CO, emissions in the transportation sector, irrespective of the fact that their share in the
total transportation fuel consumption is very low [3]. Oh et al. [3] list the major reasons
as: (i) unavailability of raw materials; (ii) low CO, mitigation effect; (iii) blending, and
thus mixing with conventional fuels due to their different fuel properties (also known as
blending wall); and (iv) high cost, and hence low competitiveness. Oh et al. [3], in their
review, argue that advanced biofuels are a promising solution. However, in their survey,
the application of biofuels in the maritime industry is not further examined. Biofuels are
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considered important due to their relative feedstock abundance in many regions, easy
combustion in internal combustion engines, compatibility with existing infrastructure, and
finally, they can “revitalise rural areas” by providing “new end markets for agricultural
commodities” [4].

The European Biofuels Technology Platform, based on carbon as a source, defines 1st,
2nd, 3rd, and 4th generation biofuels as follows [5]:

e  “1st Generation: The source of carbon for the biofuel is sugar, lipid or starch directly ex-
tracted from a plant. The crop is actually or potentially considered to be in competition
with food.”

e  “2nd Generation: The biofuel carbon is derived from cellulose, hemicellulose, lignin
or pectin. For example, this may include agricultural, forestry wastes or residues, or
purpose-grown non-food feedstocks (e.g., Short Rotation Coppice, Energy Grasses).”

e  “3rd Generation: The biofuel carbon is derived from aquatic autotrophic organisms
(e.g., algae). Light, carbon dioxide and nutrients are used to produce the feedstock
“extending” the carbon resource available for biofuel production.”

e  “4th Generation: This type of biofuel is a combination of genetically engineered
feedstock and genomically prepared organisms, usually algae, for increased yield of
production [6,7]. Non-biological feedstocks are also considered to be 4th generation
biofuels” [8].

Note that advanced biofuels are second generation and above [5].

Based on the above definitions, biogas and biomethane are considered advanced
biofuels if their source is obtained from the organic portion of municipal solid waste,
agricultural wastes, forestry wastes, and aquatic autotrophic organisms that are not in direct
or indirect competition with food crops [9,10]. Therefore, the production and utilisation of
advanced biomethane is sustainable (in terms of ethics and the environment) compared
to first generation biomethane [11]. Advanced biofuels are attractive candidates for the
maritime industry due to their almost net zero carbon potential [5]. In fact, DNV in its
2022 updated report “Maritime Forecast 2050” mentions that “bio-LNG, bio-MGO and
bio-methanol” are the preferred fuels for the maritime sector because of their high energy
density and “availability of sustainable biomass” [12]. However, their high production
cost compared to their fossil counterparts is the main key barrier [12]. Gaseous biofuels,
on the other hand, have issues with storage and transportation, and therefore their liquid
biofuel counterparts have a considerable advantage (for example, there is no need to
compress or liquefy, as done for compressed/liquefied natural gas in order to store and
transport them). This is a key challenge of gaseous biofuels for their eventual uptake in the
shipping industry.

Advanced biofuels “have very low sulphur levels and low CO, emissions, as such they
are a technically viable solution to low-sulphur fuels meeting either the VLSFO or ULSFO
requirements” [13]. In the case of biomethane, after upgrading from biogas, the sulphur
levels are virtually negligible. In the transportation sector, biofuels are, at the moment,
the most suitable option for replacement or used as a drop-in with gasoline (blended with
bioethanol) or diesel (blended with biodiesel) [5]. The exact drop-in percentage depends
on the miscibility, mode of operation (compression- versus spark-ignition), and tolerance
of the internal combustion engine. However, in shipping industry experience, handling,
including safety and long-term storage of gaseous and liquid biofuels, is limited [5]. An
additional key barrier to the commercialisation of advanced biofuels is the “poor fuel
economy” [3], which yet needs to be proven by resolving issues in availability and the
supply chain, taking also into consideration that physical and chemical properties of the
proposed biofuels are similar to the properties of conventional fossil fuels.

Note there are two conversion routes to obtain biomethane from biomass feedstocks.
Either via anaerobic digestion, which would also require upgrading, or gasification, as
depicted in Figure 1.
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Figure 1. Conversion routes to produce liquefied /compressed biomethane.

Anaerobic digestion is the breakdown of biomass by microorganisms in the absence of
air/oxygen to produce biogas [14]. Gasification is the process by which biomass is broken
down via the use of high temperatures with a certain quantity of oxygen and steam to
produce syngas [14]. CE Delft [14], pp. 19-20, compares the conversion routes, anaerobic
digestion, and gasification, with the available technologies, the type of feedstock, and most
importantly, their technological readiness level (TRL). However, note that most anaerobic
digestion technologies are market ready and available, but gasification technologies are still
at lower TRL levels. Further examination should also take into consideration the energy
required for both processes to be completed. Therefore, for the remaining discussion in this
review paper, the anaerobic digestion conversion route is only considered.

The energy mix could include the use of compressed and/or liquefied biomethane for
cold-ironing (or shore-side electricity) and bunkering applications. The potential of biogas
to aid in the decarbonisation of the maritime sector is clear, as it is proven from lifecycle
and environmental considerations that biomethane (either in liquefied or in compressed
state) can reduce the shipping’s impact on climate change [15]. Brynolf et al. [15], however,
clearly mention the need to address methane slipping, due to methane’s high global
warming potential.

The scope of this review paper is to survey the literature related to the use of biogas
and biomethane by the shipping industry, based on research articles and grey literature.
The scope aims to tackle the limited number of research papers on biomethane and biogas
applications, and thus aims to fill in the research gap by surveying the available literature
on the relevant topics as defined in the next sections. Section 2 focuses on the recent
regulatory and legislative framework and its impact on market-based measures. Section 3
focuses on a political, economic, social, technological, environmental, and legal (PESTEL)
and strengths, weaknesses, opportunities, and threats (SWOT) analyses of biogas and
biomethane, which will aid in the identification of threats and opportunities. Section 4
discusses the availability, supply chain, and cost breakdown issues of these fuels. Section 5
compares the applicability of compressed and liquefied fuels, with LNG and CNG as the
benchmark. Section 6 presents the emission characteristics when biomethane is used as
a drop-in fuel in marine internal combustion engines (ICEs). Section 7 focuses on the
need and available technologies for upgrading biogas to biomethane. Finally, Section 8
summarises the key findings of this review paper.

