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Abstract: The International Maritime Organisation (IMO) calls for the maritime industry to restrict
its CO, emissions by —40% (IM0O2030) and —70% (IMO2050). This paper answered the following
research question: “Which technical, economic and emissions-related conditions predominantly
determine the feasibility of a conceptual supply chain of liquid CO; that is captured from the exhaust
gases of LNG powered offshore vessels?” The captured CO; is transported to land where it is utilized
by a final customer. The study followed a systems engineering approach. Problem definition was
followed by a requirements analysis (technology, emissions, economy and operations), design with
scenarios and a case study with realistic vessel deployment, modeling and evaluation. All designs
have technical uncertainties and financial risks, but the sale of captured CO, could be a crucial
advantage of the proposed concept over other concepts. The main conclusion is that emission and
financial targets (payback time) can be met by aligning the offshore transportation distance with the
capacity to store CO, on board and the available means of transport to the final user. Specialists from
the vessel owner indicate that capturing, storage and off-loading is likely to have minor implications
for the vessel availability and regular operations.

Keywords: maritime; LNG; carbon capture; supply chain; feasibility; payback time

1. Introduction

The energy transition from fossil fuels to renewable energy sources has a major impact
on many industries worldwide. During this energy transition, the biggest shift can be seen
in the form of sustainable solutions. The maritime industry, providing most of transport
worldwide, is struggling to find feasible emission reduction options with a sizeable impact
in the required time frame. Growth or decline of the total emission of CO; by shipping
is determined by many factors [1]. A few of them stand out: number of vessels, carbon
intensity and vessel speed. The number of vessels worldwide is rising due to increasing
demand for transport and globalization. This will increase the amount of fuel used in
shipping, hence total emissions of CO;. This trend may be partially compensated by a
higher fuel efficiency of newer ships and a lower vessel speed (slow steaming), if prevailing
weather and sea conditions allow it [2]. The International Maritime Organization (IMO), a
governing body for shipping with 174 member states, has made long-term economic and
sector scenarios. According to these scenarios, more goods will be transported over the seas
by more vessels. In a business-as-usual scenario this might lead to a steep growth in CO,
emission, up to 250% by 2050 [3]. To counter that trend, IMO has agreed on targets and
obligations to limit greenhouse gas emissions from vessels. With regard to CO, emissions,
it has set emission reduction targets of at least —40% on a "per transport work’ basis, as an
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average across international shipping by 2030, compared to the base year 2008 level. For
2050 this target rises to —70% [4].

In addition to the pressure by the IMO, a carbon tax is also looming [5], which means
that the prevention of emissions into the atmosphere will have a higher priority in the
affected industries. In some industrial applications (power plants/waste incineration
plants) on land, emissions are prevented by capturing CO, from the exhaust gases of
industry [6].

Shipping is a technically complex mode of transport. It is much easier to electrify a
truck then it is to electrify a large vessel. The long service life of an average vessel and the
available supply conditions lead to a pledge for a transition scenario. This would have two
effects. First, by using a cleaner burning fuel, air pollution targets can be achieved. Second,
a transition scenario may help to bridge the period until more permanent solutions to
decarbonize maritime transport are developed and introduced [7,8]. Among vessel owners,
LNG is regarded as an interesting alternative to HFO [9]. This explains the use of LNG
to power vessels in regular and special applications, such as offshore vessels. The need
and ways of onboard capture of CO;, was discussed in [10-12]. If the product cannot be
used onboard, offloading and transport to another location becomes necessary. Studies into
suitable logistic concepts were done by [13,14]. One could even go further and include the
end user in the analysis. Such a source-to-end user concept is missing in the literature.

Earlier research [15] into the feasibility of carbon capture technology on board ships
compared diesel and LNG on three dimensions: technical feasibility, emissions and costs of
capture. The authors estimated that carbon capture has the highest potential on board ships
sailing on LNG because of lower costs. This study will add another criterion to the analysis:
the limited impact on vessel operations. The main objective of the study is to analyze the
feasibility of capturing the CO, on board a large vessel that is used in highly specialized
offshore operations. CO, can be used in various applications on shore. It takes a logistic
operation to link production and consumption, hence the supply chain of the captured
CO; needs to be mapped. It starts at the temporary storage units on board, followed by the
drop-off as part of a planned port call by the particular vessel or by a gas carrier, and then
the onshore transport to, and use by, a final customer.

The feasibility analysis allows ship owners and financiers to make informed decisions
about the addition of the capture technology to existing or new ships.

The research aims to answer the following research question: “Which technical, eco-
nomic and emissions-related conditions predominantly determine the feasibility of a con-
ceptual supply chain of liquid CO; that is captured from the exhaust gases of LNG powered
offshore vessels?”.

2. Materials and Methods
2.1. Research Framework

A suitable research framework was found in the systems engineering system life
cycle model (see Figure 1). This model was chosen as a template for this study because it
allows one to consider and compare all concepts with the appropriate detail in a consistent,
structured and transparent way. It divides the study into three main parts [16]:

e  Requirements analysis: A systems engineering project usually starts with a translation
of the customer needs statement into a set of requirements. These requirements are the
basis for any design. They will also be used to evaluate the design(s). The requirements
were derived from scientific and technical literature and many discussions with the
ship owner/user and external experts.

e  Concept exploration (modeling): In this stage a model was developed that allows
estimation of the emission reduction potential and (economic) impact of each concept
on board the offshore vessel. Next, operations scenarios were built to estimate the
volume of CO; to be captured and stored. The way the vessel is deployed, the space
needed and location of the technical systems are also important factors to determine if
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a concept is compatible with regular operations on board the vessel. This also affects
how the transport to an onshore user would best be carried out.

e  Concept definition (case study): The most interesting concepts were analyzed in
more detail to derive the key factors that are likely to affect the overall feasibility of
the proposed carbon capture and supply chain concept. This part includes a first
validation of the final concept(s). However, it is not a fully feasibile study because
this would have meant that all elements of the concept(s) would have been tested at a
realistic scale.

Main RQ: Which technical, economical and emissions related conditions predominantly determine the feasibility of a conceptual supply chain of

liquid CO5 captured from the exhaust gases of LNG powered offshore vessels?

k== Introduction
Problem
Identification and
motivation
[— Methodology
Literature study 4+ SRQ1. wha_t |5_ the curn_am state of carbon capture technology, which research has been conducted already,
< how have similar questions been approached?
. . - SRQ2. Which technical and operational requirements are relevant for Carbon Capture on board of an LNG
.
Needs analysis (41 Operational analysis vessel from the ship owners' perspective?
SRQ3: What are criteria by which to assess technical feasibility of solutions for the CO5 supply chain and
[e=— Technology assessment <t - : <
which solutions are feasible?
SR04 (a): What is the synthesis of a model by which the economical and emissions related feasibility of
i the supply chain of CO; can be demonstrated?
Concept exploration 44—t Model and Scenario design
fd——t SR04 (b): How can this model be used to create future scenarios by which the overall feasibility can be
determined?

¥

‘ Concept Definition H Analysis of alternative Scenarios: results % SRQ5: Which elements of the supply chain of CO; have the most predominant effect on its feasibility?

i

Evaluation
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Conclusion

Figure 1. Research methodology incl. structure of the paper and sub research questions, adopted
from [17].

2.2. Requirements Analysis
The following areas seem most relevant in a sociotechnical study:

e Technology: What are the requirements for and elements of a fully functioning CO,
capture and logistic concept for this vessel type? How much CO, could be captured?

e  Emissions: Is the emission of CO, during transport lower than the amount captured?
Are the IMO2030 and IMO2050 emission reduction targets feasible?

e  Economics: What is the investment cost and payback time of the capture technology?
What would be the impact of a CO; tax?

e  Operations: What is an acceptable impact of the concept on vessel availability and
regular operations? Can carbon capture be executed in conjunction with operations
and activities, or does it require temporary stopping of work?

2.3. Technical Concept

A ship-based carbon capture concept can logically be divided into three main steps.
First, capture, which is everything that happens on board the vessel (size and type of
storage tanks on board). Second, transport, which includes offshore and onshore transport
of liquid CO,. Offshore transport is especially relevant for vessels that rarely enter the
port. Third, there is end-of-life or utilization of the CO,. Here, the product receives a sales
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price, which would allow partial recovery of the cost of the previous steps. Each concept
should fulfill a set of requirements, namely (1) technology readiness level on a scale of 1-9
(TRL) [17], (2) safety, (3) compatibility with other parts of the supply chain, (4) scalability
and (5) availability. Requirements 2 to 5 are rated on a scale of 1 (low), 2 (medium), 3 (high).
Table 1 contains these requirements. It is part of a larger multi-criteria analysis.

Table 1. Technical feasibility of the supply chain of ship-based carbon capture.

TRL Sa Co Sc Av
Capture
Fixed tanks independent 9 2 1 1 1
Fixed tanks integral 9 3 1 1 1
containers 9 2 1 1 1
Offshore Transportation
Liquid gas carriers 6 3 2 1 1
Own vessel 9 2 3 1 3
Offshore supply vessel 9 3 2 2 2
Storage barge 6 3 2 1 1
Onshore Transportation
Pipeline 9 3 3 2 2
Road 9 2 2 3 3
Rail 9 2 2 2 3
Inland waterway 9 3 3 1 1
Utilization
vents/ pharml\g:irtliilasl.sj(;irtihzer /urea ? 3 3 2 2
Direct: Derxiii;;lli):}\l/::;ges, fire 9 3 3 5 5
Horticulture 9 3 3 2 2
Sequestration onshore 9 1 3 1 1
Sequestration offshore 9 3 3 1 1

Note: Sa = Safety; Co = Compatibility; Sc = Scalability; Av = Availability.

2.3.1. Carbon Capture

The scientific research into the supply chain of carbon capture and storage is mainly
focused on the technological development of the system itself, and in particular on the
application of the system to capture CO, emitted by fixed industrial applications on shore
(e.g., coal-fired power stations or waste processing) [18,19]. Previous research [10] found
that absorption technology is the carbon capture technology that best fits a maritime
application and is most mature. The exhaust or flue gases are led through an absorption
column containing a concentration of a solvent (for example ammonia). This solvent takes
a large part of the CO; out from the flue gas, after which clean exhaust gases leave the
exhaust pipe. The amount of CO; that can theoretically be captured depends on a number
of design parameters and operational conditions, such as gas flow velocity, dimensions
of the installation and variability in engine speed. The ratio of CO; that is captured and
CO; that would be emitted without carbon capture is called “capture rate” [20]. A capture
rate of 80% to 90% is realistically achievable for vessels [9]. The COj is then regenerated
from the solvent at higher temperature. The solvent is returned to the absorption column,
with which a closed system applies for the solvent. The CO; is cooled and compressed to
liquefy, after which it is stored on board.
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Previous research [10] found that the system can best be integrated on board vessels
that sail on Liquefied Natural Gas (LNG), because carbon capture then becomes an (energy-)
efficient add-on to the technical systems already used to manage LNG on board the vessel.
These vessels have large amounts of cold matter available (LNG is stored in liquid form at
—162 °C). This cold matter can be used to cool and thereby liquefy the CO,. The heat from
exhaust gases can also be used to regenerate the CO, from the solvent. Optimal tempera-
ture management means that by operating the system the fuel consumption increases by
2-5%. This value was estimated and verified by experts from Conoship (NL). This smart
application also limits the costs of the system [9], which are estimated at between €100 and
€150 per tonne of CO, captured [15]. This presents a benchmark for the sales price of the
Liquid CO; (LCOy).

2.3.2. On Board Storage

In Table 2, the quantities of CO, produced can be observed. The amount of CO,
strongly depends on the capture rate and the operational profiles of the vessel. Assuming
a capture rate of 80%, burning 1 m3 LNG will result in approximately 0.9 m? liquid CO,
outflow [21].

Table 2. Predicted daily amount of storage needed at a 96 MW crane vessel for different operational
conditions (Heerema n.d.).