2. Regulations, Legislation, and Their Link to Market-Based Measures and ESG

In terms of legislation, the recent “Fit for 55” legislation package has important effects
on the shipping industry to limit the CO, emissions with important repercussions on the
European economies. The key directives/regulations/policies that impact shipping on the
European level are:

Revised EU ETS (aims to involve shipping in EU carbon trading);

FuelEU Maritime (a new regulation about sustainable maritime fuels to help the
transition to low carbon maritime fuels, such as biogas as it is a renewable energy
source (RES));
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e  The revised Energy Taxation Directive (to end tax exemptions for conventional marine
fuels and incentivise the uptake of alternatives. For example, bunker fuels sold in the
EU for intra-EU voyage are no longer tax exempt);

e  The revised Renewable Energy Directive (RED II) (introduces a target of at least 40%
share of renewable energy and a GHG intensity reduction target of at least 13% by
2030 in the transport sector. It maintains the multiplier for renewable energy used
by ships);

e EU Maritime MRV Regulation (requires the inclusion a lifecycle analysis methodology
for fuels and common principles for fuel monitoring, verification, and accreditation.
The existing EU MRV system will build upon the new EU THETIS reporting database);

e  Alternative Fuel Infrastructure Directive (AFID) (seeks to raise the availability of LNG
by 2025 and shore-side electricity supply in main EU ports (determined by number of
calls per year) by 2030);

e  Carbon Border Adjustment Mechanism (CBAM) (seeks to avoid “carbon leakage”,
which either occurs “when industries transfer polluting production to other coun-
tries with less stringent climate policies, or when EU products are replaced by more
carbon-intensive imports”. Carbon leakage can, therefore, undermine the EU’s climate
change efforts).

Note that the shipping industry is regulated by the International Maritime Organiza-
tion (IMO). Therefore, the IMO, under the International Convention for the Prevention of
Pollution from Ships (MARPOL), in particular MARPOL Annex VI under Regulation 18.3.2,
MPEC.1/Circ.795/Rev.6 (related to the application and interpretations of Regulation 18.3
for biofuels) and MPEC.1/Circ.878 (related to the 0.5% sulphur limit), has set standards for
using biofuels by fuel oil quality regulations [16-18]. However, these regulations refer to
liquid fuels, the relevant regulations for gaseous biofuels (such as biogas and biomethane)
are yet to be developed. In our view, any regulations applicable to compressed natural gas
(CNG) and/or liquefied natural gas (LNG) will form the framework for future regulations
related to biogas and biomethane in terms of use, operation, and safety.

It should be highlighted that, as with all policies related to the options relevant to
decarbonisation, “biogas policies may be effective in one country would not necessarily lead
to the same outcome in another country”, because these are highly depended on the overall
national policy and economic strategy a country may choose to follow [19]. However,
targeted policies may stimulate the development and scale-up of biogas in its overall value
chain, which, namely, are: (1) production; (2) distribution; (3) use; and (4) biofertilisers [19].

2.1. Market-Based Measures of Gaseous Biofuels

Market-Based Measures (MBMs) are “technical and operational measures” of vessels to
reduce fuel consumption, and hence, CO, emissions [1,20,21]. MBMs include the Emissions
Trading Schemes (ETS) and International Funds based on contributions of fuel, offsetting
in other sectors with increasing emissions, and economic incentives to invest in new
technologies, and/or the operation of vessels [1,22]. As already alluded to, some MBMs
include reductions of the Energy Efficiency Design Index (EEDI) [22], Energy Efficiency
Existing Ship Index (EEXI), Ship Energy Efficiency Management Plan (SEEMP), and Carbon
Intensity Index (CII) [23]. For a comprehensive review of MBMs, the reader is referred to
Lagouvardou et al. [21].

In terms of alternative green fuels (including biofuels) and bridging fuels (such as
LNG), MBMs will create opportunities for these type of fuels in an effort for the shipping in-
dustry to decarbonise, reduce the potential carbon penalties, and address challenges related
to environmental, social, and governance strategies and competitiveness (see Section 3 on
PESTEL and SWOT analysis).

2.2. Environmental, Social, and Governance Strategies of Gaseous Biofuels

Environmental, social, and governance (ESG) is a set of standards and criteria set by
organisations to show that their activities are environmentally and socially responsible and
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sustainable. Note that ESG is part of the overall corporate social responsibility (CSR) that
organisations need to show “for sustainability and ecological behaviours in connection of
corporate with values, etiquettes and investment decisions” [24], pp. 117-118. In other
words, ESG introduces the concept of “holistic sustainability”, i.e., sustainability that
considers the environment, society, and governance (and the interactions between the three
criteria). At the same time, organisations manage risks and opportunities with set ESG
criteria. These opportunities are associated with processes and decisions related to the
financing (investments and borrowing) of an organisation. ESG, therefore, operates as a set
of “non-economic” criteria and conditions, or, more precisely, as a set of indirect economic
criteria and conditions. In other words, from a market perspective and business strategy, a
poor ESG rating would imply a high-risk investment and, conversely, a good ESG rating
would imply a safer investment.

Currently, ESG reporting is voluntary, but it is envisioned that in the future, at least
for the shipping industry, it will become a key, compulsory reporting parameter for busi-
nesses. In fact, the adoption of ESG criteria is evolving as “an emerging global trend in the
evaluation of shipping companies” [25]. Reporting includes topics such as recycling, GHG
emissions, other harmful pollutants, ecological impacts, business ethics, employee health
and safety, and accident and safety management [26]. In addition, ESG applies to all aspects
and sectors of shipping, including shipyards, ports, ship owners, ship managers, regional
support activities and services, logistics chain and intermodal transportation, and suppliers.
In terms of GHG emissions, ESG will act as an additional driver for the shipping industry
to decarbonise by implementing appropriate technical and operational measures. This
will undoubtedly create opportunities for biofuels in an effort for the shipping industry to
demonstrate, via its environmental, social, and governance criteria, that it is investing in
and acting upon the low carbon transition (green transition).

3. PESTEL and SWOT Analysis of Biogas and Biomethane

In order for biogas and biomethane to be considered as viable fuels, their key barriers
must be overcome. A PESTEL analysis is used to identify the main potential threats and
opportunities for gaseous biofuels in the maritime industry by considering the macro-
environmental factors (e.g., markets, regulations, political impacts) [24], p. 5. A SWOT
analysis is also evaluated for a complete “assessment of the environment” [24], p. 5, of both
fuels. This is to identify their “internal” strengths, weaknesses, opportunities, and threats.
Therefore, the PESTEL and SWOT analyses can steer the discussion on what is needed in
terms of RTDI activities, legislation, regulations, and financial incentives.

The PESTEL analysis (see Table 1) reveals that several opportunities exist for gaseous
biofuels in all main factors. The general preliminary PESTEL analysis will depend on
MBMs and their current assumptions, for example, the Fit for 55 policies, for which some
directives are still under debate. Note, however, that the assumptions and discussion of the
PESTEL factors strongly depend on a per-region and a per-market basis.