Operational Mode CO; [tonne/day] CO, [m3/day]
Working 80 72.66
Sailing 110 99.91
Idle 27 24.52
Port 35 31.79

The vessel, used as a use case, has a fuel (LNG) storage capacity of 8000 m®. The CO,
storage capacity installed on board the vessel limits the time it can sail in any operational
mode. Once the storage is full, it needs to be emptied /unloaded. Three technical solutions
seem feasible as a means to store the liquid CO; on board. The first option is to use fixed
tanks. The vessel owner then chooses a fixed storage volume. The second choice is to
use containers. The CO, will then be stored in twenty-foot tank containers. This solution
provides more flexibility, since it can be predetermined how much CO; will be captured.
A disadvantage could be that it is more labor-intensive (e.g., connecting/disconnecting
containers, re-allocating containers on the vessel), which collides with the criterion of
‘minimal operational impact’. Finally, a combination of both gives a third, hybrid storage
solution. In-depth technical information can be found in [14].

2.3.3. Transportation

When the storage on board is full, the captured CO, should be unloaded. The way the
vessel is utilized, and its sheer dimensions, make frequent port visits unfeasible. Hence,
the best logistic solution would be to let a carrier vessel come alongside to unload the
CO;,. The amount of storage determines the interval at which to unload, and the type of
storage determines the type of vessel that comes alongside. If they are fixed tanks, a CO,
carrier/tank vessel is required to take the LCO; off the vessel. This can be the same type
of vessel as used in LNG bunkering operations, it can be even the same vessel. However,
due to the different physical properties and temperature requirements of LNG and LCO,,
different tanks are needed for the storage and transport of LNG and LCO;. It is not feasible
to use the same tank to fuel the vessel with LNG and afterwards fill it with LCO,, this
would require full emptying and heating (from —162 °C to —50 or —20 °C). If the LCO; is
stored in containers, it is best to transport them via an offshore supply vessel (OSV). An
offshore crane vessel as used in this research is visited on average once every three weeks
by such a supply vessel, whereby the CO; containers can be offloaded with a crane onto
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the OSV. The CO, must also be transported on land, unless the end user is also located in
the port area. If containers were used for storage, then the next step is transport by road,
rail or inland waterway. If the CO, is offloaded by a liquid gas carrier, then transport by
pipeline does not demand additional treatment and its associated costs and production of
CO,, as mentioned in [22], and therefore is considered most logical. If a buffer storage is
used in port, the LCO; could also be loaded into containers, but this is not considered in
this research. The actual choice of land transport mode is also dependent on the transport
volumes and the availability of a pipeline connection. The latter may be a future case
in Rotterdam.

2.3.4. Utilization—-End-Of-Life

When searching for end users, an endless row of applications is available. The LCO,
could be used directly. There are many applications for liquid CO,, some of which are
already in use (for instance carbonation of soft drinks, medical applications, fire extin-
guishers, use in greenhouses), and some are still under development (including chemical
conversion into energy carriers like synthetic fuels, or materials like cement or plastics) [23].
Using captured LCO, would replace the current feedstock. In case this is made from a
fossil fuel, using this captured LCO, reduces their use and hence an amount of new CO,
released when selling captured LCO; to the industry.

Another increasingly popular application is (temporary) storage. This involves pump-
ing large amounts of LCO; into an empty oil or gas field. Reservoirs of this kind have been
used for some time for CO; storage [24].

The global underground storage capacity is estimated to be between 5200 and 27,200
Gigatons [11]. To illustrate: a crane vessel annually produces about 50,000 tonne CO,,
which equates to [0.000001%] of the total storage capacity. Permanent storage is not very
economical. CCS is a highly expensive method [25], and hence recovering this cost is
necessary. Permanent storage does not generate such revenue, in contrast to the utilization
alternative. One revenue generating example of application of LCO; is in Enhanced Oil
Recovery (EOR), where CO; is used to push oil out of hard-to-reach rock formations for
extraction. This allows a sales price of €13-35/tonne CO, [20].

Figure 2 shows how the various technical solutions for the supply chain of LCO,
are related and which are more or less compatible. The choice that most determines the
technical composition of the chain is the first choice to be made by the vessel owner, namely
the type of storage on board.

2.4. Emissions

In itself, each considered option discussed so far is technically feasible. However, there
are also other considerations in this complex puzzle. A vessel owner must weigh their
goods before the implementation of carbon capture. The decision strongly depends on the
type of vessel. This will be shown by comparing two rather different vessel types. Type 1
is defined as a cargo vessel sailing regularly from port to port. The advantage of a type 1
vessel is its constant operational profile and a relatively easy-to-predict CO; production
per trip.

It can also (easily) offload the captured CO; at the next opportunity (the next port). A
drawback of such a vessel is that the space required for capture and storage takes up some
valuable cargo space. Type 2 is defined as an offshore vessel, such as an offshore heavy lift
crane vessel. This has a rather stochastic operational profile, whereby the required power
can fluctuate strongly with short power peaks. The size of this vessel has the advantage
that there is a lot of space on board for the capture installation and temporary storage on
board. A drawback of this vessel is that it rarely enters ports, which means that either a
supply vessel should be deployed to offload the gas or that the gas should be offloaded
somewhere offshore. Type 2 therefore has a more complex supply chain than the type 1
vessel. Type 2 provides the case study. The study itself is a part of a larger collaboration that
investigates the feasibility of vessel-based carbon capture on board a large offshore crane
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vessel that runs on LNG provides (DerisCO;). The owner of such a vessel has provided the
researchers with the necessary technical and operational details. The engines of this vessel
are already running on LNG, which means that there is experience with large-scale storage
and handling of liquefied gas on board. The disadvantage is that it is a unique vessel, and
the feasibility for this type of vessel does not necessarily apply to a type 1 vessel.

v v v

Hybrid

On board storage Fixed Tanks (fixed + container)

Containerization

i On board own vessel | Liquid Gas Carrier ALE il
Offshore transport Vessel
i v l
Onshore transport

Pipeline Road/Rail Barge (inland)

Y ¥ v Y

End of life Offshore

: Utilization/market
sequestration

Figure 2. Graphical overview of technically feasible supply chain paths. The € symbol from OSV to
pipeline indicates that this is a possible route, but very costly.