The SWOT analyses of Figures 2 and 3 reveal that, compared to fossil fuels, biogas and
biomethane have a greater cost, which is not expected to change, at least for the short- and
medium-term. However, a combination of policies, regulations (reduced sulphur levels in
marine fuels and reduction of GHG emissions), incentives, and technology and infrastruc-
ture improvements/enhancements may help to create a viable market and opportunities
for biogas and biomethane in the shipping industry [13].
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Table 1. General preliminary PESTEL analysis, with main factors, main key drivers, and implications on gaseous biofuels.

Factor Key Drivers Implications on Gaseous Biofuels
.\ vaernr.nents adding pOhtl(.jal pressure and Formation of general policies (such as from the IMO or the European Commission) that may be beneficial in the scale-up and
Political incentives for the promotion and use of - . 1
. L development of biogas in one country, but may not be as beneficial in another country.
biofuels by the shipping industry
Economic Investment of the shipping industry in the Also highlighted within the technological factor, the shipping industry is investing (and actively participating) in

use of gaseous biofuels

o _________KkiDItechnologies. =

Economic incentives based on MBMs (such as the ETS, i.e., reduction of carbon penalties/tax) will help the uptake of gaseous
biofuels by the shipping industry. These activities are also driven and related to the minimisation of EEDI, EEXI, and CII.

Socio-cultural

Gaseous biofuels will enable organisations to minimise their impact on climate change and global warming, and thus demand
on gaseous biofuels will increase. Improve image of shipping industry in terms of social criteria to achieve sustainability.

Biogas combustion can be used for land-based applications. Therefore, in terms of shipping, biogas could be used for
,,,,,,,,,,,,,,,,,,,,,,,,,, shoresside electricity.  _ _ __ ___ ________________.

Upgrading needed to remove impurities, which when combusted are toxic to the environment and human health, and also
reduce the lifetime of components in an ICE engine (see Section 7).

Technological = - = - - - - = - - - - - - - oo - oo oo o Large activity in RTDI projects involving gaseous biofuels and their supply chain issues and upgrading of biogas to biomethane ~
Participation of stakeholders of the shipping  (such as BioCH4-to-Market [27], BioCNG-to-Cold Ironing [28], Accelerating deployment of low-LCI Biomethane in shipping
industry in RTDI activities [29], Salamander project [30], and FirstBio2Shipping [31]). The shipping industry also actively participates in these activities, for
example, by providing critical access to infrastructure for testing, benchmarking, and validation.
Stricter regulations on existing ECA /SECA/NECA areas, such as the Baltic Sea. For example, according to Marine Environment
Inclusion of additional areas under Protection Committee, MEPC 79, as of 2025 the Mediter?anean Sea has now been included as a SECA and Particulate M.atter
ECA/SECA /NECA control area [32]. In this respect, biomethane can contribute to the reduction of GHG and harmful pollutants (combusting
Environmental biomethane has no SOx emissions and very low PM emissions). However, after-treatment in Nox emissions will be needed. In
addition, further inclusion of additional areas will further expose the shipping industry to more stringent conditions.
77777777777 Eisé.i ~ Organisations will need to illustrate their environmental criteria, which creates opportunities for inclusionof =~~~
biogas/biomethane into the net zero carbon transition plan.
Lack/mcomplete. TISSIE fram.e work from Utilisation of existing LNG/CNG framework for biomethane.
IMO regarding gaseous biofuels
~ At European level, the Green Deal and the ~  The directives listed in Section 1 will impose carbon penalties to the shipping industry. Utilisation of gaseous biofuels will
Legal __ _ recent Fit for 55 legislation package =~~~ minimise the impact.

Inclusion of additional areas under
ECA/SECA/NECA

At the moment ESG reporting is voluntary, but in the near future they may become obligatory. Hence, organisations may be
forced to use biogas/biomethane.
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Figure 2. SWOT analysis of biogas.

Strengths

* Upgrading to biomethane removes impurities
with improved emissions performance

* Non-existent sulphur content

» Easy to use for land-based applications,

which could be applied to Shore Side

Electricity at ports and/or bunkering for use

by main engines / auxiliary engines / boilers

on vessels

If available, can use existing infrastructure for

CNG/LNG with minimal changes needed

Opportunities

* Current legislation derived from “Fit for 55”
promote the use of biogas (such as Fuel EU
Maritime)

* Regulations for bunker fuels have become
stricter

» Large interest in the maritime industry to use
upgraded biomethane as a drop-in fuel
(retrofitted in vessels, or Shore Side
Electricity)

» Applicability to be determined/proven for
ocean going vessels or short sea routes

» Applicability depends on geography and
market

* MBMs

* ESG

Weaknesses

Low available feedstock
Impurities vary and thus emissions control is
challenging; including sulphur, hence
difficult to be used directly on vessels

Lack of long-term testing data and research
on marine applications with biogas as fuel
Supply chain for large scale uptake and use
for vessels is limited and not yet proven

Threats

Not enough raw material for shipping
industry

Availability and supply chain

Cannot use in marine applications due to
large amounts of impurities which may
impact life of components

LNG / CNG are strong competitors versus
liquefied / compressed biogas

Lack of available infrastructure to supply
vessels and/or ports with implications on
investment, financial incentives and cost

Weaknesses

Upgrading to biomethane is expensive
Additional processes adds losses (in terms of
exergy and efficiencies)

Lack of long-term testing data and research
on marine applications with upgraded
biomethane as fuel

Supply chain for large scale uptake and use
for vessels is limited and not yet proven
Storage & safety issues on board a vessel

Threats

Not enough raw material for shipping
industry

Availability and supply chain

LNG / CNG are strong competitors vs LBM /
CBM

If there is lack of available infrastructure to
supply vessels and/or ports with implications
on investment, financial incentives and cost

Figure 3. SWOT analysis of biomethane.
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4. Availability, Supply Chain, and Cost Breakdown
4.1. Regional Availability

One vital criterion for a biofuel to be sustainable is to have a positive net energy
balance (NEB) [33,34]. Thus, the availability of potential biofuels will also depend on the
energy requirements of the feedstock that will be determined by a NEB analysis. As already
mentioned, the availability of biogas varies on a per-region basis as it depends on the
available amount of biomass feedstock. The availability of biomethane will also depend on
the availability of upgrading facilities or the ability of biomethane transportation, given
that the gasification route is at a currently low TRL level.