The relevant requirement can be stated as follows:

e  Emission minimization: The goal is to capture as much CO, as is technically and
operationally feasible. The CO, emission during the transport of LCO, must not
neutralize the emission avoided by capturing.

This research is further on mainly focused on the offshore crane vessel. The reasons
for this are as follows. First, the supply chain for this vessel is more complex, and therefore
more relevant to map out. Second, this vessel will be used in further research into the
integration of the system.

2.5. Economics

CO; emission is generally seen as a waste, which should be avoided as much as
possible. However, the shipping industry is a slow-moving industry when it comes to
emission abatement. This can be explained by the long service life of an average vessel,
complex enforcement of emission regulation and a large diversity of merchant ships [9]. In
a highly competitive industry like shipping, costs are a key decision factor for company
management. Hence, the aim is to realize the concept with the lowest impact on Capital
Expenses (CAPEX) and Operational Expenses (OPEX) and also to recover the investment
in the carbon capture installation in a short period of time. An investment payback period
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of 3-5 years was requested by the commissioner. Pollution does not occur in a concentrated
way as it would do in for instance a (large) electric power plant. It originates at many
isolated, self-moving ‘small’ power plants with high capacities.

Capturing and transporting CO; is in itself a costly exercise. As long as the cost of
emissions is lower than the cost of investment and regulation allows, large-scale changes
will not occur. There are however a few (policy) levers, which could be set to create the
appropriate conditions:

e  CO, tax: There is a tax on the emission of CO; for some polluting industries in some
countries [26]. Shipping has so far been excluded from initiatives such as the Paris
Agreement [5], but has been on the table at COP26 [27]. In a scenario where a tax is
levied on every tonne of CO; a vessel emits, capturing this CO, may have financial
benefits for a vessel owner, as it saves on taxes payable.

e  Emission permits: Shipping could also become part of an emission trading system,
like the European Emission Trading System (ETS). The captured CO, could then be
traded and priced properly.

e  Utilization revenue: A good example of a system where the costs of carbon capture
can pay for itself is the OCAP (Organic CO; for Assimilation by Plants) network
in Rotterdam [22]. CO, is captured from industrial processes in the port area and
transported via pipelines to greenhouses in the Westland over a distance of 30 km.
Here the CO; is sold for €50 to €100 per tonne to greenhouse owners, who use it to
enrich plant growth.

2.6. Operations

A vessel owner’s business model requires the maximum use of a vessel. Onboard
capture and storage may impact technical activities onboard a crane vessel. It may reduce
the storage space for containers or other cargo in cargo vessels. It introduces the need
to unload CO; at sea for offshore vessels. The many considerations make compromises
inevitable and the operational costs may differ per vessel type, size, sailing distance etc.
This complex matter is only briefly touched in this study, as a consideration that may also
affect overall feasibility.

3. Scenarios and Modeling

The model describes the relevant variables and their mathematical relationships.
Scenarios are used to describe regular operations and the supply chain. Running the model
allows estimation of emissions and costs. After this analysis it becomes apparent which
factors have the most influence on both Key Performance Indicators (KPIs). This informs a
ship owner if a specific concept is worth further investigation.

3.1. Model Scope

The model allows the running of operations scenarios. A single scenario consists of
the three identified supply chain phases: capture, transport and utilization. There is an
element of time in each scenario, so that the final costs and emissions can be expressed in
euros and tonne CO, per period (usually one year) and phase of the supply chain. The
amount of fuel consumed during regular operations in a year determines the emitted CO,
by tonne. The model also estimates the CO, emitted during an entire scenario. If the
emission savings would meet the targets described in the introduction, then the ship owner
could potentially achieve the IMO2030/2050 targets in that specific scenario. The model
allows a modification of the conditions under which a scenario meets the requirements.

There are two main outputs of the model: costs and CO,-emissions. Their calculation
is based on similar logic. First, both for cost and emissions, the total impact of these for a
supply chain scenario is calculated and compared to the business as usual. To express this
in formulas, it can be considered as follows:
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Cost of capture + cost of transportation offshore +

1
cost of transportation onshore + cost of utilization = cumulative cost @
Cost business as usual — cumulative cost = avoided cost 2)
. CAPEXinvestment € year(
Paybacktime = Y ®)

Avoidedcost

This same logic applies to emissions. For emissions, the cumulative emissions are
compared to the IMO2030/2050 targets. In Equation (1), the capture phase can be split up
in several operational phases, such as work, transit, idle or in port. Also, in Equation (1),
it must be noted that ‘cost of utilization” is negative if the CO, is sold at the end of the
supply chain.

3.2. Data and Assumptions

Since the study is based on the use case of a single offshore heavy lift vessel, and
conducted in collaboration with the company operating the vessel, the data is mainly
based on this type 2 vessel. The company has given access to the operational details
of the ship such as fuel consumption, emission data and operational details. Due to
privacy, generalized numbers are used in this paper unless numbers are from external or
public sources. Many of the values used in this study are assumed to be values based on
realistic comparable situations. The reason for this is that the research largely covers a
new technique that has not yet been applied. The reliability of the data is in line with the
purpose of the study. A sensitivity analysis is used to discuss the realism of the assumptions.
Tables Al and A2 in Appendix A provide an overview of the key figures that have been
calculated using the model.

3.3. Model Verification and Validation

A set of systematic tests was carried out to verify the functioning of the model. These
tests include outlier identification, sensitivity analyses and technical reliability and bound-
ary condition tests.

The study was carried out in close contact with experts from TNO (the Netherlands
Organisation for applied scientific research), CONOSHIP, a naval architecture bureau from
the Netherlands, and experts from the field at Heerema. Several times during the research
vital elements like the various technical alternatives, assumptions, choices and results have
been discussed. These meetings as well as a substantial literature study were used to
validate the model and its output.

3.4. Case Study

Especially with complex models it is common to start with a base scenario [14]. From
there, a single parameter is iteratively changed to observe the effect on the results of that
one parameter.

3.4.1. Base Scenario

Each scenario covers one year of regular vessel operations. During this period, the
vessel will be working 50% of the time, have 30% of the time in transit, and 20% of the
time in port or idle, with associated emission characteristics. To provide the company’s
operational managers with choice and flexibility, a hybrid storage mode has been chosen for
the base scenario. The vessel carries 550 m? fixed tanks and 25 TEU tank containers, with a
total of 1100 m® in hybrid storage capacity. This gives the vessel a minimum operational
time of 11 days before the tanks are full (the operational mode where most fuel is burned
is during transit). The costs associated with capture have been estimated at €100/tonne
CO,, which is an (optimistic) estimated value for ship-based carbon capture, obtained from
previous research [15]. The ship is, on average, at a distance of 100 km offshore during the
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year, and the end user is 50 km from the loading point in the port, connected by pipeline.
This is again based on the example of the OCAP pipeline in Rotterdam.

3.4.2. Scenario Sets

Several sets of scenarios were generated by varying the parameters in the base scenario.
The main variations relate to distance (off- and onshore), storage capacity, operational mode
and cost of capture. Table A3 in Appendix B shows all choices. Cost of capture is expressed
in €/tonne CO; captured. This estimated value that includes capital expenses (CAPEX),
operational expenses (OPEX), installation costs, system costs, man hours, engineering costs, etc.

The base scenario is a good starter, but a different setup is also possible. This means
that it should not be considered as the best performing scenario. Therefore, a second
variation run is performed, where the best performing scenario of the first iteration (xA3) is
used as the base case for a second iteration. This iteration varies with respect to increase in
engine efficiency (i.e., 25% lower emission of CO,), skipping the land transport by disposing
the CO, directly offshore in a permanent storage location, and finally, the scenario where
the system’s investment cost decreases by 25%. See Table A4 in Appendix B for details.

4. Case Study Results
4.1. Base Scenario Results

It was found that there is no realistic circumstance whereby the base case, scenario
1.1 (Table A3), has a payback period of less than 5 years (see Figure 3). Even with a very
optimistic sales price for CO; and high tax on CO,, the payback time is 6 years. Looking
further within the first six sets of scenarios, there are conditions that are more favorable. The
ship does meet the 2050 targets without problems though, so the solution is future-proof.

Results payback time:

S1.1. Tax (€/tonneCO,) Policy driven

0 30 50 75 100 150

of X X X X X X

30| X X X X X X

5 5 sof X X X X X X
5§gQ % 75| x X X X x 2y
SE4 100, X X X X X 11

Se = 150, X X X 20 11 6

Results emission targets:
CO, Emissions avoided w.r.t. business as usual: 79%
28,400 [tonne

Target reached?

IMO2030 (40%):|Yes, with an excess of 39 %
IMO2050 (70%):|Yes, with an excess of 9 %

Figure 3. Results scenario 1.1. Payback time in years. Conditions marked with an X have a payback
time >30 years, which equals the typical lifetime of a vessel.

4.2. First Iteration

The best performing scenario from the first iteration set is scenario 4.3. This scenario
looks at a 25% reduction in investment costs with respect to the base case, relatively
short transport distances (100 km offshore, 50 km onshore) and a large amount of storage
capacity (2200 m?) during the offshore work, with an offloading interval of 29 days applies.
Figure 4 shows these results. The range of feasible conditions with regard to payback
period increases. The total emissions in the supply chain also decrease, as an offloading
vessel has to come less often to unload the CO; (due to this larger storage capacity).
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Results payback time:
S4.3 Tax (€/tonCO,) Policy driven
0 30 50 75 100 150
5 0 X X X X X 17
Q 30 X X X X X 9
< 5 50l X X X X 17 7
ER: 75 X X x 10 6
§E 100 X X 17 10 7 5
S g 150 16 9 7 6 5 3
Results emission targets:
CO2 Emissions avoided w.r.t. business as usual: 81%
29,200 |mT
Target reached?
IM02030 (40%):|Yes, with an excess of 41 %
IMO2050 (70%):|Yes, with an excess of 11 %

Figure 4. Results scenario 4.3. Best result from first iteration.

Table 3 shows an overview of the results, expressed in the effect of some essential
parameters on the payback period. The minimum and maximum impacts are determined
by the smallest and largest change in payback time measured as a result of adjusting one of
these parameters. A positive value indicates an increase in payback time, which is negative
for the feasibility of the system. The further apart the values are, the more significant the
influence of that parameter on the result.

Table 3. Effect on payback time from variations of scenario parameters.

Effect on Payback Time of: Min Max
Onboard storage x 2 —20% —65%
Offshore distance x 2 for COC €100 +25% +130%
Offshore distance x 2 for COC €75 +60% +75%
Cost of Capture —25% —17% —60%
Onshore distance x 2 0% +14%

The most polluting scenario in the first set is scenario 2.1, where the most kilometers
are covered in the supply chain. In this scenario, 75% of the emissions are still avoided,
compared to the business as usual case, which indicates that the IMO2050 targets can be
achieved in this and all other scenarios. However, the results are sensitive to economic
growth. In a high economic growth scenario, the total net pollution is likely to rise, making
it harder to reach the 2050 targets. However, increased profit margins in this high economic
growth scenario can stimulate investments into decarbonizing technologies such as ship-
based carbon capture.

4.3. Second Iteration

With scenario 4.3 as the new base case, three other scenarios have been tested. Table A4
in Appendix B shows the variations for this set. The results are summarized in Figure 5.
The red line in this figure indicates the maximum payback period of 5 years. All points
below that line are feasible combinations. A line indicates the course of either utilization
price or tax level, while the opposite parameter is fixed at a price of €150. For example, the
course of the bottom row and rightmost column from Figure 4 can be seen as the green
lines in Figure 5. This figure shows that the best way to create feasibility is to reduce
investment costs (CAPEX) (scenario 9). Next is to reduce the emissions by 25% (scenario 7),
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and finally skipping the offshore transport phase. The latter is mainly due to the fact that
in the model the price per m of fixed storage is linked to the capacity, while for containers
a fixed amount is charged for installing the connecting infrastructure to containers, and
this is not affected by the amount of storage/containers.