A study by CE Delft [14] estimated the maximum “conceivable” sustainable biomethane
potential by 2030 to be between 40-120E] and 40-180E] by 2050, assuming that all available
sustainable biomass is converted to biomethane. Note that in the same study “the projected
energy demand from shipping of 12-14 EJ in 2030 and 10-23 EJ in 2050”. Thus, these
estimations constitute an impressive potential regarding biomethane. These estimates are
forecasted to increase provided that aquatic biomass is also included. However, there
are a limited number of studies that investigate the sustainability, and hence availability,
of aquatic biomass [14]. Note that aquatic biomass has a very large theoretical produc-
tion potential, due to a large availability of growth in oceans and low interference with
“agricultural land”, but the current technology readiness level is very low [14]. Note that
macroalgae are suitable feedstock candidates for biomethane production, as they contain
low levels of lignin [14,35]. However, a large percentage of microalgal biodiesel reported a
low energy return on investment (ERO1 < 1), mostly due to the low technological maturity
and “lack of understanding” of many issues [36,37]. Gegg and Wells [37] performed a
PESTEL analysis for the UK and mentioned that “very little is known about the potential
economic, social, environmental and political /legal issues”.

Regional availability of biomass (feedstock availability) is one critical factor that will
determine the availability of biogas and biomethane. It is very difficult to estimate the global
distribution of feedstock as different studies use different boundaries and assumptions [14].
Most biomass feedstock potential is widely distributed across the globe, with a significant
amount produced in Asia Pacific, North, Central, and South America, and Europe [14,38].
Other reports, with different assumptions and approximations, report sustainable biomass
potential from 22 to 33% in Asia, 14 to 21% in Latin America, 8 to 16% in Africa, and
19 to 25% in Europe and North America [14,39,40]. However, the current (2018) largest
biomethane production originates from Europe [38]. Note that the European Commission
via the REPowerEU plan aims to ramp up biomethane production, with an aim of 35 billion
cubic meters (bcm) annual biomethane production by 2030 [41,42]. Current EU biogas
and biomethane production is estimated at 15 bcm and 3 bem, respectively [41]. As a
comparison, the 2020 total proved natural gas reserves for Europe is 3200 bcm and natural
gas production is 218.6 bcm [43]. Gas for Climate [41] estimates biomethane production
potential to be 41 bcm, overcoming the REPowerEU plan target, and 151 becm by 2030 and
2050, respectively, with most production in Germany, France, Italy, Spain, and Poland (with
approximately over 60% of total production; note, however, an increasing contribution
from the rest of the EU27 block is predicted; refer to Figures 4 and 5).
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Figure 4. Estimated biomethane potential by 2030 per country in the EU27, the United Kingdom,
Switzerland, and Norway. Data processed from [41].

2050 production
22
: : 1 3
. 0.05

. ’ Powered by Bing
Ve’ © GeoNames, Microsoft, OpenStreetMap, TomTom
Figure 5. Estimated biomethane potential by 2050 per country in the EU27, the United Kingdom,
Switzerland, and Norway. Data processed from [41].

A second critical factor for biomethane availability is the available infrastructure
and know-how on upgrading biogas to biomethane. Note that about 90% of current
biomethane production originates from biogas upgrading [38]. The current percentage of
biogas upgraded to biomethane varies from region to region and is listed in Table 2. Note
that even though currently Europe has the highest production of biogas and biomethane,
only a small fraction of biogas is upgraded, which may be due to the relatively higher
cost of upgrading biomethane [38], pp. 21, 38. Table 2 also compares the relative cost of
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upgrading biomethane with the cost of natural gas production. Biomethane production is
almost 2—4 times the cost of producing natural gas across the globe.

Table 2. Current regional variation of biogas upgrading to biomethane, including cost of production
in 2018 prices, compared to the corresponding cost of natural gas. Data processed from [38], pp. 21, 38.

Region Percentage ~USD/MBtu (2018) ~USD/MBtu (2018)
Upgraded (%) Biomethane Natural Gas
North America 15 14.5 4.0
South America 35 12.5 52
Europe 10 16.0 7.5
Asia 2 17.5 10.0

4.2. The Biomethane WtW Supply Chain

The current trend of the industry and the IMO is to perform a well-to-wake analysis, as
per Figure 6, describing the overall supply chain. The generic well-to-wake (WtW) supply
chain of the base document (ISWG-GHG 11/2/3 paragraph 3.5 [44]) is illustrated with the
addition of the term eyccs, Wwhich describes possible carbon capture and storage, implying
even negative GHG emissions (although yet to be proven).

Well-to-Tank I Tank-to-Wake —

Fuel
bunkering

eOCCS

Figure 6. WtW supply chain, based on ISWG-GHG 11/2/3 paragraph 3.5 [44], but edited to include
possible carbon capture and storage technologies.

The well-to-tank (WtT) (processing and refining) includes the biogas upgrade to
biomethane. Transport and distribution depend on whether biomethane and/or biogas is
compressed or liquefied. This distinction depends on the application, such as ocean-going
vessels versus short-sea shipping, storage issues, and available infrastructure (as discussed
in Section 5). These also depend on the geographical location.

4.3. Cost Breakdown for Biomethane to Vessel and/or to Port

The cost constituents, from source to vessel and/or to port, for biomethane are il-
lustrated in Figure 7. The flowchart breaks down the cost into the biomass feedstock
cost, its transportation for processing, the cost of production of biomethane (including
pre-treatment and upgrading, etc.), its storage either in liquefied or compressed state, its
eventual transportation (either gaseous or liquefied state), and the eventual bunkering to
a vessel. Note that the flowchart presents all possible pathways in the cost breakdown;
however, it does not include regional cost variations.
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Figure 7. Cost constituents of biomethane from source to vessel and port.

5. Applicability for the Maritime Industry

Biogas and biomethane have similar chemical and physical properties to natural
gas, with the main difference being the CHy content [45,46]. Therefore, the direct use
of biogas and biomethane in existing engines and/or infrastructure (including storage
and transportation) is the most competitive fact, with the only exception being extra post-
and pre-treatment of biogas due to the additional impurities, as discussed in Section 7.
Liquification of biomethane (LBM) demands extensive and a prior set infrastructure as well
as enormous quantities of sustainable feedstocks delivered systematically into a centralised
biomethane production and liquification facility, thus producing the required biofuel in a
cost competitive manner. Such dedicated infrastructure and related value chain does not
currently exist in most of the EU member states, and especially in developing and emerging
countries around the globe.

On the other hand, compressed biomethane (CBM) requires cylinders to be stored
in cascade, which requires more space with an increased mass as compared to liquefied
biomethane. However, in countries with no available or limited infrastructure to transport
liquefied natural gas, decentralised distribution of CBM is potentially an opportunity. In
addition, transportation in pipelines occurs in the compressed gaseous state (CNG); thus,
CBM could utilise the existing infrastructure for its eventual transportation.