Scenario iteration 2: dependency on tax level and utilization price

Economically unfeasible region(>5y PT)

—==Util 4.3
—Tax 4.3
Util 7
Tax 7
-=-Util 8
—4&—Tax 8
-8-Util 9

Payback time (years)

—+—Tax 9

—Max

5 W
Economically feasible region (<Sy PT)
0 25 50 75 100 125 150
Price level [€/tonCO,]

Figure 5. Results second iteration: scenario 7, 8 and 9.

4.4. Detailed Design

A supply chain has been designed in detail on the basis of the case study and scenario
analysis (Figure 6). It contains the most decisive conditions. The feasibility of this design
will now be analyzed from a ship owner’s point of view.

For a period of one year the ship will install a wind farm and operate off the Dutch
coast at an average distance of 100 km from the port of Rotterdam. The ship should operate
about 50% of the time, cruise 30% of the time between sites, and remain stationary or in
port for maintenance 20% of the time. The onboard carbon capture installation will capture
an average of 82% of the CO,, whereby the ship uses an average of 2% more LNG than it
would do if no carbon capture would take place.

e  Capture Phase: The ship owner has invested €16.5 M in the carbon capture installation,
and can capture the CO; at a cost of €75 per tonne of CO,. The ship has hybrid storage
on board with built-in fixed tanks with a size of 1100 m3. The vessel has space to store
50 tank containers (22 m3 each). The payback period under the above conditions is
shown in Table 4. A more detailed time planning could optimize CO, pickup moments
and reduce distance covered, hence cost.

Table 4. Effect on payback time from variations of case study parameters.

Payback Time (Years) Taxation (€/tonne CO,)
75 100 150
Utilization (€/tonne CO,) & 13 years 8 years 5 years
100 8 years 6 years 4 years
150 4 years 4 years 3 years

e  Transportation Phase: The CO, is transported with liquid gas carriers and offshore
supply vessels, which come along once every 29 days to offload. The CO, is distributed
via the OCAP pipeline [22]. The average length of this transport pipeline is 50 km.
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Offshore crane vessel
Operational profile: - Costs: 0.01314 €/tonneCO,km
- 100 km offshore (average)

Utilization phase: The pipeline ends in the horticultural greenhouses in the Westland

[ ]
area (north-west of Rotterdam) to promote plant growth. The CO; is sold here, for

which the ship owner can receive €75—€ 150 per tonne of CO5.

An external condition is that there is a carbon tax of €75—€150 per tonne CO;. If the
tax and sales price are equal and at a level of €150/tonne CO,, the results can be found

in Table 5.
Table 5. Results case study.
Results of Full Case Study (1 Year) Value Unit
Total distance traveled by OSV/LGC 2517 Km
Total distance traveled via pipeline 629 Km
Total amount of CO, emitted by supply chain 6884 tonne
Total amount of CO, saved with respect to business as usual 29,200 tonne
Costs for shipowner without carbon capture 5,407,000 €
Cost of supply chain per year 655,121 €
Total profit per year 4,753,000 €
Liquid Gas Carrier Greenhouses
Buy at a price of 75 - 150 €/tonneCO,

Operational profile:
- Visits crane vessel once every 29 days

- 7500 m* loading capacity
Offshore Supp ly Vessel - Costs: 0.019 €/tonneCO,km

Operational profile:
- Visits crane vessel once every 29 days

Pipeline transport
- Offloading of 50 TEU containers while on DP - ditstance: 50 km
- Costs: 0.00929 €/tonneCO,km

- Liquid CO, production: average of 70 — 100
m¥day —

Onboard storage
- 1100 m*® fixed storage tanks
- 50 TEU containers @22m*

Cost of capture: 75 €/tonneCO,

7
A 7

Figure 6. Visualization of supply chain from case study (own figure).

4.4.1. Strategic Considerations
A vessel owner considering an investment in carbon capture should answer the

following questions:
Does the ship comply with the IMO2030/IMO2050 targets if carbon capture is used?

What are the technical implications for the ship, i.e., how much space is there on board

the ship for capture and storage facilities?

the vessel was designed and is this acceptable?

the capture and storage?

To what extent does the capture and storage effect the operational activities for which

What is willingness to pay to capture the CO, on board and is that enough to pay for
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e  Whatis the average distance at which the ship can operate offshore? Any doubling
in distance can increase payback time by 25% to 60%. Emissions from the supply
chain are also affected by distance, although the effect of costs on feasibility is greater.
A liquid gas carrier can sail almost 9000 km with 1100 m® on board before emitting as
much as it transports [14].

What is an acceptable payback period?

How to use external conditions to reduce the payback period? A carbon tax combined
with the sales of CO; can generate income at price levels of €75—€100 per tonne of COy,
which may make the payback period acceptable.

It is important to emphasize that every ship is different and every ship owner has
different answers to these questions.

4.4.2. Evaluation

This research concerned a topic that is still very new and unexplored in literature.
As a consequence, public data is hardly available and reliability of what is available is
questionable. The fact that the research was commissioned by a commercial company
has at no time led to influencing the results of this company. The authors have had
sufficient freedom and access to internal data that was needed, without direction towards
specific results.

The methodology used leads to a range of interesting results, which help a ship owner
to understand the relevant aspects of the supply chain of CO,. The ship owner can simulate
the different conditions and adapt investment decisions according to the outcomes of
the model.

Many assumptions need further study, which is logical given the state-of-the-art nature
of this topic. There is a lot of uncertainty, in particular about the economic conditions. For
instance, the payback period depends on factors like technical progress, policy-making
(regulation, CO; tax level), future market size and price for the captured CO,.

External factors (utilization and tax) influence the slope of the payback line. The sensi-
tivity to the results of a small change in these parameters is higher for larger investments
than for smaller ones. The difference indicates an inaccuracy in the calculation method, due
to this linearization effect (Figure 7). However, these sensitive conditions occur when the
payback period is outside the range of 3-5 years. Only the area near and below the red line
in Figure 5 is relevant, where the model is less sensitive, and hence this is not a real problem
for this case. With a different payback period, this observation may be different, however.

Sensitivity of Tax and Utilization on payback time calculation

20,000,000

Economically Economically unfeasible region (>5y PT)
feasible region

15,000,000 (<Sy PT)

10,000,000 i

€150 — €5-| l«—//~ €150+ €5

5,000,000

€75 — €5 €75+ €5

Yearly result [€]

2020 ,’/: 2025 2030 2035 2040 2045 2050

,000,000
-10,000,000
-15,000,000

~20,000,000
Payback time

—— €150 ----- €150 - €5 €150 + €5 €75 €75-€5 €75 +€5

Figure 7. Payback period scenarios.5 year payback time as feasibility criterion.
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The use case with the offshore heavy lift crane vessel is useful for developing certain
parts of the technology, but the uniqueness of this vessel may have an adverse effect on
large-scale applicability to other vessel types.

5. Results and Conclusions

Designs for ship-based carbon capture and logistics have been discussed in this paper.
Systems engineering was used as a guide to do research in a well-structured and transparent
way. After the requirements analysis, attention was given to preliminary and detailed
designs. In these designs attention was given to technical aspects, emission reduction
potential and economics (income from utilization and taxation of CO;.) Details were
explored by means of operations scenarios for the dedicated offshore heavy lift vessel of the
commissioner. The main research question was addressed as follows: first, determine the
technical options for such a supply chain. Second, determine the potential to reduce CO,
emissions to the proposed (IMO2030 and IMO2050) levels. Third, determine the economic
conditions, which would stimulate vessel owners to invest in the concept.

5.1. Technology

The type of onboard storage technology largely determines the technical possibilities
upstream the supply chain, and has therefore been identified as a critical choice in the design
of the supply chain. There are direct consequences for emission reduction and economics.
An example is to double storage capacity. While demanding a larger investment, it can
reduce payback time by 20% to 60%.

For the transport phase, the distance the CO, transported offshore is more decisive
than the distance onshore. Doubling the total distance traveled offshore can increase the
payback time by a quarter to more than twice as long. This effect becomes less significant
when the cost of capture decreases by 25%.

5.2. Emissions

The emission reduction potential is less relevant for the design of the supply chain.
The emissions that are released in the supply chain of carbon capture, as well as the
emissions that cannot be captured due to operational and technical limitations of the carbon
capture system, are so small compared to the necessary favorable conditions that under
each scenario considered in this study, the emissions reduction targets of IMO2030 and
IMO2050 can be achieved.

5.3. Economics

In a highly competitive market, capital costs and payback periods are of primary
concern for vessel owners. A payback period of 3-5 years reduces financial risks, yet as a
consequence, many scenarios become economically unfeasible. All solutions have technical
uncertainties and financial risks, but the sale of captured CO, could be a crucial advantage
of the proposed concept over other concepts. The income from utilization shortens the
payback period. If a tax would be levied on CO, emissions, then investing in capture
technology would mean saving on CO,-taxes as well. Vessel owners, faced with a choice
between ‘make them pay’ or ‘get paid’ in combination with stricter regulation, may favor
the latter.

In conclusion, ship-based carbon capture technology is a very effective way to reduce
emissions for large offshore LNG powered work vessels. This means that there is a great
potential for a vessel owner to achieve the IMO2030 and IMO2050 targets if the boundary
conditions are met. These economic and legal conditions are beyond the control of the
ship owner.
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6. Discussion and Further Research

The starting point of this analysis was purely technical. At the end of the study the
authors concluded that most of the uncertainty is of an economic nature. Hence the advice
for more economic studies.

1. A study into the disruptive nature in the CO, market of ship-based carbon capture.
As the adoption of the technology increases in popularity among ship owners, more
CO; will be marketed, which in turn entails the risk of market saturation.

2. A study into the scope of a CO; tax. Will this only target pure CO, emissions, or
also CO; equivalent emissions? If GWP becomes relevant, then the issue of methane
slip in LNG engines should be considered, as it will negatively affect the capture
potential. It could also mean that engine conversion from HFO to LNG is not a viable
route anymore.

3. A study into the effect of subsidies to stimulate this technology. With subsidies the
cost of capital and the payback period could be reduced substantially. What would be
the optimal subsidy level? Should it be a temporary subsidy?

4. If the cost of capture would decrease to such a level that it could become economically
beneficial for a ship owner to produce and sell more CO,, there is a risk of overshooting
and more fossil fuels will be burned. Should this be prevented and if so, how?

5. Transport of CO; is expensive. What are the options to use it on the vessel, for
example to produce synthetic fuels onboard? This would render the whole supply
chain issue obsolete.

6.  Ships operate on a global scale. This study mainly looked at European conditions. For
a complete life cycle analysis, the opportunities in other places in the world must be
examined in more detail.
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Appendix A

Table Al. Economical assumptions and calculated constants. Sources without brackets are listed in
footnote of table.

Parameter Value Unit FSO(())L’:;:)etia Comment
Capture Assumec.i Val}le, based
Cost of capture 100 €/tonne CO, [15] on estimations by
TNO/ASPEN+

Contetner ity lease price 493 €/day !

Offshore supply vessel charter rate 21411.5 €/day 2
Offshore supply x;issiel trip dependent 0.01314 €/tonne km [25]
Liquid gas carrier transport price 0.019 €/tonne km [29]

Transportation onshore prices 0.07 €/tonne km 3

Road
Rail 0.267 €/tonne (100 km)

Pipeline 0.00929 €/tonne km 5
Inland barge 0.03429 €/tonne km 6,7
onsh(l)?;lsi:;ﬁz;r‘:’zisé; low 6.195 €/tonne CO, [20]
Onshore sequestration high 11.504 €/tonne CO, [20]
Offshore sequestration low 7.965 €/tonne CO, [20]
Offshore sequestration high 17.699 €/tonne CO, [20]
Sequestration profit EOR sales low 13.274 €/tonne CO, [20]
Sequestration profit EOR sales high 35.398 €/tonne CO;, [20]