In our view, liquid biofuels are a better alternative for vessels that have high energy
demands (either due to large distances travelled, high speed, or due to vessels’ energy
needs). Liquid biofuels can be blended with conventional fuels, and hence there is no
need for cryogenic storage, de-liquefaction, etc. However, no options should be excluded,
including gaseous biofuels, as there is no “silver bullet” in the decarbonisation of the
shipping industry.

5.1. Shore-Side Electricity

Shore-side electricity (SSE), or also known as onshore power supply or cold ironing,
can offer significant CO, reductions from fossil-powered auxiliary engines of ships at
berth [47,48]. Williamsson et al. [49] discuss in their extended survey the key barriers and
drivers for SSE. In their review, they identify a key barrier as “limited access to power
and especially renewable power” due to poor access. However, they identify, due to this
“shortage of power”, cogeneration plants using biogas as a possible area to mitigate issues
with a shortage of power. In their survey, they have also identified natural gas and LNG as
possible solutions; however, in the long run, these are not considered as decarbonisation
solutions, but, in the short run, these fuels are considered as bridging fuels and can be
considered as a solution for the decarbonisation of the shipping industry.

Williamsson et al. [49] also correctly mention that supplying SSE with solar and wind
sources is particularly challenging, mostly because of the intermittent nature of these
sources and the need to establish storage solutions, such as batteries. In some countries,
where electricity demand is not matched with electricity production, curtailment is also
necessary due to the inability of energy RES storage (either in batteries [50] or energy
carriers, such as hydrogen [51] or ammonia [52]). Chakraborty et al. [50], pp. 4-5, review
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additional energy storage systems in relation to deregulated markets. In view of the above
limitations, biogas and biomethane are seen as a very promising solution for green SSE.

Biomethane is equally applicable for SSE applications and possibly preferable due
to less requirements in after-treatment. As will be discussed in Section 7, combusting
biogas is tricky due to the different impurities it contains (and varying composition per
batch). A port authority will also need to choose between compressed and liquefied
state. Depending on the region, and due to the unavailability of infrastructure, (cryogenic
facilities, transportation, etc.), low space, and low investment, the compressed state may be
a preferable option compared to its liquefied state. It is worthwhile mentioning that RES
sources from wind and solar are difficult to manage in terms of SSE. This is because of the
possibility of immediate power needed when multiple vessels arrive at a port, considering
the intermittency issues of wind and solar. This is a widely experienced difficulty that
electric power suppliers have when supplying green electricity in a short period of time [53]
and avoiding curtailment of electricity when there is a surplus of RES. However, a diesel
engine/gas turbine-driven generator burning biomethane/biogas near a port location can
provide solutions due to high power density characteristics, fast start-up times, and quick
access (ports will have already existing infrastructure in place to cover needs).

5.2. World Fleet and Projections

For operational profiles that need large energy requirements (defined by their range
and/or cruising speed), the liquefied state of biomethane is the preferred option due to its
higher energy density compared to its gaseous state. In terms of storage, liquefied methane
requires cryogenic conditions, and thus needs special care in transportation and storage [1],
but compared to its gaseous state needs “600 times less storage” [54]. Storage will be an
important factor considering the predictions of biomethane production and availability
by 2030 and 2050. Currently, LBM is only used as a drop-in fuel. Therefore, liquified
blends of biomethane and fossil natural gas can only be utilised in dedicated vessels with
cryogenic fuel storage onboard. This also implies an energy penalty for cryogenic storage
and an on-board available space penalty, where the latter translates to less profit for a vessel
operator/manager/owner.

In 2020, the CMA CGM'’s Jacques Saadé, a large ocean-going containership
(23,000 TEU), completed the first LNG bunkering with Total’s LNG bunker vessel at the
Port of Rotterdam [55]. It is noteworthy that LBM was also introduced in the fuel bunker-
ing mixture (~13%). The mixture was certified through a Guarantee of Origin certificate
mechanism [55]. In the case of CMA CGM'’s Jacques Saadé, it is evident that the use of LBM
(and its eventual bunkering) was possible by taking advantage of the existing available
LNG bunkering infrastructure at the Port of Rotterdam. Table 3 classifies all vessels more
than 500 DWT, with respect to vessels in-service and newbuildings of the total fleet, and
compares them to the corresponding vessels that use LNG and LPG as fuel. Currently,
only 1.14% and 0.075% of the total world fleet in operation use LNG and LPG, respectively.
These factors seemingly limit the current global market access potential of biomethane as a
marine biofuel. However, looking at the number of newbuilds (including vessels on order
up to 2027), these percentages dramatically increase to 18.50% and 2.16% for LNG and LPG,
respectively, illustrating the great potential of biomethane uptake in the next decade. Note
that the percentages remain almost unchanged for vessels above 5000 DWT (the minimum
DWT that are covered by the IMO and Fit for 55 regulations).
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Table 3. Classification of vessels more than 500 DWT and 5000 DWT. LNG and LPG categories
classified under “Fuel Type 1” from IHS Markit database. Table illustrates potential market for LBM,
assuming no changes needed in infrastructure. Data obtained from IHS Markit [56]. * Includes
the following subcategories: Keel Laid, Launched, On Order/Not Commenced, Projected, and
Under Construction.

Percentage LNG Percentage LPG to

Status LNG to World Fleet (%) LPG World Fleet (%) Total World Fleet
In-service (500 DWT) 791 1.14 52 0.075 69,130
In-service (5000 DWT) 656 0.95 49 0.070 69,130
Newbuildings * (500 DWT) 746 18.50 87 2.16 4033
Newbuildings * (5000 DWT) 696 17.26 87 2.16 4033
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Figure 8 shows the breakdown of LNG- and LPG-fuelled vessels per vessel type. The
majority of LNG-fuelled vessels currently in-service are LNG tankers (41.42%) and LPG
tankers (7.22%), with a combined percentage of 48.64%. However, newbuildings expected
to be in-service are LNG tankers (29.77%), container ships (21.85%), and LPG tankers
(10.80%). Currently, a potential market for LBM could be LNG and LPG tankers; however,
LBM could be expected to penetrate the container ship market and vehicles carriers (8.76%)
and bulk carriers (5.04%) to a lower extent.
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Figure 8. Vessel type for in-service and newbuildings fuelled by LNG and LPG with more than
500 DWT. Data processed from IHS Markit [56].

Figure 9 compares the newbuildings as IHS Markit. In the figure, it is notable that
planned vessels that will use alternative fuels are hydrogen, ethane, methanol, and liquefied
biogas. In fact, one vessel using liquefied biogas is planned to be launched in 2023 [56].
Note that there is no distinct reference for the origin of hydrogen, ethane, and methanol
(i.e., green, blue, etc.).

For operational profiles that have low energy requirements, batteries are a potential
solution. Note that batteries have the following limitations: (1) heavy; (2) low energy den-
sity; and (3) high derating due to their charging cycles. This implies a limited operational
range. It should be highlighted that the potential GHG emissions benefits of batteries on a
WitW life cycle assessment basis are yet to be proven. On the other hand, CBM can be a
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solution for the decarbonisation of vessels with a low energy operational profile, such as
small coastal vessels.

1179
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\/‘)
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87
1 746
8
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LNG (746) Liquefied biogas (1)

ELPG (87) @ Methanol (54)
@ Hydrogen (4) @ Not applicable/Not known (1179)

W Nuclear (8)

Figure 9. Classification of newbuildings * vessels (more than 500 DWT) per “Fuel Type 1”7 from
IHS Markit. Data obtained from IHS Markit [56]. * Includes the following subcategories: Keel Laid,
Launched, On Order/Not Commenced, Projected, and Under Construction. Note: under category
Nuclear, the vessel type is submarine.

6. Biogas and Biomethane Pollutant Emissions Performance in Dual-Fuel
Compression-Ignition Marine Engines

Marine ICEs have an almost 98% market penetration in the global fleet because of their
high maturity, reliability, and efficiencies [1,57-60]. Compared to spark-ignition engines,
compression-ignition engines have higher thermal efficiencies, but with comparatively
higher NOy and soot emissions [61-63]. Compression-ignition engines need a pilot injection
of conventional fossil fuels for the combustion process to start. On the other hand, spark-
ignition engines can burn biogas/biomethane the way they burn LNG or LPG [64,65]. Note
the main disadvantage of biogas in spark-ignition engines is the low performance due
to the high proportions of inert gases (CO;, and Ny) [66]. In fact, Crooke [66] addressed
this issue by raising the compression ratio (i.e., taking advantage of the compression-
ignition engine philosophy), but with a degradation in NOyx emissions. Hence, biogas in
compression-ignition engines will improve emissions, except NOy emissions, while, at the
same time, maintaining high thermal efficiencies [67]. The successful combustion of biogas
in compression ignition can be achieved in dual fuel model, where biogas is port injected
and diesel is directly injected into the engine [67]. Historically, the application and research
of biogas in compression-ignition engines began in the early 1980s owing to high thermal
efficiencies. Notable examples are the works of Mathur et al. [68-70], who tested biogas in
compression-ignition engines, and Mustafi et al. [71], who investigated various CHs/CO,
ratios to simulate the effect of biogas with different compositions. In fact, Mustafi et al. [71]
reported significant PM emissions reductions (up to 70%).

In fact, in some applications, hydrogen is added to improve the combustion properties
of biogas [72]. The use of biogas as a dual fuel is in compression-ignition engines burning
diesel. This is because dual fuel mode has the capacity to “inhibit” harmful emissions and,
at the same time, improve combustion efficiency [73]. Lounici et al. [74] examined the per-
formance and exhaust emission of biogas—diesel dual fuel in a compression-ignition engine
and determined that at high loads PM emissions are significantly reduced. Barik et al. [75]
examined various substitution ratios in a dual-fuel engine and found that the BSFC de-
creased by about 30% due to the reduced heat release rate, which was delayed by the
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dual-fuel mixture. Note that biogas (without biomethane upgrading) is used in stationary
ICE applications [76], i.e., in the production of heat and electricity in cogeneration sys-
tems [77-79]. In addition, the application of biogas in compression-ignition engines that
occurs in dual-fuel mode is an attractive and optimal way to use it [72,80].

There have been advances in retrofitting ICEs (either for propulsion or auxiliary power
production—marine gensets) with alternative fuels (such as hydrogen, ammonia, and
methanol). Currently, the market is responding to these with notable examples; however,
further research is required of hydrogen [58,60], ammonia [52,81-85], and methanol [85-89]
(also see Figure 9).

Some key performance indicators for the successful use of methane, and, in this case,
biomethane, in internal combustion engines can be summarised as [90]: (1) chemical compo-
sition (methane concentration, pollutant content, etc.); (2) resistance to knock; (3) ignition
and self-ignition temperatures; (4) fuel stoichiometric constant; (5) combustion rate of
fuel-air mix; and (6) energy value (measured via calorific value of Wobbe index).

Exhaust gas recirculation (EGR) can also improve and optimise the combustion per-
formance of an engine [67,91]. In fact, cooled EGR can have several advantages, such
as it: (1) prolongs the ignition delay; (2) lowers the combustion rate; and (3) suppresses
the pressure and temperature rise rate [92,93]. It is noteworthy that Abdelaal et al. [94]
examined the effects of EGR with natural gas/diesel in dual-fuel mode in a single DI engine
and found that EGR improves the performance at part loads and emissions in dual-fuel
mode. At the same time, lower NOx and smoke levels were achieved. At high loads they
found that the oxygen concentration was reduced to the stoichiometric level due to EGR.

7. The Benefits of Biogas Upgrade to Biomethane

As alluded to in Section 6, there are notable issues of using biogas in internal combus-
tion engines (ICEs) [95-97], which can be listed as:

High CO; content that limits power output;

H,S is acidic, which can damage the engine in a very short period;

High residual moisture, which can impact ignition (during ICE start-up);
Gas composition variation in quality and pressure;

Damage of engine parts due to the combustion of siloxanes.

The presence of siloxanes originates from landfills and anaerobic digestion, and its
chemical formula contains silicon-based impurities [98]. The combustion of siloxanes pro-
duces white deposits (either in a crystal or amorphous state) on several engine components
and other units (valves, engine heads, boiler tubes, intercooler radiator) depending on the
temperature, which may impact the performance or lead to eventual failure [99-101].

Therefore, the upgrading of biogas to biomethane is important as it eliminates harmful
pollutants (tabulated in Table 4). However, and as discussed by Biernat et al. [90], research
papers on biomethane applied to ICEs are scarce due to the lack of available infrastructure
for upgrading biogas to biomethane. Namely, the main components are methane (CHy)
and carbon dioxide (CO;), while minor constituents may be water vapor (H,O), hydrogen
sulfide (H;S), nitrogen (N3), hydrogen (Hy), oxygen (O;), carbon monoxide (CO), siloxanes,
and ammonia (NH3) [102-104]. Note that upgrading improves the heating value of biogas,
due to the removal of CO, [59,105].