Horticulture sales price 50.00 €/tonne CO, 8 and interviews

Utilization sales assumed 50.00 €/tonne CO, [30]

1 https://www.truckscout24.com/containers/used/tank-container (accessed on 29 October 2020); 2 https:
/ /pdfs.semanticscholar.org/093d /b02cd056369cbbad8a29faf252ef641ead82.pdf(accessed on 29 October 2020);
3 https:/ /www.researchgate.net/publication/313532536_Comparative_model_of_unit_costs_of_road_and_rail
freight_transport_for_selected_European_countries (accessed on 29 October 2020); 4 https:/ /www.dbcargo.com/
resource/blob /1437702 /aaf76bed01bee46244c84e0242e2b498 / dbcargo_pricesandservices_2018_en-data.pdf (ac-
cessed on 29 October2020); 5 https:/ /www.ipcc.ch/site/assets /uploads /2018 /03 /srccs_chapter4-1.pdf (accessed
on 29 October 2020); 6 https:/ /www.ccr-zkr.org/files/documents/om/om11II_en.pdf (accessed on 29 October
2020); 7 https:/ /www.ipcc.ch/site/assets /uploads /2018 /03 /srccs_chapter4-1.pdf (accessed on 29 October 2020);
8 https://www.wur.nl/upload_mm/6/1/4/dec254ef-27b4-42d3-8153-feeacOe2ee2f_20121129%20energy %20
matters%20C0O2%20uit%20andere%20bronnen%2029%20nov %202012.pdf (accessed on 29 October 2020).
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Table A2. Emissions related assumptions and calculated constants.
Parameter Value Unit Source/ Comment
Footnote
Emissions base case
Work 95 tonne CO, /day Heerema Rounded value
Transit 130 tonne CO, /day Heerema Rounded value
Daily LCO; production with 82%
capture rate and 102% LNG usage
Work 80 tonne/day Calculated
Transit 110 tonne/day Calculated
Transportation offshore
Liquid gas carrier 8.633 x 107 tonne/tonne km CO, [13]
Amount of CO; left
Offshore supply vessel 0.1385 tonne/km 9 (Oiitfi:;n(f ftilssligiizzr;
100 tonnes)
On board own vessel 130 tonne/day Heerema
Onshore transportation
Road 1.032 x 10~° tonne/tonne km CO, 10
Rail 35 x 107 tonne/tonne km CO, [31]
Inland barge 35 % 107° tonne/tonne km CO, [31]
Pipeline

Utilization emissions

No CO; emissions in
ideal situation

Materials vector

No CO; emissions in
ideal situation

Depending on the
Direct utilization input value chosen
(0-100%)
Horticulture No .COZ emissions in
ideal situation
Sequestration

No CO; emissions in
ideal situation

9 https:/ /ec.europa.eu/environment/air/pdf/chapter2_ship_emissions.pdf (accessed on 29 October 2020);
10 https:/ /publications.tno.nl/publication /34620445 /oCrCGA /TNO-2016-R10449.pdf (accessed on 29 October 2020).
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Appendix B

Table A3. Overview of scenario variations 1-6 first iteration.

Scenario Set

Scenario Subset

Description

Default Parameters

Variation

Hybrid (50/50) OSV/LCG
Offshore distance 100 km

1 Onshore distance 50 km pipeline
Cost of Capture €100
- 1100 m® storage
11 Sailing, small storage 11 days offloading interval
s 2200 m? storage 22 days
12 Sailing, large storage offloading interval
. 2200 m?® storage
13 Working, large storage 29 days offloading interval
Hybrid (50/50) OSV/LCG
2 Onshore distance 50 km pipeline Offshore distance 200 km
Cost of Capture €100
- 1100 m® storage
21 Sailing, small storage 11 days offloading interval
s 2200 m?® storage
22 Sailing, large storage 22 days offloading interval
. 2200 m?® storage
23 Working, large storage 29 days offloading interval
Hybrid (50/50) OSV/LCG .
3 Offshore distance 100 km Onshore cihsetiair:‘ie 100 km
Cost of Capture €100 PIP
e 1100 m? storage
31 Sailing, small storage 11 days offloading interval
. 2200 m® storage
3.2 Sailing, large storage 22 days offloading interval
. 2200 m?® storage
3.3 Working, large storage 29 days offloading interval
Hybrid (50/50) OSV/LCG
4 Offshore distance 100 km Cost of Capture €75
Onshore distance 50 km pipeline
e 1100 m? storage
41 Sailing, small storage 11 days offloading interval
- 2200 m? storage
42 Sailing, large storage 22 days offloading interval
. 2200 m?® storage
4.3 Working, large storage 29 days offloading interval
5 Hybrid (50/50) OSV/LCG Cost of Capture €75
Onshore distance 50 km pipeline Offshore distance 100 km
- 1100 m® storage
51 Sailing, small storage 11 days offloading interval
. 2200 m® storage
52 Sailing, large storage 22 days offloading interval
. 2200 m?® storage
53 Working, large storage 29 days offloading interval
6 Hybrid (50/50) OSV/LCG Cost of Capture €75
Offshore distance 100 km Onshore distance 50 km
0 1100 m® storage
61 Sailing, small storage 11 days offloading interval
. 2200 m® storage
62 Sailing, large storage 22 days offloading interval
3
6.3 Working, large storage 2200 m® storage

29 days offloading interval
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Table A4. Overview of scenarios 7, 8 and 9.

Scenario Description Default Parameters Variation

Hybrid (50/50) OSV/LCG
Offshore distance 100 km
Onshore distance 50 km pipeline Emissions factor 0.75
COC €75 40 days offloading interval
2200 m? storage
CAPEX €16.5 M

7 Engine emissions —25%

Offshore distance 100 km
COC €75
2200 mS storage 0 km onshore
29 days offloading interval Liquid gas carrier 100%
Emissions factor 1
CAPEX €16.5 M

8 No onshore transportation

Hybrid (50/50) OSV/LCG
Offshore distance 100 km
Onshore distance 50 km pipeline
9 CAPEX —25% COC €75 CAPEX €12.35 M
2200 m® storage
29 days offloading interval
Emissions factor 1
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