Biernat et al. [90] reported that the retrofit of a Cummins motor from diesel fuel to
methane led to the following key results: (1) a reduction of specific brake emissions of
carbon monoxide (26-34%); (2) a reduction of hydrocarbons (60-75%); (3) a reduction of
specific brake emissions of nitrogen oxides (approximately 50%); and (4) the complete elim-
ination of particulate matter irrespective of test. Rimkus et al. [109] simulated biomethane
as 60 vol.% of methane and 40 vol.% of CO; and found that the BTE declined by 11.9-16.5%;
however, the use of biomethane increased the CO, volumetric fraction in the exhaust gases
by 10-14% due to the presence of CO, before combustion.
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Raw
biogas

Table 4. Typical ranges and differences in the composition of raw biogas, biomethane, and natural
gas as reference. Data processed from Refs. [90,106-108].

. Upgraded
Gas Component Raw Biogas Bi(})ng\ethane Natural Gas
Methane, CH, (%) 45.0-70.0 94.0-99.9 93.0-98.0
Carbon Dioxide, CO, (%) 25.0-45.0 0.1-4.0 1.0
Nitrogen, Nj (%) <3.0 <3.0 1.0
Oxygen, O, (%) <2.0 <1.0 -
Hydrogen, H (%) <1.0 Traces -
Hydrogen Sulfide, H,S (ppm) 20.0-20,000.0 <10.0 -
Ammonia, NH3 (%) Traces Traces -
Ethane, C,Hg (%) - - <3.0
Propane, C3Hg (%) - - <2.0
Siloxanes (%) Traces - -
Water, H,O (%) 2.0-7.0 - -

Biogas to Biomethane Upgrading Pathways

There are several techniques and methodologies available in the market for upgrading
biogas to biomethane, namely: (1) membrane separation (see Figure 10); (2) water scrubbing
(see Figure 11); (3) chemical absorption (also known as amine scrubbing; see Figure 12); and
(4) pressure swing adsorption (see Figure 13) [9,110]. There are other technologies that are
less common or still in the research and development stage, namely: (1) organic physical
scrubbing; (2) temperature swing adsorption; (3) cryogenic separation technologies; (4) hot
potassium carbonate; (5) membrane permeation; (6) hydrate separation; and (7) biologi-
cal methods [9,11,110-112]. Table 5 describes the main biogas-to-biomethane upgrading
technologies, their issues, and their relative technological maturity.

Dried De- Cleaned Compressed Biomethane CBM
biogas sulfurised biogas biogas
biogas

Dryer Biogas Activated - Biogas - MS - Biogas -
scrubber carbon filter compressor compressor

Figure 10. MS biogas-to-biomethane upgrading pathway. In addition to MS technology, a scrubber
and a drier have been added to remove moisture and H,S. The activated carbon filter has also
been added to remove traces of H,S and volatile organic compounds (VOCs). A compressor is
preliminarily added for compressed biomethane.

Water
recycled

Dissolved
Raw Compressed De- Cleaned CO, with Water
biogas biogas sulfurised biogas a portion enriched
biogas of CH, Co,

Biogas Biogas Activated - Adsorption Flash Desorption
compressor scrubber carbon filter column column column
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. Biomethane
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o

Figure 11. WS biogas-to-biomethane upgrading pathway. In addition to WS technology, a scrubber
and an activated carbon filter have been added to remove H,S and traces of volatile organic com-
pounds (VOCs). The water is recycled for optimal and stable operation. A compressor is preliminarily
added for compressed biomethane.

The following figures (Figures 10-13) are flowcharts that describe the biogas-to-
biomethane upgrading pathways. The open literature has an abundance of information
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regarding these technologies and techniques; we merely present the basic features of the
main technologies. The interested reader is redirected to the references listed in Table 5 for
additional information and descriptions.
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Figure 12. CA biogas-to-biomethane upgrading pathway. In addition to CA technology, a scrubber
and an activated carbon filter have been added to remove HjS and traces of volatile organic com-
pounds (VOCs). The amine solvent is recycled into the absorber as it: a. utilises the heat from the
heat exchanger, and b. CO, is removed by the stripper. A compressor is preliminarily added for
compressed biomethane.
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Figure 13. PSA biogas-to-biomethane upgrading pathway. In addition to PSA technology, a dryer,
a scrubber, and an activated carbon filter have been added to remove moisture, H,S, and traces
of volatile organic compounds (VOCs). The PSA columns are in connected in series and form the
PSA unit.

Ardolino et al. [9] performed a series of life cycle assessments and complementary
environmental life cycle costing based on base, worst, and best scenarios, and concluded
that the MS technology provides the best performance. However, they rightfully mention
that the best and most suitable upgrading technique depends on site-specific conditions,
market trends, and commercial strategies that are unique per geographical location. Similar
LCA and LCC assessments are needed for upcoming technologies, such as: (1) cryogenic
separation technologies; (2) hot potassium carbonate; and (3) biological methods. However,
the appropriate selection of these upgrading methods depends on: (1) the appropriate pu-
rification efficiency; (2) the operational conditions; and (3) the maintenance costs [45,113].
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Table 5. Biogas to biomethane upgrading technologies: 1. membrane separation (MS), 2. water scrubbing (WS) 3. chemical absorption (CA), and 4. pressure swing
adsorption (PSA). Information processed from Refs. [9,11,45,59,97,110-112,114-125].

Technology

Process

Issues

Maturity/Technological Benefits

1. Membrane
separation (MS)

Utilisation of membranes that have a strong selectivity in
separation, i.e., permeable to CO,, H,O, and NH3 with less
permeability to O, and HjS (these are referred to as the
“permeate” flow; pass through the micro-pores and are
removed), and little permeability to CHy and N (these are
referred to as the “retantate” flow pass through the membrane
without being removed). There are three main categories for
membranes based on materials: 1. Polymeric, 2. inorganic, and
3. mixed matrix.

Efficiency of membrane depends on
moisture levels.

Available to market. Ardolino et al. [9] mentioned that on a LCA
and LCC, the MS method has the optimal performance
compared to the other available methods. Characterised by
energy efficiency, simple construction, and easy scale-up.
Modular and versatile nature of membrane.

2. Water
scrubbing (WS)

Separation is based on the different solubility of CO, and CHy in
water. Thus, WS is favoured at low temperatures and high
pressures as CO, dissolves faster into water in the adsorption
column. Some CH,4 may exist after the adsorption process, and
so the mixture is sent to a flash column, where an appropriate
pressure drop is applied to release the remaining CHy. The CO,
is then released in the desorption column. The water is then
recycled for more stable operation and less operational problems.

Methane slip of the order of 1-2%.
Difficult to produce “highly purified
gas” under standard conditions
without the need of external pressure.
When operating at low pressures (near
atmospheric conditions), installations
are limited to small sizes due to the
large liquid-to-biogas flow ratios.

Available to market due to simplicity and performance reliability,
but with high electricity costs. Therefore, the process operates at
“near atmospheric conditions” to reduce electricity demand.

3. Chemical
absorption (CA)

Similar operating principle to WS but CA uses organic amine
solvents rather than water. Note that amine solvents, found in
the absorber, are more selective in absorbing CO, compared to
water. The amine solvent is also recycled into the absorber as it:
(i) utilises the heat from the heat exchanger as the absorber
process requires thermal energy, and (ii) CO;, is removed by
the stripper.

Still developing to improve
CO; solubility.

Available to market. Smaller units compared to WS as they can
absorb more CO, per unit volume. CA can operate at
atmospheric pressure, and thus with less energy consumption.
CO; and H;S are removed simultaneously.

4. Pressure
swing
adsorption
(PSA)

The PSA method separates gases via their physical properties.
The raw biogas is compressed at an elevated pressure and fed
into the pressure swing adsorption column, which retains CO,,
but not CHy. When CO; is saturated, it is removed via
desorption in the purge gas and removed as waste gas. The PSA
unit is composed of PSA columns connected in series to ensure
continuous operations.

PSA technology has the lowest
efficiency recovery. Methane slip
varies from 1.8% to 2.0%. In addition,
further gas treatment is needed to
avoid the release of emissions to the
environment. High energy cost; 77% of
operational cost is spent on electricity.

Available to market. Could be the technology of the future, but

currently cost is prohibitive due to additional gas treatment and

innovative use of materials and hybrid systems (such as Zeolite
5A to purify the gas at first stage).
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8. Conclusions

Gaseous biofuels can play an important role in the decarbonisation of the shipping in-
dustry. The relevant IMO regulations and the recent Fit for 55 legislation package have been
identified, and how these impact the market-based measures (MBMs) and, in the future,
the environmental, social and governance (ESG) criteria has been evaluated. The PESTEL
and SWOT analyses identified mainly opportunities for the biogas and biomethane, mostly
due to the impact of the relevant regulations, MBMs and ESG. In addition, technological
maturity, especially in biomethane upgrading, will create additional market opportunities
for biomethane.

This review paper examined several parameters, including their key barriers and
opportunities that need to be either addressed and/or taken into consideration before
biomethane’s wider use in the shipping industry. These conditions are:

1. Sustainability and availability in relation to the complete supply chain;
2. High production costs compared to their fossil counterparts;
3. Applicability of biomethane and biogas in the maritime industry.

The potential of biomass feedstock is projected to have an impressive impact. It
is estimated that the potential sustainable amount may satisfy the energy needs of the
maritime industry; although, this needs to be proven with case studies backed by legislation
and other financial incentives. Currently, Europe is the leader in producing biogas, but
only a small fraction of it is upgraded to biomethane, possibly due to the high production
costs. In addition, compared to the production costs of natural gas, biomethane production
costs are about 2—4 times higher across the globe.

The benefits and needs of biogas to biomethane upgrading technologies and their
potential use in marine internal combustion engines have been identified. Note that biogas,
due its varying composition, of which some components are toxic, is only applicable for
land-based applications. However, biomethane is a suitable candidate on vessels. Note that
the market seems to be moving in the direction of bridging fuels, such as LNG and LPG, and
alternative fuels, such as hydrogen, ammonia, methanol, and even liquefied biomethane.
The potential and use of LBM as a marine fuel has been identified with potential current
end-users LNG and LPG tankers. However, looking at newbuilds from the IHS Markit,
LBM could also be utilised in other segments, such as container ships, vehicle carriers, and
bulk carriers (in fact, almost 20% of newbuild orders will use LNG/LPG as marine fuel). In
fact, a vessel operating on liquefied biogas is planned to be launched in 2023. On the other
hand, CBM can be exploited in vessels with low energy needs, low space requirements, and
low investment, as well as shore-side electricity, provided that the relevant infrastructure
exists, otherwise the cost to construct new infrastructure may be prohibitive.

The fundamental and promising technologies that can aid biomethane’s uptake by
the shipping industry have been identified in relation to technology maturity. In terms of
the technology readiness level, the membrane separation pathway seems to be the most
suitable in terms of LCC and LCA. However, if challenges for the upcoming biogas to
biomethane upgrading technologies are addressed, it will undoubtedly aid biomethane in
becoming a competitive green fuel.

Future RTDI activities can include further investigation and suitability of supply chain
issues related to biomethane. The supply chain issues include the upgrading of biogas
related to geographical location and to missing infrastructure for compressed natural gas
(funded projects are BioCH4-to-Market [27] and BioCNG-to-Cold Ironing [28]). Further
research is needed for the inclusion of carbon capture and storage in the supply chain
of biomethane, which includes on-board vessels (an example is Green Marine [126]) and
shore-side electricity applications. Finally, RTDI activities should be directed to the promis-
ing low TRL level biogas upgrading technologies, namely: organic physical scrubbing;
temperature swing adsorption; cryogenic separation technologies; hot potassium carbonate;
membrane permeation; hydrate separation; and biological methods. The objectives should
be focused on technoeconomic criteria that will achieve cost parity and their potential
commercialisation.
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Abbreviations

CA Chemical absorption

CBM Compressed biomethane

CNG Compressed natural gas

cn Carbon Intensity Index

CSR Corporate social responsibility

DNV Det Norske Veritas

DWT Deadweight tonnage

ECA Emission control area

EEDI Energy Efficiency Design Index
EEXI Energy Efficiency Existing Ship Index
EGR Exhaust gas recirculation

ESG Environmental, social, and governance
ETS Emissions Trading Schemes

GHG Greenhouse gases

HFO Heavy fuel oil

ICE Internal combustion engine

IMO International Maritime Organization
LBM Liquefied biomethane

LCA Life cycle assessment

LCC Life cycle costing

LNG Liquefied natural gas

LPG Liquefied propane gas

MARPOL International Convention for the Prevention of Pollution from Ships
MBMs Market-based measures

MEPC Marine Environment Protection Committee

MGO Marine gas oil

MS Membrane separation

NEB Net energy balance

NECA Nitrogen emission control area

OPEX Operational expenditure

PESTEL Political, economic, social, technological, environmental, and legal factors

PSA Pressure swing adsorption
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RED Revised Renewable Energy Directive

RES Renewable energy source

RTDI Research, technology, development, and innovation
SECA Sulphur emission control areas

SEEMP Ship energy efficiency management plan

SECA Sulphur emission control area

SSE Shore-side electricity

SWOT Strengths, weaknesses, opportunities, and threats
TRL Technological readiness level

ULSFO Ultra-low sulphur fuel oil
VLSFO Very low sulphur fuel oil

WS Water scrubbing
WtT Well-to-tank
WtW Well-to-take
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